
230

INTRODUCTION

Meningiomas are the most common primary intracranial 
tumors [1]. Surgical resection is the preferred treatment for 
accessible meningiomas, but radiosurgery is used for lesions 
in critical locations, especially for small- to medium-sized tu-
mors. However, the application of radiosurgery to large-vol-
ume meningiomas (≥10 cm3) remains controversial due to the 
potential for treatment-related toxicity. However, for patients 
without other clinical alternatives, it is necessary to validate 
whether radiosurgery is worth attempting as an alternative 
therapeutic option, and previous reports suggest its potential 
as an alternative treatment method [2-4].

This study aims to assess the clinical outcomes of CyberKnife 
hypofractionated radiosurgery for large meningiomas to de-
termine its feasibility as a treatment option.
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Background    This preliminary study evaluates the safety and efficacy of CyberKnife radiosurgery 
(CKRS) for large-volume meningiomas (≥10 cm3), where surgical options may be limited due to tumor 
location or patient health conditions.

Methods    We retrospectively analyzed 18 patients with meningiomas treated with CKRS at 
Gyeongsang National University Hospital between 2010 and 2020. Tumor control and survival rates 
were evaluated, with follow-up imaging performed regularly.

Results    CKRS achieved a 5-year overall survival rate of 92.3% and a 5-year tumor control 
rate of 93.8%. Symptomatic peritumoral edema occurred in 61.1% of patients, with 16.7% requiring 
surgical intervention.

Conclusion    CKRS appears to be a promising option for patients with large meningiomas, show-
ing good tumor control and manageable complications. Further studies with larger cohorts are neces-
sary to confirm these findings.
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MATERIALS AND METHODS

Study design and patient selection
This retrospective study was conducted at the CyberKnife 

Center of our institute from 2010 to 2020. The primary objec-
tive was to evaluate the effectiveness and safety of CyberKnife 
hypofractionated radiosurgery for patients with large-volume 
meningiomas. Patients were eligible for inclusion if they had a 
diagnosed large-volume meningioma, defined as a target tu-
mor volume of 10 cm3 or more, and had received CyberKnife 
radiosurgery (CKRS) as their primary therapy at our center. 
Additionally, patients were required to have a follow-up peri-
od of at least 2 months to ensure sufficient post-treatment data 
for accurate outcome assessment. Exclusion criteria included 
tumors smaller than 10 cm3, previous craniotomy for meningi-
oma, and follow-up loss or insufficient observation period (less 
than 2 months).

In follow-up radiological evaluations, tumor volume mea-
surements were calculated by manually drawing the area of 
the region of interest (ROI) on each cross-sectional plane of 
the available contrast-enhanced T1-weighted image (T1WI) 
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of MRI scans and accumulating the sum of the product of the 
slice thickness and the ROI area. If there were any possible 
axial, sagittal, and coronal series of T1WI contrast enhance-
ment images, each was calculated separately, and the average 
of the volumes calculated from each of these was taken. Each 
measurement was performed three times by the author and 
the mean value was obtained. If MRI T1 contrast-enhanced 
images are unavailable, the volume was calculated through the 
tumor margins differentiated by density on precontrast CT. 
When contrast enhancement series were available, the volume 
was estimated through the enhanced tumor silhouette. 

We collected all of the patient data based on information 
contained in hospital electronic medical records and followed 
the case record form, which was approved by the institutional 
review board (IRB). As a retrospective study, there was no risk 
to the subjects, and the IRB of Gyeongsang National Univer-
sity Changwon Hospital approved (GNUH 2024-08-010) the 
exemption of consent from the subjects.

Treatment protocol
All patients underwent radiosurgery using CyberKnife 

(Accuray Inc., Sunnyvale, CA, USA). For treatment planning, 
patients received contrast-enhanced MRI and CT scans prior 
to radiosurgery. Each scan obtained high-resolution slices (2.5 
mm for MRI T1 contrast enhancement and 1.3 mm for CT), 
and fusion imaging was used to determine the treatment scope 
of the target tumor. Fractionation of each session in the radio-
surgery was performed at daily intervals. 

During each treatment session, patients were admitted and 
received radiosurgery, with intravenous dexamethasone 5 mg 
administered every 6 hours from the day of treatment until 
the day of the last fractionated radiation exposure. An antacid 
was used concurrently for gastric protection. Patients were 
discharged on the day they received the last fractionated ex-
posure. The discharge prescription involved initiating treat-
ment with methylprednisolone 20 mg, tapering every 2 days 
over a period of 10 days. Two weeks post-discharge, patients 
were followed up in the outpatient setting to assess their clin-
ical course and adverse effect, and regular radiological moni-
toring was continued.

Follow-up and monitoring
After the initial treatment, patients underwent a rigorous 

follow-up schedule to monitor treatment outcomes and de-
tect any potential complications early. MRI was conducted at 
3 months, 6 months, and 12 months following the CKRS, with 
subsequent MRIs performed annually. In cases where addi-
tional assessment was needed, CT scans were performed. The 
follow-up imaging studies were crucial for evaluating the pri-
mary endpoints of the study, which included local tumor con-

trol and overall survival rates, as well as identifying and man-
aging any adverse effects or complications arising from the 
treatment.

Follow-up CT or MRI were also used to evaluate peritu-
moral edema. The edema was graded based on its extent: 
grade 0 for no edema, grade 1 for less than 25% of the tumor’s 
maximum diameter, grade 2 for 25% to 75%, and grade 3 for 
more than 75%.

Data collection and analysis
Patient demographics, tumor characteristics, treatment 

details, and follow-up data were meticulously collected and 
analyzed. The primary outcomes assessed were local tumor 
control and overall survival rates. Secondary outcomes includ-
ed the incidence and management of treatment-related com-
plications, particularly symptomatic peritumoral edema. The 
collected data were subjected to statistical analysis to deter-
mine the efficacy and safety of the CKRS in the study popula-
tion. Survival analysis was performed using the Kaplan-Meier 
method.

RESULTS

Patient demographics
Despite having meningiomas larger than 3 cm, the subjects 

received CKRS for the following reasons: underlying medical 
conditions, advanced age, unavoidable use of medications with 
a risk of bleeding, and refusal of surgical treatment.

Eighteen patients (13 females, 5 males) with a median age 
of 77.5 years (range 45–90) were included. The median fol-
low-up duration was 30.5 months (range 2–107 months), and 
the median tumor volume was 14.8 cm3 (range 11.0–28.6 cm3). 
The patients received a median prescription dose of 2,400 cGy 
(range, 2,100–3,000 cGy) administered in 3 fractions (range, 
3–5). The median isodose line was 80%, and the range was 
72%–85%. 

The most common origin of the tumors was the falx cere-
bri, accounting for four cases (22.2%), followed by three cas-
es each at the convexity and clinoid. Details are described in 
Table 1.

Tumor control
The overall local tumor control rate was 94.4% (17/18 pa-

tients) with both 1-year and 5-year progression-free survival 
rates being 93.8% (Fig. 1A). The average progression-free sur-
vival was 100.7 months (95% CI 88.7–112.7).

The overall survival (OS) rate for patients who underwent 
CKRS was 94.4% (7/18 patients). According to Kaplan-Meier 
analysis, the average survival duration was 100.2 months (95% 
CI 87.3–113.0), with 1-year and 5-year OS rates of 100% and 
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92.3%, respectively (Fig. 1B). One patient with a history of an-
gina died of cardiac arrest 2 hours after undergoing rescue cra-
niotomy for signs of elevated intracranial pressure that was not 
controlled by medication after CKRS.

The median maximum volume reduction ratio for the initial 
gross tumor volume (GTV) was 20.5%, and the median time 
to achieve this maximum volume reduction was 3.7 months 
(range, 1.4–58 months) (Fig. 2). General outcomes are de-
scribed in Table 2.

 
Adverse events

A total of 16 patients (88.9%) experienced clinical adverse 
reactions (Table 2). This group included patients with and 
without cerebral edema as confirmed by follow-up imaging 
studies. Six of these patients reported transient symptoms of 
meningeal irritation, such as headaches, dizziness, nausea, and 

vomiting, which were resolved with symptomatic treatment. 
Ten of the 16 patients experienced temporary or permanent 
neurological complications. These complications included pro-
gressive or newly onset hemiparesis, sensory changes, visual 
disturbances, delirium, fatigue, alopecia, resting tremor, and 
seizures.

Symptomatic peritumoral edema occurred in 66.7% (12/18) 
of patients, with a median onset of 5.3 months (range, 2.4–
13.1 months) (Table 3). After CKRS, the peritumoral edema 
mostly responded to conservative pharmacological treatments 
such as steroids and mannitol and resolved without perma-
nent neurological deficits. However, tumor removal surgery 
was unavoidable in three patients (Table 4). In two of these 
patients, although no tumor growth was observed, they ex-
hibited progressive neurological symptoms such as unilateral 
paralysis and dysarthria that did not improve with pharmaco-
logical treatment, necessitating rescue craniotomy, and tumor 
resection. The other patient underwent surgical removal due 
to tumor growth, progressive right-sided hemiparesis, and 
signs of increased intracranial pressure such as intractable 
nausea and vomiting that could not be controlled with con-
servative pharmacological treatment.

Illustrative cases

Case 1
A 37-year-old female patient with no underlying diseases 

was referred to the emergency room complaining of headaches 
and vomiting. A 3.6-cm heterogeneously enhancing mass, 
suspected to be a left convexity meningioma, was identified 
on a performed brain MRI scan (Fig. 3). Surgical treatment 
was recommended, but the patient had a history of fainting 
during a previous vascular injection and was diagnosed with 
a cluster B personality disorder; she refused surgical treatment. 
Considering the patient’s life expectancy and tumor size, CKRS 
was alternatively recommended, and the patient agreed to pro-
ceed with it. The gross tumor volume was 19.6 cm3, and CKRS 
was performed over three fractions with a prescribed dose of 
2,400 cGy at the 80% isodose line.

Seven weeks post-treatment, the patient complained of a 
dysesthesia sensation in hand opposite the lesion and tran-
sient abnormal sensations on half of the face and lips. Still, no 
brain edema was observed on the follow-up CT. She was ad-
ministered intravenous dexamethasone 5 mg at 6-hour inter-
vals for 3 days and improved subsequently, leading to her dis-
charge. She was also admitted 14 weeks post-CKRS with the 
same symptoms and improved with conservative treatment 
over 3 days, leading to discharge. Six months post-CKRS, grade 
1 PTE was the highest level of edema observed in this patient’s 
tumor. Throughout the course, no irreversible neurological 

Table 1. Characteristics of the patients received CyberKnife ra-
diosurgery

Characteristic Value (n=18)
Sex

Male 5 (27.8)
Female 13 (72.2)

Age (yr) 77.5 (45–90)
Follow-up (month) 30.5 (2–107)
Target volume (cm3) 14.8 (11.0–28.6)
Prescription dose (cGy) 2,400 [2,100–3,000]; mode: 2,400
Isodose line (%) 80.0 [72–85]; mode: 80
Maximal dose (cGy) 3,019.0 [2,824–3,750]; mode: 3,000
Fraction 3 [3–5]; mode: 3
Pretreatment PTE present 5 (27.8)
Tumor location

Falx cerebri 4 (22.2)
Clinoid 3 (16.7)
Convexity 3 (16.7)
Cerebellopontine 2 (11.1)
Sphenoid 2 (11.1)
Cavernous sinus 1 (5.6)
Olfactory groove 1 (5.6)
Parasagittal 1 (5.6)
Tentorial 1 (5.6)

Previous clinical symptoms
No deficits 16 (88.9)

Asymptomatic 5
Headache 9
(and/or) Nausea/vomiting 1
(and/or) Dizziness 4

Neurological deficits 2 (11.1)
Hemiparesis 2

Values are presented as n (%) or median [interquartile range] un-
less otherwise noticed. PTE, peritumoral edema
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deficits were noted, and at the last follow-up imaging conduct-
ed at 26.5 months, the estimated tumor volume was 4.1 cm3, 
which is 20.9% of the original tumor volume (Fig. 3).

Case 2
A 74-year-old female patient presented to the emergency 

room with decreased consciousness. A CT angiography re-
vealed subarachnoid hemorrhage caused by a ruptured an-
eurysm in the left posterior communicating artery. Addition-
ally, a 2.5 cm-sized meningioma was discovered in the right 
cerebellopontine angle. Coil embolization and stent insertion 
were performed to treat the ruptured aneurysm, and the pa-
tient was maintained on aspirin and clopidogrel. Since the me-

ningioma was not causing any neurological symptoms, it was 
managed with routine follow-up visits without surgical inter-
vention. However, over the course of 2 years and 6 months, 
follow-up imaging revealed that the meningioma had progres-
sively grown to 3.5 cm. Given the patient’s advanced age, on-
going anticoagulation therapy, and a history of acute infarction 
following the discontinuation of anticoagulation during a prior 
knee surgery, the risks associated with general anesthesia for 
tumor removal were considered high. Therefore, CKRS was 
selected. The estimated volume from the simulation images 
for CyberKnife increased further to 14.6 cm3. The CKRS was 
administered in three fractions, with a prescribed dose of 2,400 
cGy at the 78% isodose line. Approximately 160 days after 
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Fig. 1. Local tumor control (A) and overall survival rate (B) over time. A: Mean tumor progression-free day was 100.7±6.1 month (95% CI 
88.7–112.7), and 5-year survival rate is 93.8%. B: Mean survival time was 100.2±6.6 months (95% CI 87.3–113.0) and 5-year survival rate 
was 92.3%.
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Fig. 2. Changes in tumor volume (A) and volume percentage (B) over follow-up time for all patients.
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treatment, the patient returned to the emergency room due 
to persistent headaches, nausea, and vomiting. Brain MRI 
revealed an increase in tumor volume to 16.8 cm3, along with 
grade 3 peritumoral edema. The patient was admitted and re-
ceived conservative management, including 100 mL of 20% 
mannitol every 4 hours and 5 mg of dexamethasone intrave-
nously every 6 hours. Despite this treatment, her symptoms 
did not improve, and signs of elevated intracranial pressure 
progressively worsened. On the 10th day of hospitalization, 
the patient underwent a craniotomy and tumor removal. Fol-
lowing surgery, her symptoms improved, and she was subse-
quently discharged. At her last follow-up, 35 months post-
surgery, imaging revealed no signs of recurrence (Fig. 4).

DISCUSSION

Since this study is preliminary, caution is needed in inter-
preting its statistical significance. The results of this study can 
be used as references in the methodology of subsequent stud-
ies to obtain more refined and meaningful. Surgical removal 
is the primary treatment for symptomatic large volume me-
ningiomas. However, if a patient’s general medical condition 

does not tolerate general anesthesia, an alternative to craniot-
omy for tumor removal is needed. In our study of 18 patients 
with large-volume meningiomas, a prescribed dose of 24 Gy 
was delivered in three fractions, resulting in a 3-year local con-
trol rate of 97.4% and a permanent adverse effect rate of 16.7%. 
These results are comparable to those reported in other simi-
lar studies.

It has been reported in previous studies that larger tumor 
volume is associated with a poorer local control rate [5]. Fati-
ma et al. [3] reported on the outcomes of radiosurgery for 74 
large-volume benign tumors. Radiosurgery was performed on 
lesions with a median volume of 16.0 cm3 (range, 10.1–65.5 
cm3) using a median dose of 24 Gy (range, 14–40 Gy). They 
observed a 5-year local control rate of 91.7% and an adverse 
event rate of 13.5%. Additionally, studies have shown that frac-
tionated stereotactic radiosurgery (FSRS) results in a signifi-
cantly higher local control rate and greater tumor volume re-
duction compared to single-session stereotactic radiosurgery 
(SRS), suggesting that FSRS may be a valuable treatment op-
tion for larger meningiomas. However, there is a lack of re-
search on whether more than five fractions lead to better local 
control rates. Furthermore, no significant differences in local 
control rates have been observed between FSRS, traditional 
radiotherapy, and fractionated external beam radiotherapy [6].

More hypofractionated radiosurgery may be associated with 

Table 2. General results after CKRS

Outcomes Value (n=18)
Overall local control 17 (94.4)
Overall survival 17 (94.4)
Post-CKRS PTE 12 (66.7)
Post-CKRS grade

1 2 (11.1)
2 1 (5.6)
3 9 (50)

Post-CKRS interval (months) 4.2 (2.4–13.1)
Adverse radiation effect 16 (88.9)

Symptomatic PTE 12
Headache 6
Dizziness 4
Weakness 3
Sensory changes 3
Nausea 2
Weakness 3
Sensory changes 3
Visual symptoms 2
Vomiting 1
Dysarthria 1
Fatigue 1
Delirium 1
Seizure 1
Alopecia 1

Craniotomy after CKRS 3 (16.7)
CKRS, CyberKnife radiosurgery; PTE, peritumoral edema

Table 4. Characteristics of patients undergoing craniotomy after 
CKRS (n=3)

No.
Sex/
age

GTV 
(cm3)

Dose 
(cGy)/Fr.

Location Rationale
Interval* 

(mo)
1 F/79 15.1 2,400/3 Convexity Edema 18
2 F/61 11.1 2,400/3 Parasagittal Edema 5
3 F/77 14.6 2,400/3 CPA PD 5

*CKRS to craniotomy interval. CKRS, CyberKnife radiosurgery; 
GTV, gross tumor volume; FR, fractions; CPA, cerebellopontine 
angle; PD, progressive disease

Table 3. Peritumoral edema after Cyberknife radiosurgery

Present Interval (mo.) Remark
PTE 12/18 (66.7) 5.3 (2.4–13.1)
PTE location

Falx cerebri 3/4 (75) 13.1
Clinoid 1/3 (33.3) 3.3
Convexity 3/3 (100) 2.4, 4.5
Cerebellopontine 1/2 (50) 5.8
Sphenoid 1/2 (50) 3.7
Cavernous sinus 0/1 (0) - No PTE
Olfactory groove 1/1 (100) - Previously
Parasagittal 1/1 (100) 5.4
Tentorial 1/1 (100) 4

PTE, peritumoral edema
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A

C

B

D
Fig. 4. Initial CT angiography of a 74-year-old woman presented with decreased consciousness showing a 2.5-cm meningioma arising from 
the right cerebellopontine angle (A). During follow-up, 2 years and 6 months later, growth of the tumor to 3.5 cm (B). At 160 days after Cy-
berKnife radiosurgery, the tumor size had increased to 3.8 cm (C) with symptomatic surrounding edema was observed (D).

A B
Fig. 3. Initial MRI T1 contrast enhancement image of a 37-year-old woman complaining of nausea and vomiting shows a 19.6 cm3 meningi-
oma in the left frontoparietal convexity (A). At 26.5 months after CyberKnife radiosurgery, the volume had decreased to 4.1 cm3 on the last 
MRI (B).
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lower toxicity. A prospective study using a prescribed dose of 
25 Gy delivered in five fractions reported a 5-year local con-
trol rate of 97% and an adverse effect rate of 12.7% [4]. There 
have been reports indicating that single-fraction SRS is asso-
ciated with a higher incidence of adverse effects, including 
edema, compared to multi-fraction SRS administered in five 
or fewer fractions [7].

 In the cases included in this study, tumor volume fluctua-
tions were observed, with temporary increases followed by 
subsequent decreases. Previous studies have reported that in-
tratumoral necrosis (ITN) occurred in 26.8% of patients after 
gamma knife radiosurgery for meningioma, with 24.5% of 
these patients experiencing an increase in tumor volume [8]. 
The increase in tumor volume due to ITN is considered pseu-
doprogression, and immediate surgery is often unnecessary, as 
it can usually be managed with conservative treatments such 
as mannitol and steroids, of which, in most cases, the tumor 
volume decreases after treatment [8]. Risk factors for the de-
velopment of ITN include a preoperative tumor volume greater 
than 3 cm3, the presence of meningeal enhancement, and hav-
ing more than 1 cm3 of tumor volume receiving 70% of the 
maximal dose [8].

This study has a small number of subjects and a relatively 
short follow-up period. Caution is required when statistically 
interpreting patient prognosis and survival. Additionally, the 
quality consistency of follow-up imaging studies was often not 
maintained during the follow-up period. Some patients missed 
scheduled outpatient appointments or underwent follow-up 
MRIs at different medical institutions. Furthermore, the slices 
of follow-up CT or MRI scans were not always consistent, 
which could lead to errors in volumetric measurements.

Nevertheless, this study provides methodological sugges-
tions for investigating the risk factors and frequency of ad-
verse effects in patients for whom radiosurgery is unavoidable, 
despite the small sample size. Further research is needed on 
the correlation and timing of known edema risk factors prior 
to radiosurgery, including tumor location (falx, parasagittal, 
etc.), predisposing edema, volume (or maximal diameter), and 
contact surface area [9]. Additionally, it is believed that the 
fractionated dose and the number of fractions are associated 
with reduced toxicity, necessitating prospective studies on 
this matter [4].

In conclusion, CKRS appears to be a worth considering 
treatment for large meningiomas, achieving substantial tu-
mor control and survival rates with manageable adverse ef-
fects. Further studies are required to confirm these prelimi-
nary findings and refine treatment protocols.

Availability of Data and Material
The datasets generated or analyzed during the study are not publicly 

available due to restrictions imposed by the institution’s privacy policy and 
ethical guidelines but are available from the corresponding author on rea-
sonable request.

ORCID iDs 
Yonghun Song 	 https://orcid.org/0009-0009-3876-881X
Kyeong-O Go 	 https://orcid.org/0000-0003-3515-3771

Author Contributions
Conceptualization: Yonghun Song, Kyeong-O Go. Data curation: Kyeong-

O Go. Formal analysis: Kyeong-O Go. Investigation: Kyeong-O Go. Meth-
odology: Yonghun Song, Kyeong-O Go. Project administration: Yonghun 
Song. Writing—original draft: Yonghun Song. Writing—review & editing: 
Kyeong-O Go.

Conflicts of Interest
The authors have no potential conflicts of interest to disclose. 

Funding Statement
None

Acknowledgments
The authors would like to express their gratitude to the colleagues at the 

CyberKnife Center of Gyeongsang National University Hospital and to the 
retired Professor Jin Myung Jung for their clinical efforts over the years.

REFERENCES

1.	 Dho YS, Jung KW, Ha J, Seo Y, Park CK, Won YJ, et al. An updated na-
tionwide epidemiology of primary brain tumors in Republic of Korea, 
2013. Brain Tumor Res Treat 2017;5:16-23.  

2.	 Oh HJ, Cho YH, Kim JH, Kim CJ, Kwon DH, Lee D, et al. Hypofrac-
tionated stereotactic radiosurgery for large-sized skull base meningio-
mas. J Neurooncol 2020;149:87-93. 

3.	 Fatima N, Meola A, Pollom E, Chang SD, Soltys S. Stereotactic radio-
surgery for large benign intracranial tumors. World Neurosurg 2020; 
134:e172-80.

4.	 Pinzi V, Marchetti M, Viola A, Tramacere I, Cane I, Iezzoni C, et al. 
Hypofractionated radiosurgery for large or in critical-site intracranial 
meningioma: results of a phase 2 prospective study. Int J Radiat Oncol 
Biol Phys 2023;115:153-63. 

5.	 Huang SH, Wang CC, Wei KC, Chang CN, Chuang CC, Chen HC, et 
al. Treatment of intracranial meningioma with single-session and frac-
tionated radiosurgery: a propensity score matching study. Sci Rep 2020; 
10:18500.

6.	 Zhao L, Zhao W, Hou Y, Wen C, Wang J, Wu P, et al. An overview of 
managements in meningiomas. Front Oncol 2020;10:1523. 

7.	 Milano MT, Sharma M, Soltys SG, Sahgal A, Usuki KY, Saenz JM, et 
al. Radiation-induced edema after single-fraction or multifraction ste-
reotactic radiosurgery for meningioma: a critical review. Int J Radiat 
Oncol Biol Phys 2018;101:344-57.

8.	 Jung IH, Chang KW, Park SH, Jung HH, Chang JH, Chang JW, et al. 
Pseudoprogression and peritumoral edema due to intratumoral necro-
sis after gamma knife radiosurgery for meningioma. Sci Rep 2022;12: 
13663.

9.	 Kim KH, Jung S, Lee HJ, Kwon HJ, Choi SW, Koh HS, et al. A deep 
neural network-based model predicting peritumoral edema after ra-
diosurgery for meningioma. World Neurosurg 2022;164:e280-9.


