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trol rates and acceptable complication rates comparable to those 
achieved with surgical resections13,14,21). However, radiation-in-
duced complications, such as aggravation of pre-existing peri-
tumoral edema (PTE) have also been reported to cause neuro-
logical deterioration2). Radiation-induced intratumoral necrosis 
(RIN) is one of the signs of treatment response after radiosur-
gery, however, it can exacerbate the mass effect especially when 
the tumor is located adjacent to critical structures or the cere-
brospinal fluid pathway until the tumor starts to shrink by RIN. 
Until now, relatively little has been published regarding RIN or 
PTE after GKRS in patients with intracranial meningiomas. 
Therefore, we aimed to study the incidence, clinical significance, 
and relevant factors of RIN and PTE during the early period af-

INTRODUCTION

Surgical resection has been the treatment of choice for symp-
tomatic meningiomas1,20,24). Complete resection is often curative 
for benign meningiomas and the progression-free survival of 
approximately 95% at 5 years and 90% at 10 years has been re-
ported22,23). However, meningiomas that envelop critical neural 
or vascular structures cannot be completely resected due to post-
resective neurological deterioration. Over the past two decades, 
radiosurgery has been conducted as an adjuvant or alternative 
procedure to resective surgery1). Gamma knife radiosurgery 
(GKRS) can be considered for a tumor that is not suitable for 
resection because GKRS has shown effective local tumor con-
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cording to the Macdonald’s criteria9,17). Complete response (CR) 
was defined as a complete disappearance of all enhancing tu-
mors, partial response (PR) as ≥50% decrease in enhancing tu-
mor volume, progressive disease (PD) as ≥25% increase in en-
hancing tumor volume, and stable disease (SD) as <50% decrease 
or <25% increase in enhancing tumor volume. We defined local 
tumor control as CR, PR, and SD. Intratumoral necrosis was 
defined as low signal intensity area on contrast-enhanced T1-
weighted images7,8). Radiation-induced intratumoral necrosis 
(RIN) was defined as newly developed intratumoral necrosis or 
aggravation of pre-existing necrosis of more than 25% on the 
follow-up imaging after GKRS. Aggravation of pre-existing 
PTE was defined as at least 25% increase of the volume, com-
pared to the baseline data measured at the time of GKRS.

Statistical analysis
Statistical analysis was performed using SPSS version 12.0 

(SPSS, Chicago, IL, USA). Local control rate was calculated from 
the time of GKRS. To investigate relevant factors, Kaplan-Meier 
analysis was used for categorical variables, and Cox regression 
model was used for continuous variables and multivariate anal-
ysis. Results were regarded as significant for p<0.05.

RESULTS

The median clinical follow-up duration was 19.9 months (range, 
3.7-35.1). Sixty-four meningiomas were assessed by at least one 
follow-up imaging with a mean imaging follow-up duration of 
12.9 months (range, 5.4-33.4).

Local tumor control
Results of local tumor control at the time of the last follow-up 

were CR in 0 (0%), PR in 3 (4.7%), SD in 60 (93.7%), and PD in 1 
(1.6%). The one progressed case was not a true failure because 
RIN was observed at the last follow-up (17.8 months after GKRS) 
and tumor shrinkage is expected with further follow-up. The ac-
tuarial local tumor control rate at 5 years was 97.9%13).

Radiation-induced intratumoral necrosis
At the time of GKRS, intratumoral necrosis was observed in 5 

(7.8%) out of 64 meningiomas but RIN after GKRS was observed 
in 21 (32.8%) lesions. Among 21 lesions, new radiation-induced 
intratumoral necrosis developed in 16 (76.2%), and 5 (23.8%) 
showed aggravation of pre-existing intratumoral necrosis of 
more than 25%. However, there was no significant change of tu-
mor volume itself between the time of GKRS and RIN (mean, 7.0 
vs. 7.8 cc). The median interval to the development of RIN was 
6.5±0.4 months (range, 3.7-17.0). Age, Paddick’s CI, marginal 
dose, maximum dose, target volume, locations, pre-existing in-
tratumoral necrosis and treatment modality were assessed for 
factors related to RIN. Target volume >4.5 cc (p=0.0099), margin 
dose >13Gy (p=0.0079), maximum dose >25 Gy (p=0.0002), 
Paddick’s CI ≤0.85 (p=0.0343) and pre-existing intratumoral ne-

ter GKRS for intracranial meningiomas.

MATERIALS AND METHODS

Patient characteristics
Sixty-four patients with a single intracranial meningioma un-

derwent GKRS in our hospital during the period between Au-
gust 2008 and January 2011. We retrospectively reviewed the 
clinical records, radiological and dosimetric data of those pa-
tients. The patients were comprised of 18 men and 46 women. 
The mean age at the time of GKRS was 59.7 years (range, 29-
90). Among the 64 patients, GKRS was performed as a primary 
treatment modality in 50 patients, and as an adjunctive therapy 
after resective surgery for WHO grade I meningioma in 14 pa-
tients (7 for the residual, 7 for the recurrent tumor). Among 64 
meningiomas, 34 lesions were located in the non-skull base and 
30 in the skull base. The locations were the convexity (n=22), 
petrous apex (n=12), falx (n=7), olfactory groove (n=6), sphe-
noid wing (n=6), parasagittal (n=5), cavernous sinus (n=5), and 
tentorium (n=1).

Radiosurgical treatment
GKRS was performed using a model C Leksell Gamma Knife 

(Elekta Instruments AB, Stockholm, Sweden). The planning 
system was a Leksell Gamma Plan version 8.3.1 (Elekta Instru-
ments AB). For magnetic resonance (MR) imaging of radiosur-
gery planning, T1-weighted axial images with contrast and T2-
weighted axial images were obtained with 2 mm slice thickness 
without gaps. The mean volume of 64 meningiomas was 4.9 cc 
(range, 0.3-20). The mean prescription dose of 13.4 Gy (range, 
11-18) was delivered to the mean 49.9% (range, 45-50) isodose 
line. The prescribed dose was determined according to the tu-
mor volume. Tumors with a volume of <1 cc, 1-5 cc, 5-10 cc and 
>10 cc were treated with 18-16 Gy, 16-14 Gy, 14-13 Gy and 13-
11 Gy, respectively, until September 2009. However, the pre-
scription dose was lowered starting October 2009 because of 
severe PTE in our cases. Tumors with a volume of <1 cc, 1-5 cc, 
5-10 cc and >10 cc were treated with 14 Gy, 13 Gy, 12 Gy and 
11 Gy, respectively, according to the literature6). The mean vol-
ume coverage was 96.4% (range, 84-99). The radiosurgical pre-
scription parameters (RPP) evaluated were Paddick’s conformi-
ty index (CI), Shaw’s CI, and gradient index (GI)18,25).

Local tumor control, radiation-induced intratumoral 
necrosis and peritumoral edema

MR imaging was performed every 6 months, including con-
tinuous thin cut T1 enhanced images, which was the same tech-
nique as MR imaging for GKRS. Tumor volume was calculated 
from enhancing lesions in T1 enhanced images, and PTE vol-
ume was calculated from T2 abnormal signal volume minus 
the tumor volume. Volume measurements of tumors and PTE 
were performed using the co-registration program (Leksell Gam-
ma Plan®, version 8.3.1). Local tumor control was assessed ac-
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ses (Table 2). 
Among 21 lesions with developed RIN after GKRS, PTE was 

observed in 7 lesions at the time of GKRS and in 14 after GKRS. 
The mean volume of 7 pre-existing PTE was 8.7 cc (range, 0.1-
17.5), however, the mean volume of 14 PTE after GKRS was sig-
nificantly increased to 15.5 cc (range, 0.8-38.6) (p=0.013, Wilcox-
on signed ranks test).

Radiation-induced intratumoral necrosis or peritumoral 
edema-related symptoms

Among 21 lesions that showed RIN with or without PTE and 
seven lesions that showed PTE without RIN, 9 lesions were 
symptomatic during the median follow-up period of 18.2±2.4 
months (range, 6.8-29.4) after GKRS. Therefore, symptomatic 
complications developed during the early period after GKRS in 
14.1% (9/64) of the patients in our series. RIN or PTE-related 
symptoms were headache in 4, dizziness in 3 and seizure in 2. 
The median onset time was 6.0±0.3 months (range, 3.7-13.5) af-
ter GKRS. Among 9 patients, symptoms resolved in six patients 
after the median time of 5.4 months (range, 0.6-12.2) but the 
symptoms continued in two patients despite steroid administra-
tion. Decompressive surgery was required in one patient because 
of severe PTE. A 51-year old male patient underwent GKRS for a 
meningioma of 15.4 cc in volume with a prescription dose of 13 
Gy at 50% isodose line. The PTE volume at the time of GKRS 
was 6.3 cc. The patient complained of dizziness and the follow up 
MR imaging taken at 5.6 months after GKRS showed RIN and 
aggravation of PTE. Even after administration of oral steroid, a 
follow-up MR taken at 11.8 months after GKRS showed a further 
increase of tumor volume and PTE to 18.7 cc and 38.6 cc, respec-
tively (Fig. 1). His neurological condition deteriorated rapidly, 

and decompressive surgery was per-
formed eventually. Pathologic examina-
tion showed the characteristics of multi-
focal necrosis.

DISCUSSION

Stereotactic radiosurgery offers a rela-
tively non-invasive and effective method 
in the management for intracranial tu-
mors, including meningiomas14). Me-
tellus et al.15) compared GKRS and con-
ventional radiotherapy for primary and 
residual meningiomas. They concluded 
that both conventional radiotherapy and 
GKRS were safe and efficient, but GKRS 
provided a better radiological response, 
and was more compatible with most pa-
tients than conventional radiotherapy. 
Hsieh et al.10) compared the treatment 
results of meningioma between GKRS 
and linear accelerator-based radiosur-

crosis (yes) (p=0.0095) were significant factors related to RIN in 
univariate analysis. Both the maximum dose >25 Gy (p=0.001, 
odds ratio=6.313, 95% confidence interval : 2.089-19.080 using 
the forward stepwise method) and target volume >4.5 cc re-
mained significant in multivariate analysis (p=0.016, odds ra-
tio=0.287, 95% confidence interval : 0.104-0.794 using the for-
ward stepwise method) (Table 1). RIN rates of target volume >4.5 
cc were 3.3%, 10.0% and 46.7% at 6, 12 and 24 months, respec-
tively. However, RIN rates of target volume ≤4.5 cc were 2.3%, 
2.3% and 13.6% at 6, 12 and 24 months, respectively.

Peritumoral edema
PTE was observed in 11 (17.2%) out of 64 meningiomas at the 

time of GKRS, but in 18 lesions (28.1%) after GKRS during the 
follow-up period. Among 18 lesions, PTE was newly developed 
in seven lesions and six showed aggravation of pre-existing PTE, 
meaning that new or aggravated PTE was observed in 20.3% 
(13/64) of meningiomas. The median interval to new develop-
ment or aggravation of PTE was 7.0±0.7 months (range, 1.1-
13.1), which was a little later than the median interval to RIN. 
Among the factors, RIN (yes) (p=0.0008), Paddick’s CI ≤0.85 
(p=0.0449), pre-existing RIN (yes) (p=0.0129) and maximum 
dose >24 Gy (p=0.0113) were the significant factors related to 
new or aggravated PTE in univariate analysis. Both RIN (yes) 
(p=0.001, odds ratio=0.086, 95% confidence interval : 0.019-
0.387 using the forward stepwise method) and maximum dose 
>24 Gy (p=0.016, odds ratio=10.000, 95% confidence interval : 
1.535-65.137 using the forward stepwise method) also remained 
significant in multivariate analysis. However, pre-existing PTE, 
target volume and marginal dose were not significantly related 
to new or aggravated PTE in univariate and multivariate analy-

Table 1. Factors related to radiation-induced intratumoral necrosis (RIN)

Factors
p value

Univariate Multivariate
Target volume (≤4.5 vs. >4.5 cc) 0.0099 0.016
Maximum dose (≤25 vs. >25 Gy) 0.0002 0.001
Margin dose (≤13 vs. >13 Gy) 0.0079 NS
Pre-exist intratumoral necrosis (yes vs. no) 0.0095 NS
Paddick’s CI (≤0.85 vs. >0.85) 0.0343 NS
Locations (convexity+falx+parasagittal vs. others) NS NS
Treatment modality (primary vs. adjuvant) NS NS

NS : not significant, CI : conformity index

Table 2. Factors related to new or aggravated peritumoral edema

Factors
p value

Univariate Multivariate
RIN (yes vs. no) 0.0008 0.001
Maximum dose (≤24 vs. >24 Gy) 0.0113 0.016
Pre-existing RIN (yes vs. no) 0.0129 NS
Paddick’s CI (≤0.85 vs. >0.85) 0.0499 NS
Pre-existing PTE (yes vs. no) NS NS
Treatment modality (primary vs. adjuvant) NS NS

RIN : radiation-induced intratumoral necrosis, NS : not significant, PTE : peritumoral edema
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val to the development of RIN (6.5±0.4 months) was a little 
shorter compared to that of PTE (7.0±0.7 months). These results 
may suggest that RIN can be a warning sign of the development 
or aggravation of PTE.

Besides RIN, maximum dose >24 Gy was also a significant 
factor related to new development or aggravation of PTE in our 
study. Flickinger et al.6) reported on the possible relations be-
tween marginal dose and complications occurring after GKRS 
of meningiomas. They reported that the actuarial rates of any 
symptomatic post-radiosurgical sequelae (at 10 years) were 
5.3±2.3% in the median marginal dose 14 Gy (range, 8.9-20) 
and 22.9±9.3% in the median marginal dose 17 Gy (range, 10-
20). In addition, they insisted that complications correlated 
with the volume of tissue receiving ≥12 Gy. However, marginal 
dose was not significantly related to new development or aggra-
vation of PTE in our study. This result may be caused by the 
lowered prescription dose from October 2009 after having pa-
tients experience severe PTE after GKRS. Although prescrip-
tion dose is a fixed value, maximum dose can be varied. Hur et 
al.11) reported on the difference of the maximum dose ranges 
from 0.7-7% by matrix size and target volume. Their results are 
coherent with our results which showed that maximum dose 
was significantly related to new development or aggravation of 
PTE, instead of marginal dose. Among 64 lesions, 11 lesions 
were treated with marginal dose of 12 Gy showed the range of 
maximum dose from 23.6-24.3 Gy (mean, 24.1) in our study.  

CONCLUSION 

In our series, target volume >4.5 cc and maximum dose >25 
Gy were significant factors for the development of RIN after 

gery. They reported that the mean com-
plication rate was 15.2% (range, 8.3-
23.6) in the GKRS treated group treated, 
and 25.9% (range, 17.0-34.9) in those 
treated using a linear accelerator. There-
fore, GKRS can be said to provide more 
beneficial effects in terms of radiation-
induced complications. Radiation-in-
duced imaging changes can be the signs 
showing treatment response after 
GKRS, but these changes can also exac-
erbate patients’ symptoms or neurologi-
cal signs by increasing the mass effect. 
These unwanted effects can prompt ad-
ditional treatments, such as steroid ad-
ministration or decompressive surgery, 
especially in benign tumors. Therefore, 
some researchers have studied radiation-
induced imaging changes after stereo-
tactic radiosurgery for benign intracra-
nial tumors and relevant factors. Chang 
et al.3) reported that patients treated 
with GKRS for meningiomas experienced peritumorous imag-
ing changes at a rate of 23.6%. In their series, tumor location, 
maximal dose, and margin dose were related to the occurrence 
of imaging changes after GKRS in univariate analysis. However, 
only tumor location (convexity, parasagittal and falx cerebri) re-
mained significant in multivariate analysis. Other studies have 
reported regarding the significance of tumor location and the 
location of the non-skull base meningiomas seemed to encoun-
ter more adverse radiation effects compared to the skull base le-
sions4,5,12,16,19). However, there was no correlation between tu-
mor location and adverse radiation effects in our study.

Among the imaging changes that can lead to clinical deteriora-
tion after GKRS, PTE has been the most frequently studied. Cai 
et al.2) reported that worsened pre-existing PTE, or new PTE oc-
curred in about 25% of patients who underwent GKRS for intra-
cranial meningiomas. Tumor-brain contact interface area was a 
strong predictor for the occurrence of new PTE in their series. 
Kollová et al.13) analyzed 400 meningiomas and found that tu-
mors with edema before GKRS, tumor volume >10.0 cc, tumors 
treated with a maximum dose >30 Gy and margin dose >16 Gy 
were significantly related to post-GKRS edema (aggravation or 
new development). We thought that RIN may lead to neurologi-
cal deterioration because RIN can result in transient tumor vol-
ume increase, especially when meningiomas are located adjacent 
to the critical structures, such as the cerebrospinal fluid pathway. 
In our series, a target volume >4.5 cc and maximum dose >25 Gy 
were significantly related to the development of RIN, but there 
was no significant increase of tumor volume itself in the 21 me-
ningiomas that developed RIN after GKRS. However, RIN was 
significantly related to new development or aggravation of PTE 
in both univariate and multivariate analyses. The median inter-

Fig. 1. MR images of a 51-year-old male patient treated with a prescription dose of 13 Gy at 50% 
isodose (target volume 15.4 cc, maximum dose 26.4 Gy) : T1-weighted images with double dose 
contrast (upper row) and T2-weighted images (lower row). A : Before Gamma knife radiosurgery 
(GKRS). B : 5.6 months after GKRS. C : 11.8 months after GKRS.

A B C
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GKRS for intracranial meningiomas. RIN and maximum dose 
>24 Gy were significantly related to new development or aggra-
vation of PTE, and RIN preceded new development or aggrava-
tion of PTE. Therefore, we suggest that close observation is re-
quired for meningiomas treated with a maximum dose >24 Gy 
and showing RIN after GKRS, because accompanying PTE may 
deteriorate neurological conditions when they are located adja-
cent to critical structures or the cerebrospinal fluid pathway. 
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