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Objective: This study aimed to study the e�ciency and safety of a dose-staged

Gamma Knife radiosurgery strategy for large meningiomas or meningiomas

close to important nerve structures.

Methods: This study evaluates the outcome of a prospectively accrued

series of 71 consecutive patients with meningiomas treated with staged

dose-fractionated Gamma Knife radiosurgery. The average peripheral doses

for the first and second fractions were 9.0 ± 0.9Gy (8–12Gy) and 8.6 ± 0.7Gy

(range, 7–10Gy), respectively. The interval between fractions was 6.1 ± 1.9

months (range, 3–12 months). The median follow-up time was 36 months

(12–96 months).

Results: During the follow-up period after the second fraction, 97.2% achieved

tumor control in our series. A total of 2 patients exhibited local recurrence at

30 and 60months after the second fraction, respectively. No treatment-related

complications or new long-term neurological dysfunctions were reported.

MRIs observed slightly or moderately increased peritumoral edema in six

patients, but no specific neurological complaints are attributed to this finding.

Conclusion: This study investigates the e�ciency and safety of dose-staged

Gamma Knife radiosurgery as an alternative option for meningiomas that

were large in volume, adjacent to crucial structures, or in patients with

contraindications to craniotomy.

KEYWORDS
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Introduction

Meningioma is a common primary intracranial tumor, with 53.7% of all primary

non-malignant brain tumors (1). If total resection can be achieved without causing

neurological damage, microsurgical resection is the best treatment option. However,

when meningiomas are located close to critical structures, morbidity rates are
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increased (2). In addition, some patients have contraindications

to general anesthesia and craniotomy. Stereotactic radiosurgery

is the primary treatment for WHO grade 1 meningioma

when the lesion volume is small and the imaging features

are typical, with an 85–100% tumor control rate achieved

at 5 years of treatment (3, 4). Conventional radiotherapy is

mainly used as adjuvant therapy after surgery for WHO grades

2 and 3 meningiomas (3–5). For meningiomas patients who

would not tolerate craniotomy, the single-fraction Gamma

Knife treatment with a peripheral dose of 12–14Gy in one

session has been proven effective. However, the treatment only

works with tumors with an average diameter of <3–3.5 cm to

avoid serious radiation-induced toxicity (6, 7). Single-fraction

Gamma Knife radiosurgery (GKRS) is limited by the radiation

tolerance of critical functional areas, such as the optic nerves

or chiasm, which cannot deliver the effective radiation dose

to tumors close to these structures (8, 9). The previous

studies on superior alternative radiation treatment for patients

with surgical contraindications with large meningiomas or

meningiomas close to important nerve structures are limited.

Hypofractionated stereotactic radiosurgery, treating a lesion

in 2–5 fractions of SRS, can potentially provide the ability to treat

large tumors at adequate tumor control and acceptable toxicity

(8, 10). However, details on treating large meningiomas with

fractionated Gamma Knife radiosurgery are rarely reported.

Limited studies have presented early results for the mode of

volume-fractionated staged radiosurgery to treat large skull base

meningiomas (11–14). This mode divides a large lesion into

two parts according to the volume. Each treatment adopts

a dose similar to the single-fraction Gamma Knife to treat

different tumor parts, with inter-fraction intervals of 3–9

Months. This study developed a dose-staged Gamma Knife

radiosurgery strategy (dose-staged GKRS) for patients with

surgical contraindications suffering from large meningiomas or

meningiomas close to critical nerve structures. The whole target

was covered with a lower dose, with an inter-fraction interval

of 6 months in every fraction. This study demonstrates the

experience obtained in a relatively large series of meningiomas

treated with dose-staged GKRS.

Materials and methods

Inclusion criteria and exclusion criteria

Meningiomas patients that meet the following criteria were

included in this study: the volume of meningiomas without

previous surgery is greater or equal to 10 cc; the volume of

residual or recurrent meningiomas after surgery was greater or

equal to 10 cc; meningiomas are located near the optic nerve

pathway, and the patient has useful vision regardless of the

tumor volume or whether or not surgery has been performed.

Patients with WHO grade 2–3 meningiomas or who had

progression of their tumor after prior irradiation were excluded.

TABLE 1 Characteristics of the 71 patients in this series.

Sex (n, %)

Male 14 (19.7%)

Female 57 (80.3%)

Age in years (mean± SD, range) 52.3± 11.2 (31–85)

Primary or postoperative treatment (n, %)

Primary 43 (60.6%)

Postoperative 28 (39.4%)

Initial tumor volume (n, %)

<8 cc 29 (40.8%)

8–20 cc 28 (39.4%)

>20 cc 14 (19.7%)

Tumor location (n, %)

Skull base 59 (83.1%)

Parasagittal sinus 9 (12.7%)

Lateral ventricle 1(1.4%)

Pineal region 1(1.4%)

Tentorium 1(1.4%)

Interval in months between radiosurgery stages

(mean± SD, range)

6.1± 1.9 (3–12)

Peripheral dose (Gy) for first treatment

(mean± SD, range)

9.0± 0.9 (8–13.5)

Peripheral dose (Gy) for second treatment

(mean± SD, range)

8.6± 0.7 (7–10)

Patient profile and diagnostic criteria

A total of 71 consecutive patients were included in the

retrospective, all with WHO grade 1 meningioma treated with

dose-staged GKRS at Shanghai Gamma Hospital (Gamma Knife

Center of Huashan Hospital) between June 2013 and March

2020. The characteristics of all patients are listed in Table 1.

These patients served as a prospectively accrued consecutive

series, consisting of 14 (19.7%) men and 57 (80.3%) women,

with an average age of 52.3 ± 11.2 years (range, 31–85). 28

(39.4%) patients had undergone surgical resection, and the

meningioma diagnosis was confirmed by histopathology. For

43 (60.6%) patients, radiosurgery was the initial treatment,

and the diagnosis of meningioma was based on MRI and CT

characteristics. The mean initial tumor volume of all cases in

this series was 12.7± 9.3 cm3 (range, 0.6–41.1 cm3). To analyze

the size effect of treated lesions on the volumetric outcome, we

divided all cases into three groups (<8 cc for 29 cases, 8–20 cc for

28 cases, >20 cc for 14 cases). Besides, the tumors were located

in the skull base (59 cases), parasagittal sinus (9 cases), lateral

ventricle (1 case), pineal region (1 case), and tentorium (1 case).

The WHO Classification of Tumors of the Central

Nervous System classifies meningiomas into three grades

and 15 subtypes. WHO grade 1 meningiomas consist of

benign tumors with nine subtypes (15). Before Gamma Knife

radiosurgery treatment, the patients were evaluated by a clinical
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FIGURE 1

The treatment protocol for two-staged radiosurgery for meningiomas in this series is ∼6-month interval between fractions.

examination, such as a detailed neurological examination,

thin-slice, contrast-enhanced MRI, and high-resolution

computed tomography (CT). A multidisciplinary team of

neurosurgeons, neuroradiologists, and radiation oncologists

evaluated each patient for treatment eligibility. For patients

without histopathology, CT and MRI features were evaluated

separately by two qualified neuroradiologists following the

EANO guidelines by T1WI signal strength, T2WI signal

strength, and the degree of peritumoral edema, respectively, and

the degree of enhancement of the tumors (5).

Dose-staged Gamma Knife radiosurgery
technique

Dose-staged Gamma Knife radiosurgery treatments were

conducted under local anesthesia using a Leksell Gamma

Knife model Perfexion (before January 2019) and ICON

(from February 2019) at Shanghai Gamma Hospital, Gamma

Knife Center of Huashan Hospital. Gadolinium-enhanced

images of T1-weighted, T2-weighted, and FLAIR sequences

were collected from each patient for pretreatment localization

using a 1.5-T MR imaging system (Signa Excite, GE, USA).

The tumor and adjacent critical structure delineation, dose

prescription, and planning were conducted by a neurosurgeon,

radiation oncologist, and radiation physicist. Dose planning

was performed using MR images mentioned above that were

exported to the Leksell GammaPlan software (version 10.0,

Elekta Instruments AB, Stockholm, Sweden). The peripheral

dose was administered to cover the gross tumor volume with no

additional margin. An independent central physician evaluates

every experiment plan before treatment is conducted.

Prescription dose and interval

This study used a two-stage treatment mode for all patients.

The prescription dose for each fraction depended on the tumor

volume and dose tolerance of the near nerves and brain

structures. The biological equivalent dose (BED) of normal brain

tissue and the tumor was calculated for α/β = 3Gy. In theory,

the total dose for individual patients was calculated and divided

into two-staged treatment. The average peripheral doses for the

first and second fractions were 9.0 ± 0.9Gy (range, 8–12Gy)

and 8.6 ± 0.7Gy (range, 7–10Gy), respectively (Table 1). The

prescription isodose line for each fraction was between 40 and

50% and did not require to be equal for the two stages. The

interval between stages was 6months. Still, the date of the second

stage of treatment was altered for follow-up imaging and side

effects after the first stage of treatment (Figure 1).

Follow-up evaluations and toxicity

The first follow-up was carried out for each patient 3–6

months after the first stage of the treatment by interviewing

the patients, examinations, and MR imaging to assess changes

in patients’ clinical symptoms and tumor volumes and

determine the second stage administration date. Patients

who exhibit satisfactory tumor control would receive regular

clinical and MRI follow-up every 6 months after the second

stage of treatment during the first year, annually for the

next 2 years, and once every 2 years (Figure 1). The

tumor volumes at each treatment stage and follow-up were

calculated and compared using the patient’s MRI data in the

Leksell GammaPlan software. The tumor control is evaluated

based on the change in tumor volume. Tumor control is

considered good when the tumor volume decreases. If the

tumor volume increases by more than 20%, an analysis of

the causes is required, and salvage treatment is conducted

when necessary.

All toxicities were scored according to version 5.0 of the

National Cancer Institute Common Terminology Criteria for

Adverse Events (16).

Statistical analysis

The SPSS software, version 25.0 (SPSS, Chicago, IL, USA),

was used for statistical analysis. Values are presented as mean ±
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FIGURE 2

Tumor volume trends for meningiomas of di�erent initial volume after dose-staged radiosurgery (A) <8 cc group, (B) 8–20 cc group, (C) >20 cc

group, (D) Combined group.

standard deviation data with normal distribution or median and

interquartile range for data that were abnormally distributed for

continuous variables and number (%) for categorical variables.

For multi-group comparisons, p values were derived from one-

way ANOVA. For all comparisons, p < 0.05 was considered

statistically significant.

Results

Tumor control

By the end of November 2021, the median follow-up

time for this study was 36 months (range, 12–96 months).

The average tumor volume between the first and second

stages was decreased by 6.2 ± 13.5%. However, the tumor

volume of 17 (23.9%) cases increased by 11.1 ± 6.9%. In the

other 54 (76.0%) cases, the mean tumor volume decreased

by 11.3± 8.5%. Most patients were followed-up through

November 2021, but some patients missed one or several

scheduled follow-up MRI scans. Recurrent cases were excluded

from further follow-up. The MRI follow-up data were obtained

from 65 (91.5%), 55 (77.5%), 48 (67.6%), and 38 (53.5%)

individuals after 6, 12, 24, and 36 months of second-stage

treatment, respectively. The follow-up data from 6 months

after the second treatment depicted that the volume of all

lesions decreased by 18.7 ± 14.5%. The follow-up data at

12, 24, and 36 months demonstrated that the tumor shrank

by 24.1± 14.5, 28.7± 15.0, and 33.1 ± 14.5%, respectively

(Figures 2–5). The percentage reduction in the volume of the

three subgroups grouped according to the initial volume has no

significant difference in each period after treatment (Figure 2,

Table 2).
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FIGURE 3

Axial MR imaging illustrating a huge postoperative residual orbitocranial meningioma post-operation treated with Gamma Knife radiosurgery. (A)

The prescription dose planning MRI for the first stage of Gamma Knife radiosurgery showing that the tumor margin was covered by 8.8Gy (45%

isodose surface). (B) The prescription dose planning MRI for the second stage of Gamma Knife radiosurgery demonstrated that the tumor

decreased by 9.8% and was treated with the same dose as the first stage. (C) MRI obtained 12 months after radiosurgery presented a decrease of

27.3% in tumor size. (D)MRI obtained 36 months after radiosurgery manifested that the tumor is under stable control. The patient’s right eye was

blind before radiosurgery. After Gamma Knife treatment, there were no obvious adverse reactions, and the vision of the left eye was unchanged.

After the second stage and in follow-up, the overall tumor

control rate was 97.2% (69/71). Local recurrences occurred in

2 cases, with the time of recurrences at 30 and 60 months after

the second stage of treatment. Those cases had not undergone

previous surgery before Gamma Knife. One case with a sellar

region meningioma reported vision loss 60 months after the

second stage of radiosurgery. MRI showed the tumor recurred

from its original position, and the patient immediately received

salvage radiosurgery. After the surgery, the tumor was reduced

by 23.3%, and the patient’s visuals were restored gradually
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FIGURE 4

Axial MR imaging illustrating a petroclival middle-posterior communicating meningioma treated with Gamma Knife radiosurgery. (A) The

prescription dose planning MRI for the first stage of Gamma Knife radiosurgery displaying that the tumor margin was covered by 8.8Gy (45%

isodose surface), and the tumor volume was 7.0 cc. (B) In the second fraction, the tumor was treated with the same dose as the first stage, and

the tumor volume was 6.1 cc. (C) MRI obtained 24 months after radiosurgery indicated that the tumor volume is 4.7 cc, decreased by 33.0%

compared with the pre-radiosurgery volume. No obvious adverse reactions were observed.

FIGURE 5

Axial MR imaging illustrating a posterior petrosal meningioma treated with Gamma Knife radiosurgery. (A) The prescription dose planning MRI

for the first stage of Gamma Knife radiosurgery presenting that the tumor margin was covered by 8.8Gy (45% isodose surface), and the tumor

volume was 11.0 cc. (B) In the second fraction, the tumor was treated repeatedly with the same precision dose as in the first stage, and the

tumor volume was 8.4 cc. (C) MRI obtained 24 months after radiosurgery revealed that the tumor volume is 6.1 cc and is decreased by 44.5%

compared with that pre-radiosurgery. No obvious adverse reactions were observed.

from 3 months after treatment. Another patient was diagnosed

with tumor recurrence on a surveillance MRI 30 months after

the second stage of treatment and received further surgery,

confirming the diagnosis of WHO grade 1 meningioma.

Clinical response and toxicity

Before radiosurgery, 35 (49.3%) patients had neurological

symptoms, and 36 (50.7%) patients were initially asymptomatic.

No obvious aggravation was reported in specific symptoms in

all patients after the first stage of treatment. However, MRI

showed signs of temporary tumor tissue swelling (reduction

of central area enhancement and slight expansion of volume)

and mild edema of peripheral brain tissue in 13 (18.3%) cases.

The second stage was delayed for 1–3 months to reduce the

radiation-related risk and improve the tolerance of these patients

to radiosurgery. After the second stage, among 35 patients with

neurological dysfunction, 11 patients had improvement and

remained stable, and the other 24 displayed no aggravation of

symptoms. A total of 15 (21.2%) patients reported nonspecific

headache or dizziness within 6 months after the second stage

Frontiers inNeurology 06 frontiersin.org

https://doi.org/10.3389/fneur.2022.893480
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Gong et al. 10.3389/fneur.2022.893480

TABLE 2 Mean percentage reduction in volume for meningiomas with di�erent initial volume after dose-staged Gamma Knife (%).

Time period Total, n = 71 <8 cc, n = 29 8–12 cc, n = 28 >12 cc, n = 14 P

Second fraction 5.96 2.97 6.64 10.79 0.263

6 months 16.24 16.78 15.29 17.14 0.928

12 months 23 24.12 22.18 22.12 0.467

24 months 28.19 27.81 27.82 29.61 0.948

36 months 31.16 36.27 33.3 34.52 0.751

TABLE 3 Outcomes of clinical response and toxicity of dose-staged Gamma Knife for meningiomas in di�erent location.

Outcomes Skull base,

n = 59, (%)

Parasagittal sinus,

n = 9, (%)

Lateral ventricle,

n = 1, (%)

Pineal region,

n = 1, (%)

Tentorium,

n = 1, (%)

Total,

n = 71, (%)

Tumor control 57 (96.6) 9 (100) 1 (100) 1 (100) 1 (100) 69 (97.2)

Progression 2 (3.4) 0 0 0 0 2 (2.8)

GKRS related edema 4 (6.8) 1 (11.1) 1 (100) 0 0 6 (8.5)

Clinical progression 0 0 0 0 0 0

Headache 11 (18.6) 3 (33.3) 1 (100) 0 0 15 (21.1)

of treatment. Still, the headache was mild and had little effect

on daily life, and gradually disappeared after 1 month without

special treatment. During the follow-up period, limited edema

around the lesions was slightly increased in six cases; these

tumors were located in the skull base (4 cases), parasagittal sinus

(1 case), and lateral ventricle (1 case), respectively (Table 3). Still,

the tumor size was stable or shrunk, and these patients reported

no specific symptoms.

Discussion

The meningioma treatment is widely dominated by local

treatment, such as craniotomy or local radiosurgery. The classic

single-fraction Gamma Knife radiosurgery has a therapeutic

effect with a low incidence of toxic reactions for “suitable

cases” and, in the long-term, can achieve tumor control

rates similar to Simpson Grade 1 surgical resection (17, 18).

However, “suitable cases” often denote small tumors far from

the critical structures (e.g., optic nerve and brainstem). Some

meningiomas patients have large lesions in clinical practice,

but their physical conditions can poorly tolerate craniotomy.

Other patients may present with tumors close to the optic

nerve and other critical structures. Despite the small tumor, a

conventional prescription dose may risk consequential radiation

damage to the brain tissue or critical structures. These

circumstances have limited the application of Gamma Knife

radiosurgery and make it difficult for single-fraction Gamma

Knife radiosurgery (19–22).

About 40 years ago, a staged Gamma Knife strategy was

used to treat large AVMs and achieved positive results (23–26).

In recent decades, staged Gamma Knife radiosurgery was

used to treat brain metastases and meningiomas (11–14, 27–

31). Unlike conventional radiotherapy, which requires daily

treatments for 5–6 weeks, staged Gamma Knife radiosurgery

has a long interval between two sessions. Staged Gamma Knife

radiosurgery consists of two stages (11–14, 23–32): volume-

staged Gamma Knife radiosurgery in which different fractions

of the dose planning curves cover the different subvolumes of

the target; and dose-staged Gamma Knife radiosurgery in which

every fraction uses a lower dose to cover the whole target.

Few studies have reported the application of staged

Gamma Knife radiosurgery for meningioma treatments, which

all employed a volume-staged approach. The volume-staged

approach divides the target into two or more parts, and the

treatment volumes and doses of each stage differ. Iwai et al.

reported 7 cases of skull base meningiomas treated with volume-

staged Gamma Knife radiosurgery in 2001 (11). The volume

of each treatment was 6.8–29.6 cm3 (mean 18.6 cm3), with

an inter-fraction interval of 6 months and marginal doses

of 8–12Gy for each fraction. Six of seven patients achieved

tumor growth control during the follow-up period (mean 39

months). The number of cases increased to 27 in 2019 with

a similar treatment strategy. With an average follow-up of

84 months, only 25% of cases reported local tumor control

failure, and 4% reported permanent radiation injury (12). In

2009, Haselsberger et al. reported 20 staged Gamma Knife

radiosurgery cases for large meningiomas in critical locations

(13). The volume treated in each session was 5.4–42.9 cm3

(median 19.0 cm3), the treatment interval was between 1 and

12 months (median: 6 months), and the median prescription

dose with 45% isodose surface was 12Gy (range: 10–25Gy).
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TABLE 4 List of studies regarding staged Gamma-Knife radiosurgery for meningioma.

Authors & year No. of

cases

Fractionated

mode

Prescribe dose

& fractions

Interval

(m)

Tumor control Permanent radiation

injury (%)

Iwai et al. (11) 7 volume-staged 8–12Gy× 2 f 6 86% at 39m 0

Haselsberger et al. (13) 20 volume-staged 12Gy× 2 f 6 90% at 7.5 y 0

Su et al. (14) 4 volume-staged 8–15Gy× 2–3 f 4–6 100% at 100.5m 0

Iwai et al. (12) 27 volume-staged 8–12Gy× 2 f 3–9 75% at 84m 4

Present study 71 dose-staged 9Gy× 2 f 6 97.2% at 36m 0

During a median follow-up of 7.5 years, 90% of the patients

achieved tumor control (25% tumor regression, 65% stable

size). Su et al. reported 4 cases of large skull base meningioma

surrounding the optical apparatus (14), for which treatment

mode of 2–3 fractions was administered with intervals of 4–

6 months. In stage 1, ∼3/4 of the tumor volume far from the

optic nerve (13.2 cm3, range: 3.9–54.7 cm3) was treated with

a marginal dose of 13.5Gy (range: 12–15Gy). In stage 2, the

upper portion of the tumor located close to the optic nerve

was treated (4.3 cm3; range: 1.5–16.2 cm3), and the marginal

dose was 9Gy (range: 8–10Gy). A 34–46% reduction in tumor

volume was reported during a median follow-up period of

100.5 months. The efficiency and safety of the treatment are

generally satisfactory.

Nevertheless, the number of cases in each series is relatively

limited, and the approaches used in each stage vary to a

great degree. For volume-staged radiosurgery, at the site of the

junction between subvolumes, the center or sub-center of the

tumor, the dose delivered to the meningioma is insufficient

to control growth durably. Conversely, the dose delivered in

2 fractions to adjoining normal brain tissue may exceed its

tolerance level. Experiment and clinical data cannot decide the

best approach for fractionated radiosurgery for meningiomas.

Detailed research is required to design safe and effective

staged Gamma Knife radiosurgery meningioma plans that

stabilize the relationship between a single prescription dose and

treatment interval.

This study represents the first report of dose-staged Gamma

Knife radiosurgery for meningiomas. Dose-staged Gamma

Knife radiosurgery more closely fulfills tumor radiobiology’s

fundamental principles. Unlike volume-staged radiosurgery, the

schedule of dose-staged Gamma Knife radiosurgery gives more

stable radiation doses to the tumor. The contiguous normal

brain tissue has a longer repair period and lowers integral doses

of radiation; avoid exposing brain tissue at the sites where

adjoining stages of volume-staged radiosurgery complement the

high dose of radiation from each fraction. Seventy-one cases

were included in our study, and compared with other published

articles; this is the largest number of cases reported yet for staged

Gamma Knife radiosurgery of meningiomas. It was found that

after a median follow-up of 36 months, 97.2% (69/71) of the

lesions were reduced or stable after treatment, and only two

patients had a local failure. The therapeutic effect is satisfactory

compared to previous literature listed in Table 4.

Leksell Gamma Knife model ICON can provide

continuously fractionated radiotherapy treatment. A relatively

fixed dose is usually implemented in 3–5 consecutive days

(10, 33). This study used stage radiosurgery with a long

interfraction interval instead of fractionated radiosurgery

delivered on interval days. A slow response was observed

in benign meningiomas to radiosurgery, where tumor tissue

swelling and edema of peripheral brain tissue were reported

from 3 to 6 months after radiosurgery (2, 34). Radiation-related

adverse reactions after continuously delivered fractionated

radiotherapy are unavoidable. Staged radiosurgery can adjust

the treatment time and the dose for the second stage based

on the treatment results of the first stage and the adverse side

effects. After the first stage of treatment, 13 (18.3%) patients

showed MRI signs of transient tumor tissue swelling and mild

edema of peripheral brain tissue. Reports on the radiosurgery

treatment of large meningiomas are limited, and the efficacy

and biological mechanism of both continuously delivered

fractionated radiotherapy and staged radiosurgery require

further investigation.

In addition, 17 (23.9%) lesions had slightly increased by 11.1

± 6.9% during the second stage of treatment. Although the

degree of enlargement in these cases is small, it is considered

a transient swelling of tumor tissue after radiosurgery instead

of tumor progression. This is due to two aspects: firstly, WHO

grade 1 meningioma normally progresses very slowly even

without treatment; secondly, contrast-enhanced MRI showed

that the enhancement of these tumors had slightly decreased.

During the follow-up period of 6–36 months after the two

stages of treatment, the lesion volumes gradually reduced to the

proportion of the patients with no acute inflammatory changes.

This study suggests that dose-staged Gamma Knife

radiosurgery has minimal adverse side effects and is well-

tolerated for large meningiomas or those close to important

nerve structures. The relatively longer interval of the two stages

provided a sufficient “buffer period,” ensuring that patients

with poor physical conditions could sustain the treatment plan.

As a result, the tumor received a sufficient prescription dose,
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with only two lesions’ recurrence at 30 and 60 months after

radiosurgery. The tumor volume of the patients decreased by

an average of more than 30% during the follow-up period of 36

months. Although 15 patients reported no headache or dizziness

6 months after the second stage of treatment, these symptoms

were usually mild, had little effect on daily life, and gradually

relieved after about 1 month without special treatment. After

dose-staged Gamma Knife radiosurgery, the MRI detected

edema around the tumor was slightly larger than that before

Gamma Knife radiosurgery in six cases. Still, the tumor size was

stable or reduced, with most patients showing no symptoms.

No new neurological dysfunction related to radiosurgery was

found in this study. Among the 35 patients with neurological

dysfunction, 11 reported relief of symptoms due to reduced

tumor volume and reduced normal brain tissue compression.

The other 24 patients were stable throughout treatment and

in follow-up.

This study has several potential limitations. First, this

is a non-prospective controlled study. Further randomized

controlled studies need to be conducted to compare other

fractionated radiosurgery approaches with dose-staged Gamma

Knife radiosurgery for meningiomas. Second, due to the limited

follow-up data of more than 3 years, the longer-term efficacy

and safety required full monitoring. Furthermore, the treatment

response after Gamma Knife radiosurgery in meningiomas

could be influenced by many factors, such as prescription dose,

location, volume, pathological classification, and surgical history

(35). In this study, no difference was found in the percentage

reduction in volume for differential initial volumemeningiomas.

The outcomes of clinical response and toxicity based on tumor

location were illustrated in Table 3, however, among 71 cases,

59 cases (83.1%) were skull base meningiomas, and differential

treatment response based on location could not be fully clarified.

Future studies to analyze the impact of these prognostic factors

on dose-staged Gamma Knife radiosurgery in meningiomas are

still needed.

Conclusion

This study investigates the efficacy and safety of two-stage

dose-fractionated Gamma Knife radiosurgery for meningiomas,

providing an innovative and minimally invasive treatment

option for meningioma patients with contraindications

craniotomy. However, optimizing staged radiosurgery and

clarifying the radiobiological details relevant to this approach

still needed further investigation.
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et al. Long-term tumor control of benign intracranial meningiomas
after radiosurgery in a series of 4565 patients. Neurosurgery. (2012)
70:32–9. doi: 10.1227/NEU.0b013e31822d408a

3. Apra C, Peyre M, Kalamarides M. Current treatment options for meningioma.
Expert Rev Neurother. (2018) 18:241–9. doi: 10.1080/14737175.2018.1429920

4. Buerki RA, Horbinski CM, Kruser T, Horowitz PM, James
CD, Lukas RV. An overview of meningiomas. Future Oncol. (2018)
14:2161–77. doi: 10.2217/fon-2018-0006

5. Goldbrunner R, Minniti G, Preusser M, JenkinsonMD, Sallabanda K, Houdart
E, et al. EANO guidelines for the diagnosis and treatment of meningiomas. Lancet
Oncol. (2016) 17:e383–91. doi: 10.1016/S1470-2045(16)30321-7

6. Mansouri A, Guha D, Klironomos G, Larjani S, Zadeh G,
Kondziolka D. Stereotactic radiosurgery for intracranial meningiomas:
current concepts and future perspectives. Neurosurgery. (2015)
76:362–71. doi: 10.1227/NEU.0000000000000633

7. Starke RM, Przybylowski CJ, Sugoto M, Fezeu F, Awad AJ, Dale D, et al.
Gamma Knife radiosurgery of large skull base meningiomas. J Neurosurg. (2015)
122:363–72. doi: 10.3171/2014.10.JNS14198

8. Kirkpatrick JP, Soltys SG, Lo SS, Beal K, Shrieve DC, Brown PD. The
radiosurgery fractionation quandary: single fraction or hypofractionation? Neuro
Oncol. (2017) 19:ii38–49. doi: 10.1093/neuonc/now301

9. Samanci Y, Ardor GD, Peker S. Gamma Knife radiosurgery for tuberculum
sellae meningiomas: a series of 78 consecutive patients. Neurosurg Rev. (2022)
45:2315–22. doi: 10.1007/s10143-022-01753-z

10. Inserra F, Barone F, Palmisciano P, Scalia G, DA Ros V, Abdelsalam
A, et al. Hypofractionated Gamma Knife radiosurgery: institutional experience
on benign and malignant intracranial tumors. Anticancer Res. (2022) 42:1851–
8. doi: 10.21873/anticanres.15661

11. Iwai Y, Yamanaka K, NakajimaH. Two-staged GammaKnife radiosurgery for
the treatment of large petroclival and cavernous sinus meningiomas. Surg Neurol.
(2001) 56:308–14. doi: 10.1016/S0090-3019(01)00622-X

12. Iwai Y, Yamanaka K, Shimohonji W, Ishibashi K. Staged Gamma
Knife radiosurgery for large skull base meningiomas. Cureus. (2019)
11:e6001. doi: 10.7759/cureus.6001

13. Haselsberger K, Maier T, Dominikus K, Holl E, Kurschel S, Ofner-Kopeinig
P, et al. Staged gamma knife radiosurgery for large critically located benign
meningiomas: evaluation of a series comprising 20 patients. J Neurol Neurosurg
Psychiatry. (2009) 80:1172–5. doi: 10.1136/jnnp.2008.156745

14. Su CF, Liu DW, Lee CC, Chiu TL. Volume-staged Gamma Knife
surgery for the treatment of large skull base meningioma surrounding the
optical apparatus: a snowman-shape design. J Chin Med Assoc. (2017) 80:697–
704. doi: 10.1016/j.jcma.2017.03.011

15. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al.
The 2021WHO classification of tumors of the central nervous system: a summary.
Neuro Oncol. (2021) 23:1231–51. doi: 10.1093/neuonc/noab106

16. US Department of Health and Human Services National Institutes of
Health National Cancer Institute. (2017). Common terminology criteria for
adverse events (CTCAE) version 5. Available online at: https://ctep.cancer.
gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_archive (accessed
November 30, 2021).

17. Rogers L, Barani I, Chamberlain M, Kaley TJ, McDermott M, Raizer J, et al.
Meningiomas: knowledge base, treatment outcomes, and uncertainties. A RANO
review J Neurosurg. (2015) 122:4–23. doi: 10.3171/2014.7.JNS131644

18. Dedeciusova M, Komarc M, Faouzi M, Levivier M, Tuleasca C. Tumor
control and radiobiological fingerprint after Gamma Knife radiosurgery for

posterior fossa meningiomas: a series of 46 consecutive cases. J Clin Neurosci.
(2022) 100:196–203. doi: 10.1016/j.jocn.2022.04.031

19. Chang JH, Chang JW, Choi JY, Park YG, Chung SS. Complications after
gamma knife radiosurgery for benignmeningiomas. J Neurol Neurosurg Psychiatry.
(2003) 74:226–30. doi: 10.1136/jnnp.74.2.226

20. Stafford SL, Pollock BE, Foote RL, Link MJ, Gorman DA, Schomberg
PJ, et al. Meningioma radiosurgery: tumor control, outcomes, and
complications among 190 consecutive patients. Neurosurgery. (2001)
49:1029–37. doi: 10.1227/00006123-200111000-00001

21. Vernimmen FJ, Harris JK, Wilson JA, Melvill R, Smit BJ, Slabbert JP.
Stereotactic proton beam therapy of skull base meningiomas. Int J Radiat Oncol
Biol Phys. (2001) 49:99–105. doi: 10.1016/S0360-3016(00)01457-7

22. Nicolato A, Foroni R, Alessandrini F, Maluta S, Bricolo A, Gerosa
M. The role of Gamma Knife radiosurgery in the management of
cavernous sinus meningiomas. Int J Radiat Oncol Biol Phys. (2002)
53:992–1000. doi: 10.1016/S0360-3016(02)02802-X

23. Pollock BE. Gamma Knife radiosurgery of arteriovenous malformations:
long-term outcomes and late effects. Prog Neurol Surg. (2019) 34:238–
47. doi: 10.1159/000493070

24. El-Shehaby AMN, Reda WA, Abdel Karim KM, Emad Eldin RM,
Nabeel AM, Tawadros SR. Volume-staged gamma knife radiosurgery for
large brain arteriovenous malformation. World Neurosurg. (2019) 132:e604–
12. doi: 10.1016/j.wneu.2019.08.065

25. Pollock BE, Kline RW, Stafford SL, Foote RL, Schomberg PJ. The rationale
and technique of staged-volume arteriovenous malformation radiosurgery. Int J
Radiat Oncol Biol Phys. (2000) 48:817–24. doi: 10.1016/S0360-3016(00)00696-9

26. Amponsah K, Ellis TL, Chan MD, Bourland JD, Glazier SS,
McMullen KP, et al. Staged gamma knife radiosurgery for large
cerebral arteriovenous malformations. Stereotact Funct Neurosurg. (2011)
89:365–71. doi: 10.1159/000329363

27. Higuchi Y, Serizawa T, Nagano O, Matsuda S, Ono J, Sato M, et al.
Three-staged stereotactic radiotherapy without whole brain irradiation for
large metastatic brain tumors. Int J Radiat Oncol Biol Phys. (2009) 74:1543–
8. doi: 10.1016/j.ijrobp.2008.10.035

28. Yomo S, Hayashi M, Nicholson C. A prospective pilot study of two-session
Gamma Knife surgery for large metastatic brain tumors. J Neurooncol. (2012)
109:159–65. doi: 10.1007/s11060-012-0882-8

29. Angelov L, Mohammadi AM, Bennett EE, Abbassy M, Elson P, Chao ST,
et al. Impact of 2-staged stereotactic radiosurgery for treatment of brain metastases
≥2 cm. J Neurosurg. (2018) 129:366–82. doi: 10.3171/2017.3.JNS162532

30. Cho A, Medvedeva K, Kranawetter B, Untersteiner H, Hirschmann D,
Lepilina O, et al. How to dose-stage large or high-risk brain metastases: an
alternative two-fraction radiosurgical treatment approach. J Neurosurg. (2022)
15:1–10. doi: 10.3171/2022.2.JNS212440

31. Dohm A, McTyre ER, Okoukoni C, Henson A, Cramer CK, LeCompte MC,
et al. Staged stereotactic radiosurgery for large brain metastases: local control and
clinical outcomes of a one-two punch technique. Neurosurgery. (2018) 83:114–
21. doi: 10.1093/neuros/nyx355

32. Seymour ZA, Sneed PK, Gupta N, LawtonMT,Molinaro AM, YoungW, et al.
Volume-staged radiosurgery for large arteriovenous malformations: an evolving
paradigm. J Neurosurg. (2016) 124:163–74. doi: 10.3171/2014.12.JNS141308

33. Park HR, Park KW, Lee JM, Kim JH, Jeong SS, Kim JW, et al. Frameless

fractionated Gamma Knife radiosurgery with ICONTM for large metastatic brain
tumors. J Korean Med Sci. (2019) 34:e57. doi: 10.3346/jkms.2019.34.e57

34. Kollová A, Liscák R, Novotný J Jr, Vladyka V, Simonová G, Janousková
L. Gamma Knife surgery for benign meningioma. J Neurosurg. (2007) 107:325–
36. doi: 10.3171/JNS-07/08/0325

35. Fu J, Zeng J, Huang M, Liang S, He Y, Xie L, et al. Primary vs. postoperative
gamma knife radiosurgery for intracranial benign meningiomas: a matched cohort
retrospective study. BMC Cancer. (2022) 22:206. doi: 10.1186/s12885-022-09321-w

Frontiers inNeurology 10 frontiersin.org

https://doi.org/10.3389/fneur.2022.893480
https://doi.org/10.1093/neuonc/nov189
https://doi.org/10.1227/NEU.0b013e31822d408a
https://doi.org/10.1080/14737175.2018.1429920
https://doi.org/10.2217/fon-2018-0006
https://doi.org/10.1016/S1470-2045(16)30321-7
https://doi.org/10.1227/NEU.0000000000000633
https://doi.org/10.3171/2014.10.JNS14198
https://doi.org/10.1093/neuonc/now301
https://doi.org/10.1007/s10143-022-01753-z
https://doi.org/10.21873/anticanres.15661
https://doi.org/10.1016/S0090-3019(01)00622-X
https://doi.org/10.7759/cureus.6001
https://doi.org/10.1136/jnnp.2008.156745
https://doi.org/10.1016/j.jcma.2017.03.011
https://doi.org/10.1093/neuonc/noab106
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_archive
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_archive
https://doi.org/10.3171/2014.7.JNS131644
https://doi.org/10.1016/j.jocn.2022.04.031
https://doi.org/10.1136/jnnp.74.2.226
https://doi.org/10.1227/00006123-200111000-00001
https://doi.org/10.1016/S0360-3016(00)01457-7
https://doi.org/10.1016/S0360-3016(02)02802-X
https://doi.org/10.1159/000493070
https://doi.org/10.1016/j.wneu.2019.08.065
https://doi.org/10.1016/S0360-3016(00)00696-9
https://doi.org/10.1159/000329363
https://doi.org/10.1016/j.ijrobp.2008.10.035
https://doi.org/10.1007/s11060-012-0882-8
https://doi.org/10.3171/2017.3.JNS162532
https://doi.org/10.3171/2022.2.JNS212440
https://doi.org/10.1093/neuros/nyx355
https://doi.org/10.3171/2014.12.JNS141308
https://doi.org/10.3346/jkms.2019.34.e57
https://doi.org/10.3171/JNS-07/08/0325
https://doi.org/10.1186/s12885-022-09321-w
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Dose-staged Gamma Knife radiosurgery for meningiomas: A retrospective study in a single center
	Introduction
	Materials and methods
	Inclusion criteria and exclusion criteria
	Patient profile and diagnostic criteria
	Dose-staged Gamma Knife radiosurgery technique
	Prescription dose and interval
	Follow-up evaluations and toxicity
	Statistical analysis

	Results
	Tumor control
	Clinical response and toxicity

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


