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OBJECTIVE Advances in neuroimaging techniques have led to the increased detection of asymptomatic intracranial 
meningiomas (IMs). Despite several studies on the natural history of IMs, a comprehensive evaluation method for esti-
mating the growth potential of these tumors, based on the relative weight of each risk factor, has not been developed. 
The aim of this study was to develop a weighted scoring system that estimates the risk of rapid tumor growth to aid treat-
ment decision making.

METHODS The authors performed a retrospective analysis of 232 patients with presumed IM who had been prospec-
tively followed up in the absence of treatment from 1997 to 2013. Tumor volume was measured by imaging at each 
follow-up visit, and the growth rate was determined by regression analysis. Predictors of rapid tumor growth (defined as 
≥ 2 cm3/year) were identified using a logistic regression model; each factor was awarded a score based on its own coef-
ficient value. The probability (P) of rapid tumor growth was estimated using the following formula: 

      
[Eq. 1]

RESULTS Fifty-nine tumors (25.4%) showed rapid growth. Tumor size (OR per cm3 1.07, p = 0.000), absence of cal-
cification (OR 3.87, p = 0.004), peritumoral edema (OR 2.74, p = 0.025), and hyperintense or isointense signal on T2-
weighted MRI (OR 3.76, p = 0.049) were predictors of tumor growth rate. In the Asan Intracranial Meningioma Scoring 
System (AIMSS), tumor size was categorized into 3 groups of < 2.5 cm, ≥ 2.5 to < 4.0 cm, and ≥ 4.0 cm in diameter and 
awarded a score of 0, 3, and 6, respectively; the parameters of calcification and peritumoral edema were categorized 
into 2 groups based on their presence or absence and given a score of 0 or 2 and 1 or 0, respectively; and the signal 
on T2-weighted MRI was categorized into 2 groups of hypointense and hyperintense/isointense and given a score of 0 
or 2, respectively. The risk of rapid tumor growth was estimated to be < 10% when the total score was 0–2, 10%–50% 
when the total score was 3–6, and ≥ 50% when the total score was 7–11 (Hosmer-Lemeshow goodness-of-fit test, p = 
0.9958). The area under the receiver operating characteristic curve was 0.86.

CONCLUSIONS The authors suggest a weighted scoring system (AIMSS) that predicts the specific probability of rapid 
tumor growth for patients with untreated IM. This scoring system will aid treatment decision making in clinical settings by 
screening out patients at high risk for rapid tumor growth.

https://thejns.org/doi/abs/10.3171/2016.9.JNS161669
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I
ntracranIal meningiomas (IMs) are the most com-
mon central nervous system tumors in adults and ac-
count for up to 35% of all primary brain tumors.2,3,15 

There is a linear increase in the incidence of these tumors 
with age.15 The recent rapid shift toward an aging society, 
along with advances in neuroimaging techniques, has con-

tributed to the increased frequency of detection for asymp-
tomatic IMs.11 Although most IMs grow slowly, some grow 
exponentially over a short time. Not only can the opportu-
nity for radiosurgery be missed in patients with rapidly 
growing IMs, but neurological symptoms can also quickly 
develop in these patients. Therefore, correctly assessing a 
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tumor’s growth potential is paramount for the appropriate 
and timely management of asymptomatic IMs. Several au-
thors have studied the natural history of IMs4,5,8,11,13,14,16–19 
and have suggested similar clinicoradiological parameters 
as risk factors for tumor growth. These include young age 
at diagnosis,11,16 peritumoral edema,5,16 absence of calci-
fication,5,8,11,13,16 and hyperintense signal on T2-weighted 
MRI (T2W-MRI).13,16–18 However, the relative influence 
of each parameter on tumor growth and the use of cor-
responding weights for predicting overall risk have not 
been reported. The aims of this study were as follows: 1) 
to investigate the natural history of IMs using volumetric 
assessment and statistical techniques, 2) to determine the 
risk factors for rapid tumor growth and their respective 
influential weights, and 3) to design a novel scoring system 
for estimating overall risk of rapid tumor growth to help 
clinicians better develop a therapeutic strategy.

Methods
Patient Population

Between 1997 and 2013, a total of 1380 adult patients 
(age > 20 years) with a presumed diagnosis of IM (based 
on neuroimaging analysis) were treated by the senior au-
thor (J.H.K.) at Asan Medical Center. Among these, 918 
patients (66.5%) underwent resection and 135 patients 
(9.8%) underwent stereotactic radiosurgery soon after-
ward. A total of 327 patients (23.7%) underwent prospec-
tive follow-up with the senior author but did not undergo 
active treatment. Our institutional review board granted 
a waiver for informed consent and approved the study 
protocol and chart review. Seven patients for whom gad-
olinium-enhanced imaging was not performed, 9 patients 
with multiple IMs, and 4 patients who were eventually di-
agnosed with another disease upon pathological examina-
tion were excluded from the study. Patients were followed 
up with serial neuroimaging studies, initially at 6 months 
or 1 year after diagnosis and then 1 year or every other 
year until significant tumor growth that merited thera-
peutic intervention was observed or until aggravation 
of clinical symptoms or the development of new symp-
toms. Among the patients who did not reach an end point, 
those with a follow-up duration ≤ 2 years (n = 75) were 
excluded. Thus, the final number of patients included in 
the study was 232. 

Thirty-two patients (13.8%) presented with neurological 
symptoms such as hemiparesis (n = 12), visual disturbance 
(n = 10), cognitive dysfunction (n = 5), hemihypesthesia 
(n = 3), facial hypesthesia (n = 1), and dysarthria (n = 1). 
Although these symptoms were attributed to the tumors, 
most were mild, and the patients refused to undergo treat-
ment out of fear of posttreatment symptom deterioration or 
because of comorbidity and poor performance status. Over 
a mean follow-up period of 47 months, the development of 
new neurological symptoms or the aggravation of existing 
symptoms was observed in 40 patients (17.2%). Forty-five 
patients eventually dropped out of the imaging surveil-
lance. Resection was performed in 27 patients, stereotactic 
radiosurgery in 14 patients, and external beam fractionated 
radiotherapy in 4 patients over a mean duration of 36 ± 26 
months (range 7–128 months) after the diagnosis of IM. 
Three patients who had cerebrospinal fluid diversion be-

cause of obstructive hydrocephalus continued with follow-
up examinations of the tumors. The demographic features 
of the patients and the tumor characteristics are summa-
rized in Table 1. Complete clinicoradiological data were 
available for 221 patients, except for computed tomogra-
phy (CT) and T2W-MRI data for 5 and 6 patients, respec-
tively. Data pertaining to these 221 patients were used to 
develop the scoring system for estimating the risk of rapid 
tumor growth.

Determination of the Tumor Growth Rate

Approximately half of all patients (n = 116) were fol-
lowed up alternately with CT and MRI studies, and the 
other half underwent surveillance with the same imaging 
modality. A total of 109 (47%) patients were consistently 
followed up with MRI and 3% of patients (n = 7) with CT. 
At each follow-up examination, all tumors were volumet-
rically measured during enhanced imaging using 1.5- to 
5-mm-thick slices; the slices were then analyzed using Im-
ageJ software, an image-processing program developed at 
the National Institutes of Health. The tumors were roughly 
contoured in manual mode for each slice, and the actual 
areas were automatically selected based on the contrast of 
the image. Tumor volume was calculated by multiplying 
each tumor area by the slice thickness. To minimize mea-
surement error, the volume was measured 3 times at each 
follow-up visit and the mean values were recorded.

The absolute growth rate (AGR) was defined as the in-
crease in tumor volume (cm3) per year, whereas the relative 
growth rate (RGR) was defined as the percent increase in 
volume per year. Tumor volumes measured at each follow-
up imaging exam were used to track tumor growth, regard-
less of the imaging modality used. Tumor volume deter-
mined from CT data tended to be slightly underestimated 
when compared with that from MRI data. We overcame 
the discrepancy between CT and MRI measurements by 
using the following methods. The growth rates for each 
tumor were statistically determined by regression analysis 
using a linear mixed-effects model with random intercepts 
and slopes. A random coefficient model assumes that each 
individual has a different intercept and slope. The sum of 
the regression coefficients of fixed and random effects for 
the slope estimated from the mixed model represented the 
average growth rate of each tumor. Tumor doubling time 
was also calculated using each regression equation. Spa-
ghetti plots of tumor volume (cm3) over time were gener-
ated using observed data (Fig. 1). The growth patterns of 
each tumor were statistically fitted to linear and exponen-
tial curves or unclassified and chosen based on the Akaike 
information criterion.

Identification of Factors Associated With Rapid Tumor 
Growth

The definition of significant tumor growth used in pre-
vious studies has shown wide variability. Most definitions 
were based on a certain extent of growth, such as an in-
crease in the maximal diameter > 2 mm or an increase in 
volume > 15% from the previous value. The time taken 
for growth to occur was not considered. However, we be-
lieve that the rate of tumor growth is of greater clinical 
significance than the extent of growth. The entire cohort 
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was categorized into either the slow-growth or the rapid-
growth group using various standards for the rate of vol-
ume increase; rate of volume increase refers to the growth 
criteria used in previous studies,6,11,17 such as 1 cm3 per 
year, 2 cm3 per year, 15% per year, or 33% per year (which 
approximately corresponds to a 10% increase in length 
per year). The standard that best showed a sharp contrast 
between the 2 groups in terms of tumor characteristics and 
growth patterns was 2 cm3 per year. Only tumors with a 
growth rate > 2 cm3 per year showed explosive growth in a 
short time. Since we hoped to design a specific screening 
tool for tumors requiring early therapeutic intervention, 
we considered an AGR of ≥ 2 cm3 per year as the criterion 
defining rapid growth.

Taking the results of previous studies into consider-
ation, we evaluated growth rate with respect to the follow-
ing clinicoradiological parameters: age, sex, initial tumor 
size, tumor location, presence of neurological symptoms, 
calcification, peritumoral edema, arachnoid plane between 
brain and tumor, and signal intensity (SI) on T2W-MRI. 
Tumor location was examined with regard to 3 aspects: 
eloquent versus noneloquent, superficial versus skull base, 
and supratentorial versus infratentorial. The presence of 
calcification was evaluated on standard CT. Tumor T2W-
MR images were graded as having a hyperintense, isoin-

tense, or hypointense signal as compared with gray matter, 
and the significance of each SI on the growth rate was 
separately assessed.

Statistical Methods
All analyses were performed with R-3.0.2 statistical 

software (http://www.r-project.org), with a p value < 0.05 
considered to be significant. We used the Pearson chi-
square test for categorical variables and the Mann-Whit-
ney U-test (2-tailed) for continuous variables. The growth 
rate was determined by the linear mixed-effects model as 
described earlier. All candidate predictors that correlated 
with rapid tumor growth on univariable logistic regression 
analysis were factored in the multivariable logistic regres-
sion analysis. Predictors of rapid growth rate within the 
resampled data (number of repetitions = 200), identified 
on multivariable analysis using a backward step-down 
variable selection strategy, were included in the logistic 
regression model with the following equation: 

 [Eq. 2]

where i = 1, . . . n and p = number of covariates. The co-
efficient of each parameter was determined by fitting the 
logistic regression model to the observed data. To develop 

TABLE 1. Demographic characteristics of patients with IM in the slow-growth and rapid-growth groups

Characteristic

All Slow-Growth Group  

(<2 cm3/yr)

Rapid-Growth Group  

(≥2 cm3/yr) p  

ValueNo. % No. % No. %

Total 232 173 74.6 59 25.4

Mean age in yrs (± SD) 60 ± 10 59 ± 10 63 ± 11 0.010

Male sex 40 17.2 23 13.3 17 28.8 0.006

Neurological deficit on presentation 32 13.8 13 7.5 19 32.2 0.000

Initial tumor size in cm3 (± SD) 11.5 ± 19.3 6.6 ± 13.0 26.5 ± 27.5 0.000

 >8.18 (approximately a 2.5-cm-diameter sphere) 73 31.5 31 17.9 42 71.2 0.000

Tumor location

 Eloquent 133 57.3 92 52.6 42 71.2 0.013

 Infratentorial 35 15.1 27 15.6 8 13.6 0.704

 Skull base 54 23.3 39 22.5 15 25.4 0.651

Calcification 91 (5*) 40.1 78 (5*) 46.4 13 22.0 0.001

Edema 46 19.8 21 12.1 25 42.4 0.000

Arachnoid plane 96 41.4 80 46.2 16 27.1 0.010

T2W-MRI (6*) (5*) (1*)

 Hyperintense 30 13.3 20 11.9 10 17.2 0.302

 Isointense 150 66.4 108 63.1 44 75.9 0.076

 Hypointense 46 20.4 42 25.0 4 6.9 0.003

Mean AGR in cm3/yr (± SD) 2.2 ± 4.6 0.4 ± 0.5 7.3 ± 6.0 0.000

Mean RGR in %/yr (± SD) 20.4 ± 38.7   9.7 ± 18.5 50.8 ± 60.3 0.000

Mean tumor doubling time in yrs (± SD) 18.0 ± 35.3 22.8 ± 39.7 3.7 ± 3.4 0.000

Symptom aggravation 40 17.2 11 6.4 29 49.2

 Mean time to start of symptoms in mos (range) 27 (6–86) 34 (6–86) 25 (7–81) 0.000

Therapeutic intervention 48 20.7 20 11.6 28 47.5 0.000

Mean follow-up duration in mos (range) 47 (6–151) 48 (18–151) 35 (7–84) 0.000

* Number of patients with missing data for each variable.
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a scoring system, which was named the Asan Intracra-
nial Meningioma Scoring System (AIMSS), with selected 
variables, the smallest coefficient value (b1) in the logistic 
regression model was modified to 1 in the scoring system, 
and then coefficient values for the other variables were 
proportionally converted to the nearest integer. The prob-
ability (P) of rapid tumor growth at each score was esti-
mated with the following formula:14 

 
[Eq. 3]

The calibration ability of our scoring system was ana-
lyzed using the Hosmer-Lemeshow goodness-of-fit test. 
Intraclass correlation was estimated between the logistic 
regression model and the scoring system. The area under 
the receiver operating characteristic curve (AUC) was 
estimated for both the logistic regression model and the 
scoring system. All internal validations were performed 
using 1000 bootstrap samples to estimate the bias-correct-
ed concordance index for describing the predictive accu-
racy of the model.

External Validation

To validate the generalizability of our scoring system, 
an additional 50 patients with IMs who qualified for the 
study under our inclusion and exclusion criteria were 
analyzed using the AIMSS. The patients were randomly 
selected from among those who underwent conservative 
management for IMs by another author (S.H.H.).

Results
Growth Rates and Patterns of IMs

For the entire study cohort of 232 patients, growth pat-
terns were statistically fitted to a straight line with a mean 
slope of 2.2 cm3 per year. According to the definition, 
25.4% of tumors (n = 59) belonged to the rapid-growth 
group (≥ 2 cm3/year) and the remainder belonged to the 
slow-growth group. The demographic characteristics for 
the entire cohort disaggregated by study group are sum-
marized in Table 1. The growth characteristics for IMs in 
the 2 groups were distinctly different from each other. The 
AGRs of the slow-growth and rapid-growth groups were 
0.4 ± 0.5 and 7.3 ± 6.0 cm3 per year, respectively. Most 
tumors (67.1%, n = 116) in the slow-growth group showed 
linear growth, although the remainder were static with an 
AGR of < 0.1 cm3 per year. Most tumors (67.8%, n = 40) in 
the rapid-growth group also showed linear growth. How-
ever, 22.0% (n = 13) of the tumors showed exponential 
growth, whereas 6 tumors initially showed linear or ex-
ponential growth and eventually reached a plateau during 
the follow-up period (Fig. 1). To determine the relation-
ship between tumor size and growth rate, the diameter of 
each tumor was inversely calculated from the tumor vol-
ume based on the assumption that the tumors were perfect 
spheres. The imaginary diameter ranged from 0.7 to 6.1 
cm (mean 2.3 cm, median 3.5 cm); the relationship be-
tween tumor diameter and growth rate is presented in Fig. 
2. In the rapid-growth group, the AGRs increased in pro-
portion to the diameter with a mean slope of 2.8 cm3 per 
year per diameter (cm), whereas those in the slow-growth 
group were almost stationary, regardless of the diameter 

FIG. 1. Spaghetti plots of tumor volume versus time in the slow-growth (left) and rapid-growth (right) groups. The growth features 
of the rapid-growth group are in sharp contrast to those of the slow-growth group. Tumors in the rapid-growth group show explo-
sive growth with a mean AGR of 7.3 cm3 per year, whereas most tumors in the slow-growth group are stationary with a mean AGR 
of 0.4 cm3 per year. Figure is available in color online only.
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increase. A negative correlation between the RGR and di-
ameter was observed in both the groups.

Clinicoradiological Correlates of Rapid Tumor Growth
On univariable analysis using a logistic regression 

model, old age (p = 0.002), male sex (p = 0.002), neuro-
logical deficit at presentation (p < 0.001), larger tumor (p 
< 0.001), tumor location in eloquent region (p = 0.008), 
absence of calcification (p = 0.011), peritumoral edema (p 
< 0.001), and hyperintense or isointense signal on T2W-
MRI (p = 0.005) were associated with rapid tumor growth. 
However, on multivariable analysis, larger tumor (OR per 
cm3 1.07, 95% CI 1.04–1.10, p = 0.000), absence of calci-
fication (OR 3.87, 95% CI 1.54–9.74, p = 0.004), peritu-
moral edema (OR 2.74, 95% CI 1.14–6.59, p = 0.025), and 
hyperintense or isointense signal on T2W-MRI (OR 3.76, 
95% CI 1.01–14.07, p = 0.049) were the only independent 
predictors of rapid tumor growth. An increase in tumor 
volume by 10 cm3 was associated with an approximately 
2-fold increase in the risk for rapid tumor growth (approx-
imately 1.0710). 

AIMSS Estimation of Risk of Rapid Tumor Growth

Tumor size, calcification, peritumoral edema, and SI on 
T2W-MRI were included as parameters in AIMSS. Data 
pertaining to 221 patients were used for developing the 
scoring system. Tumor size was presented as a diameter 
that was calculated from the respective volumes and then 
initially categorized into 6 groups at intervals of 0.5–1 cm 
from 2.5 cm; calcification and peritumoral edema were 
categorized into 2 groups according to whether the pa-
rameter was present or absent; and SI on T2W-MRI was 
categorized into 2 groups of hypointense and hyper-/isoin-
tense signals. However, when the data were fitted to the 
logistic regression model using the above categories, the 
coefficient values (or influential weight) of some neigh-
boring categories for tumor size were found to be similar. 
Thus, the tumor size was recategorized into 3 groups that 
exhibited distinctly different coefficient values (≤ 2.5 cm, 

> 2.5 cm to ≤ 4 cm, and > 4 cm). Then, the fitting process 
was repeated and the final model presented (Table 2). The 
coefficient value of peritumoral edema (0.67) was modi-
fied to 1 in the scoring system, and the values of the other 
parameters were proportionally converted to the nearest 
integer. The total score ranged from 1 to 11, and the prob-
ability (P) of rapid tumor growth at each score was esti-
mated using the following formula (Table 3):

 

[Eq. 4]

According to the scoring system, the risk of rapid tumor 
growth (≥ 2 cm3/year) was < 10% with a score of 0–2, 
10%–50% with a score of 3–6, and > 50% or more with a 
score of 7–11. The estimated risk and the observed values 
for each score were almost analogous (R2 = 0.463, Hosmer-
Lemeshow goodness-of-fit, p = 0.9958). The scoring sys-
tem reflected well the logistic regression model (95% CI 
for the intraclass correlation 0.998–0.999), and both had 
good predictive power. The AUCs of the logistic regression 
model and scoring system were 0.86 (95% CI 0.81–0.92) 
and 0.86 (95% CI 0.80–0.91), respectively.

Generalizability of the Scoring System
To assess the generalizability of our scoring system, 

external validation was performed using an additional 
data set of 50 patients (Supplementary Table 1). The ob-
served values of rapid tumor growth at each score were 
comparable to the values estimated by the scoring system 
(Table 4). The AUC of the scoring system was 0.87 (95% 
CI 0.76–0.99).

Discussion
Natural History of IMs

Several authors have studied the natural history of IMs; 
the reported annual tumor growth rates have ranged from 
0.01 to 1.15 cm in length14,18 and from 0.01 to 10.3 cm3 
in volume (Table 5).4,5,11,16 However, most of these were 

FIG. 2. Tumor growth rates disaggregated by tumor diameter in the slow-growth and rapid-growth groups. In the rapid-growth 
group, AGR shows a linear increase, and RGR decreases with respect to increasing tumor diameter. However, the AGR and RGR 
for the slow-growth group are almost static, regardless of any diameter change. This implies that the growth potentials of the 2 
groups are quite different. Figure is available in color online only.
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small-scale studies with < 70 patients,4,5,8,11,13,14,19 and some 
included only small- to medium-sized tumors.4,11 Sev-
eral studies defined significant tumor growth based on a 
change in tumor diameter, even though this method is less 
sensitive than evaluating a change in volume and is inap-
propriate for irregularly shaped tumors.8,13,14,18 Moreover, 
most studies did not take into account the time frame of 
tumor growth. For instance, an increase of 2 mm in length 
over 10 years was treated the same as a 2-mm increase 
over 1 year.5,8,13,14,16,18 Although some studies have analyzed 
tumor growth rate, it was calculated using only the initial 
and last values, which assumes linear tumor growth.4,11,16,19 
However, such an approach may not represent the growth 

potential of tumors and may have misled the analysis of 
risk factors associated with tumor growth.

To overcome the shortcomings of these previous stud-
ies, we studied the natural history of IMs in a large co-
hort encompassing various-sized tumors (0.2–120.1 cm3) 
by using volumetric assessment. Tumor volume was de-
termined during every imaging examination, and the tu-
mor growth rate was estimated using regression analysis 
so that all observed values were reflected in the outcome. 
Although the mean AGR (2.2 cm3/year) in the current 
study was considerably higher than that reported in previ-
ous studies, the difference is likely attributable to the pres-
ence of several patients (10.8%) with large-sized tumors 
(≥ 30 cm3) and of some (5.2%) extremely rapidly grow-

TABLE 2. Coefficient (b) of each parameter as estimated using multinominal logistic regression and its conversion to a 
score in the AIMSS

Parameter b (SE)* p Value OR 95% CI Score

Intercept −4.14 (0.69) <0.0001

Tumor diameter (cm)†

 ≤2.5 (approximately 8.18 cm3) 0 0

 >2.5 to ≤4.0 2.10 (0.46) <0.0001 8.18 3.32–20.19 3

 >4.0 (approximately 33.49 cm3) 3.91 (0.73) <0.0001 50.31 11.96–211.66 6

Calcification
 Present 0 0

 Absent 1.45 (0.50) 0.004 4.27 1.61–11.35 2

Peritumoral edema

 Present 0.67 (0.47) 0.155 1.96 0.78–4.93 1

 Absent 0 0

SI on T2W-MRI

 Hypointense 0 0

 Hyper- or isointense 1.07 (0.64) 0.095 2.90 0.83–10.15 2

SE = standard error.

* Coefficient (b) is equal to each parameter’s influential weight.
† Tumor diameter is inversely calculated from the volume based on the assumption that the tumors are perfect spheres.

TABLE 3. Probability of rapid tumor growth, as estimated by the 

AIMSS and compared with the observed value

Score

Estimated Risk 

(%)

Observed Risk (%)* 

n = 221 Risk Group

0 2 0 (0/17)

Low (<10%)1 3 0 (0/3)

2 6 6 (3/53)

3 11 0 (0/4)

Intermediate  

 (10%–50%)

4 19 15 (11/72)

5 31 31 (3/16)

6 47 50 (3/6)

7 64 60 (12/20)

High (>50%)

8 77 69 (9/13)

9 87 86 (6/7)

10 93 80 (4/5)

11 96 100 (5/5)

Hosmer-Lemeshow goodness-of-fit, p = 0.9958.
* Value represented as % observed risk (no. of patients with rapid growth 

tumors/no. of patients at each score).

TABLE 4. External validation of scoring system using data from 
50 additional patients

Score

Estimated Risk 

(%) 

Observed Value 

(%)* Risk Group

0 2 0 (0/4)

Low (<10%)1 3 0 (0/0)

2 6 0 (0/12)

3 11 100 (1/1)

Intermediate 

 (10%–50%)

4 19 19 (4/21)

5 31 33 (1/3)

6 47 50 (1/2)

7 64 100 (2/2)

High (>50%)

8 77 100 (3/3)

9 87 0 (0/0)

10 93 100 (1/1)

11 96 100 (1/1)

* Value represented as % observed risk (no. of patients with rapid growth 

tumors/no. of patients at each score).

Unauthenticated | Downloaded 08/26/22 10:00 AM UTC



A screening tool for meningiomas at risk for rapid growth

J Neurosurg Volume 127 • November 2017 977

TA
B

L
E

 5
. N

a
tu

ra
l h

is
to

ry
 o

f 
IM

s 
in

 t
h

e 
li

te
ra

tu
re

A
ut

ho
rs

  

&
  

Y
ea

r

N
o.

  

of
 

P
at

ie
nt

s 

M
ea

n 
F

U
 in

 M
os

 

(r
an

ge
)

M
ea

n 
Tu

m
or

 S
iz

e 

(r
an

ge
)

M
et

ho
d 

of
  

Tu
m

or
 S

iz
e 

 

M
ea

su
re

m
en

t

M
ea

n 
G

R
 (

ra
ng

e)
De

fin
itio

n o
f  

Si
gn

ific
an

t G
ro

wt
h  

(%
 tu

m
or

s)

F
ac

to
rs

  

A
ss

oc
ia

te
d 

w
/  

R
ap

id
 G

ro
w

th

F
ac

to
rs

  

A
ss

oc
ia

te
d 

w
/  

S
lo

w
 G

ro
w

th

F
ai

lu
re

 

R
at

e
A

bs
ol

ut
e

R
el

at
iv

e

F
ir

sc
hi

ng
 e

t 

al
., 

19
9

0

17
25

 (
2–

8
9)

 
4.

8 
cm

3  
(0

.1
–

3
5.

5)
V

ol
0.

12
 c

m
3
/y

r 
(0

.0
1–

0.
6

5)
3.

6%
/y

r 
(0

.5
–2

1)
N

on
e

N
on

e
0

O
liv

er
o 

et
 

al
., 

19
9

5

4
5

32
 (

3
–1

8
0)

2.
2 

cm
 (

0.
5

–
5.

0)
Ln

g
0.

24
 c

m
/y

r 
(0

.0
1–

1.
0)

N
A

An
y L

ng
 ∆

 (2
2%

)
N

A
N

A
0

N
iir

o 
et

 a
l.,

 

20
0

0

40
3

8 
(6

–
97

)
2.

6 
cm

 (1
.0

–
6.

0)
Ln

g
N

A
N

A
An

y L
ng

 ∆
 (3

5%
)

S
iz

e 
>3

 c
m

, 

hy
pe

ri
nt

en
si

ty
 

on
 T

2W
-M

R
I, 

m
al

e 
se

x

Ca
lci

fic
ati

on
12

.5
%

N
ak

am
ur

a 

et
 a

l.,
 

20
03

41
4

3 
(6

–1
0

5)
 

9 
cm

3  
(0

.1
–2

9.
3)

V
ol

0.
8

0 
cm

3
/y

r 
(0

.0
3

–2
.6

2)
15

%
/y

r 
(0

.5
–7

3)
Vo

l ∆
 >1

 cm
3
/y

r 

(3
4%

)

Y
ou

ng
 a

ge
Ca

lci
fic

ati
on

, 
hy

po
in

te
ns

ity
 

or
 is

oi
nt

en
-

si
ty

 o
n 

T
2W

-

M
R

I 

12
.8

%
 

Y
an

o 
&

 

K
ur

at
su

, 

20
0

6

67
(6

0
–1

6
3)

 
2.

3 
cm

 (
0.

5
–

6.
0)

Ln
g

0.
19

 c
m

/y
r 

(0
.0

4
–1

.1
5)

N
A

An
y L

ng
 ∆

 (3
7%

)
H

yp
er

in
te

ns
ity

 o
n 

T
2W

-M
R

I

Ca
lci

fic
ati

on
N

A

H
as

hi
ba

 e
t 

al
., 

20
0

9

70
3

9 
(1

2–
12

3)
10

 c
m

3  
(0

.6
–

6.
9)

V
ol

(0
.0

–1
0.

3)
 c

m
3
/y

r
0%

–
93

%
/y

r 
Vo

l ∆
 >1

5%
 (6

3%
)

P
T

E
 ∝

 e
xp

 g
ro

w
th

Ca
lci

fic
ati

on
4.

2%

S
ug

hr
ue

 e
t 

al
., 

20
10

3
57

5
5

≤2
.5

 cm
 in

 5
8%

 of
 

 
pa

tie
nt

s

Ln
g

N
A

N
A

Ln
g ∆

 >1
0%

/yr
 

(2
4%

)

H
yp

er
in

te
ns

ity
 o

n 

T
2W

-M
R

I

N
A

N
A

O
ya

 e
t a

l.,
 

20
11

27
3

46
 (L

ng
), 

43
 (v

ol)
2.

0 
cm

 (
0.

4
–7

.0
)

Ln
g i

n 4
4%

, 
vo

l i
n 

5
6%

 

0.
6

8 
cm

3
/y

r, 
(0

.0
3

–
4.

0
9)

N
A

Ln
g ∆

 ≥
2 m

m 
(4

4%
), 

vo
l ∆

 
>

8.
2%

 (
74

%
)

Yo
un

g a
ge

 ≤
60

 yr
s, 

hy
pe

ri
nt

en
si

ty
 

on
 T

2W
-M

R
I, 

P
T

E
, s

iz
e 

>2
.5

 

cm

Ca
lci

fic
ati

on
26

.4
%

Ja
di

d 
et

 a
l.,

 

20
15

6
5

74
 (

6
–2

40
)

2.
4 

cm
 (

0.
6

–7
.0

)
Ln

g
N

A
N

A
Ln

g ∆
 >2

 m
m 

(3
5%

)
N

on
e

Ca
lci

fic
ati

on
27

.7
%

Ex
p =

 ex
po

ne
nt

ial
; F

U 
= 

fo
llo

w-
up

; G
R 

= 
gr

ow
th

 ra
te;

 Ln
g =

 le
ng

th;
 N

A 
= 

no
n-

ap
pli

ca
ble

; P
TE

 =
 p

er
itu

m
or

al 
ed

em
a; 

vo
l =

 vo
lum

e; 
∆ 

= 
inc

re
m

en
t; ∝

 =
 c

or
re

la
tio

n.

Unauthenticated | Downloaded 08/26/22 10:00 AM UTC



E. J. Lee et al.

J Neurosurg Volume 127 • November 2017978

ing tumors (≥ 10 cm3/year). When separate analyses were 
performed for the slow-growth and rapid-growth groups 
based on the 2-cm3/year cutoff, the growth feature of tu-
mors in the slow-growth group was similar to that reported 
in the literature. Tumors in the slow-growth group were 
either static or grew in a linear pattern with a mean AGR 
of 0.4 cm3 per year. On the other hand, the mean AGR of 
tumors in the rapid-growth group was 7.3 cm3 per year. 
Despite such explosive growth, most tumors in the rapid-
growth group exhibited a linear growth pattern, and only 
some tumors showed exponential growth. It is conceivable 
that some tumors with a linear growth pattern actually had 
an exponential growth rate. This assumption is likely to 
be true for tumors that were treated immediately after the 
first follow-up examination, owing to the evidence of ex-
plosive growth. Shorter intervals between follow-up imag-
ing studies may have identified an exponential growth rate 
more often.

Clinicoradiological Factors Associated With the Growth 
Potential of Meningiomas

Various clinicoradiological factors have been reported 
to be associated with tumor growth. Although age was not 
a significant factor in our study, a younger age has been 
shown to be associated with higher growth potential.11,16,19 
However, in a study of elderly patients (age > 70 years), 
as many as 35% of patients experienced significant tu-
mor growth and 12.5% of patients became symptomatic.13 
Therefore, a definitive association between age and tumor 
growth is yet to be determined. Several authors reported 
that larger tumors have a higher risk of growth than small 
tumors,13,16,19 which is consistent with our findings. Tumors 
located distally to the skull base tend to have a much high-
er growth potential than those within the skull base.7,9,10 
However, some authors have reported the opposite.1 We 
did not observe a correlation between tumor location and 
growth potential. A number of radiological features have 
been consistently linked to growth potential: peritumor-
al edema5,16 and hyperintense signal on T2W-MRI13, 16–18 
have been associated with rapid tumor growth, whereas 
the presence of calcification5,8,11,13,16,18 and hypointense sig-
nal on T2W-MRI11 tend to be associated with low growth 
potential. These results are supported by pathological ex-
amination, which showed a direct correlation between the 
radiological features and the MIB-1 labeling index (cell 
proliferation marker).12 Peritumoral edema was strongly 
related to a higher MIB-1 labeling index, whereas hypoin-
tense signal and calcification were significantly associated 
with a lower MIB-1 labeling index. In the current study, 
peritumoral edema was a risk factor for significant tumor 
growth, whereas calcification was associated with a low 
risk of tumor growth, which is consistent with earlier re-
ports. Hypointensity of the tumor suggested little poten-
tial for growth as a distinct predictor from the presence 
of calcification, whereas hyperintensity and isointensity 
indicated considerable potential for growth over the next 
few years.

A Cutoff Point of 2 cm3 per Year as a Standard for Rapid 
Growth

The cutoff growth rate of 2 cm3 per year used for risk 

factor analysis and subsequent development of the scoring 
system is a relatively high standard for significant tumor 
growth compared with those used in previous studies, i.e., 
1 cm3 per year, 15% per year, and 33% per year increase 
in volume (which is equivalent to a 10% per year increase 
in length).6,11,17 Establishing a standard for rapid growth 
may be a little subjective; however, we defined a volume 
increase ≥ 2 cm3 per year as the standard for rapid tumor 
growth for the following reasons. First, we perceived that 
all IMs could be divided into 2 groups with distinctly dif-
ferent growth potential (Fig. 1), namely a slow- and linear-
growth group and a rapid- and exponential-growth group. 
Our aim was to develop a screening tool to identify tu-
mors at high risk for explosive growth; therefore, we es-
tablished a rather high cutoff for rapid growth. Second, 2 
cm3 per year was initially considered a candidate for the 
cutoff point because it was close to the mean growth rate 
in our cohort, which included patients with a wide range of 
tumors. Later, our statistical analysis using various cutoff 
points (1 cm3/year, 2 cm3/year, 15%/year, and 33%/year) 
demonstrated that 2 cm3 per year was the standard that 
best showed a sharp contrast between slow-growth and 
rapid-growth groups in terms of tumor characteristics and 
growth patterns. Lastly, all tumors with a growth rate < 2 
cm3 per year showed nonthreatening linear growth in our 
series. Thus, these tumors certainly do not require early 
therapeutic intervention. For these reasons, we determined 
2 cm3 per year to be the standard cutoff point when screen-
ing tumors at risk for significant growth. Nevertheless, if 
the goal is to select tumors with growth potential, future 
studies may choose to estimate risk based on a lower cut-
off to yield higher sensitivity.

Clinical Significance and Application of the AIMSS
Previous studies on the natural history of IMs sought 

to identify factors associated with tumor growth; however, 
none of them addressed the issue of relative weights for 
various risk factors on tumor growth. With this issue in 
mind, we designed a novel scoring system that estimates 
the overall risk for rapid IM growth based on the patient’s 
clinicoradiological characteristics. Hashiba et al.6 devel-
oped a scoring system based on 3 parameters: peritumoral 
edema, loss of arachnoid plane, and irregular tumor shape. 
The total score ranged from 0 to 3. However, all param-
eters were allotted the same weight (score of 1). Moreover, 
the risk of tumor growth at each score was presented as 
the value of the MIB-1 labeling index, which is not an in-
tuitive way to explain the risk for both primary care clini-
cians and patients. Therefore, our scoring system awards a 
weight to each parameter and estimates the specific prob-
ability of a tumor growth rate ≥ 2 cm3 per year using a sta-
tistical model. The good predictive power of the AIMSS 
was verified by internal and external validation; thus, it 
may be a useful tool to assess the need for early treatment 
based on the risk to the patient.

Nonetheless, because the weight of a larger tumor was 
exceptionally high in the AIMSS and the obtainable score 
ranges differed according to the tumor size group, the risk 
for small-sized to medium-sized tumors can be underes-
timated when the cutoff value for early treatment is fixed 
to only 1 score. To avoid this, we separately assessed the 
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sensitivity and specificity of the score for each tumor size 
group (Supplementary Table 2). Based on our analysis, we 
suggest that the following scores indicate the need for ear-
ly treatment: score ≥ 4 for tumors ≤ 2.5 cm (approximate 
volume of 8.18 cm3), score ≥ 6 for tumors between > 2.5 
cm and ≤ 4.0 cm, and a score ≥ 8 for tumors > 4.0 cm in 
diameter (approximate volume of 33.49 cm3; Fig. 3). If pa-
tients who are deemed to require early treatment are reluc-
tant to undergo treatment, we recommend close follow-up.

Study Limitations

The current study is a retrospective analysis of patients 
with untreated IMs from a single institute—a major medi-
cal center in Korea where the patients at high risk tend to 
be concentrated. This study enrolled many patients with 
large-sized IMs who were obliged to undergo follow-up 
because of comorbidity and poor performance status; thus, 
they may not be representative of the population at large. A 
prospective large-scale study needs to be performed with 
long-term follow-up for improved understanding of the 
natural history of IMs. Moreover, a risk estimation based 
on quantitative analysis of radiological parameters would 

enable much better prediction. Lastly, incorporating tumor 
shape, which has been identified as another risk factor in 
the literature, as a parameter in the scoring system would 
permit more exact estimation.

Conclusions
The risk factors for rapid growth of IMs are a larger 

tumor size, peritumoral edema, absence of calcification, 
and hyperintense or isointense signal on T2W-MRI. A 
scoring system that integrates the relative weights of these 
risk factors provides a better estimate of the overall risk 
of rapid tumor growth with good predictive power. Our 
scoring system will help clinicians to screen patients with 
IMs who may require early treatment and thus facilitate 
optimal and timely treatment in these patients.
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FIG. 3. Clinical application of the scoring system is presented according to tumor size. The upper row of images in each group 
shows a patient at low risk for rapid tumor growth, and the lower row of images shows a patient at high risk. FU = follow-up dura-
tion; T1CE = T1-weighted contrast-enhanced image.
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