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ABSTRACT

Observation has been a mainstay in asymptomatic meningiomas, but it may increase the risk associated 
with treatment due to tumor enlargement and the aging of patients. Understanding the natural course 
of meningiomas is important to provide appropriate treatment. The majority of previous studies inves-
tigated factors related to their growth, but failed to demonstrate their relationship with symptomatic 
progression (sympP) because of its rarity. We reviewed and meta-analyzed 27 studies that investigated 
natural courses in asymptomatic or untreated meningiomas to find clinico-radiological factors predictive 
of radiological progression (radioP), growth speed, and sympP. In results of time-growth analysis, two-
thirds of meningiomas showed radioP defined by a volume criterion and the rate approached a plateau 
at 4–5 years. In growth curve analyses, about half of incidental meningiomas presented decelerating or 
no growth, while less than one-quarter of them grew exponentially. RadioP, growth speed [annual volume 
change (AVC) or relative growth rate], and sympP each had different factors related to them. Younger 
age, non-calcification, and high intensity on T2-weighted image were related to radioP and rapid growth 
speed, but not to sympP. Tumors in males and those of larger size were likely to be symptomatic in the 
meta-analysis. AVC (≥2.1 cm3/year) was the strongest indicator of sympP. Apart from perifocal edema, 
radiological features at up-front imaging may not be useful for predicting sympP. This may be due to  
dynamic changes of those radiological markers in the long term. Quantified tumor size and growth speed, 
especially AVC, are important markers for deciding on treatment.
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Introduction

Meningiomas are the most frequently diagnosed 
primary brain tumor, especially in the elderly. Earlier 
autopsy studies showed an incidence of meningiomas 
from 1.4% to 2.3% in Sweden and the United States, 
respectively.1,2) These tumors are usually asymptomatic 
and smaller than 2 cm in diameter. It is conceivable 
that the widespread use of radiological examination 
has led to the more frequent detection of asymptomatic 
meningiomas in the era of extended life expectancy. 
A recent investigation using magnetic resonance 
imaging (MRI) showed a frequency of meningioma 
of 2.5% as an incidental finding in a population-
based neuroimaging study in the middle-aged and 
older.3) However, only a small proportion of the 
tumors appeared to become symptomatic. In patients 

with asymptomatic meningioma, a long follow-up for 
years is advised and treatments are recommended if 
the tumor grows considerably. This approach may 
reduce unnecessary invasive treatments, but it may 
increase the risk associated with intervention due 
to enlarged tumors and deteriorating conditions of 
patients with age. Repeated radiological examina-
tions may also place a burden on patients. Therefore, 
the accurate prediction of individual tumor growth 
with symptomatic progression (sympP) is crucial for 
determining the most appropriate form of clinical 
management, including active observation and/or 
surgical resection, to avoid unnecessary radiological 
follow-up or risky intervention.

Many authors have investigated the growth of 
asymptomatic meningiomas to select patients suit-
able for treatment. Clinical parameters such as age, 
sex, and size of the tumors may be related to their 
radiological progression (radioP). Radiological findings 
such as the existence of calcification on a CT scan or 
signal intensity on T2-weighted imaging (T2WI) may 
also correlate with the growth rate. However, there 
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are three problems in obtaining beneficial results 
from them. First, the different methodologies to 
describe the growth of tumors in each study make 
integrating the results difficult. Some researchers 
discriminated growing tumors among incidentally 
found meningiomas using various radioP criteria: 
volume criteria of an increase of anything up to 
30%4–13) or diameter-based criteria.3,14–22) Because 
these criteria in radioP lack a timescale, other 
research groups attempted to overcome this problem 
by performing analysis based on tumor growth 
speed.6,7,13,23–27) Growth speed was defined in various 
ways, such as annual volume change (AVC), tumor 
doubling time (Td), relative growth rate (RGR), and 
annual diameter change (ADC). These growth indices 
have different meanings in the natural growth of 
tumors, but their differences have not been properly 
interpreted.

Second, clinico-radiological factors related to radioP 
criteria or various growth speed indices have not 
been demonstrated substantially to relate to sympP. 
It is unlikely that benign meningiomas maintain a 
constant rate of growth for a long period. Indeed, 
recent studies have revealed self-limiting growth 
in the majority of incidental meningiomas.4,26,28) 
Therefore, factors predictive of sympP may not be 
concordant with those of radioP.

Third, although the prediction of sympP is more 
important than the prediction of radioP, all previous 
studies presented only a small number of patients 
with sympP. It is thus necessary to integrate data 
from previous studies to draw definitive conclusions 
about predicting sympP to ensure reliable guides for 
the clinical management of incidental meningiomas.

We performed a review and meta-analysis to 
evaluate whether clinico-radiological factors related 
to various growth criteria and growth speed metrics 
can be integrated to predict the growth of meningi-
omas. For this purpose, we recalculated the growth 
speed and adjusted growth criteria from the data 
in the studies, whenever possible. We also evalu-
ated whether factors associated with radioP may 
correspond to sympP.

Materials and Methods

Article selection
We searched for relevant articles using the 

keywords “meningioma,” combined with “human” 
and “incidental,” “asymptomatic,” “natural history,” 
or “untreated,” published from 1980 to December 
2018 in PubMed. We excluded non-English literature 
and cases of tumors in the spine or in children. 
After discarding duplicates, 344 articles remained. 
We read their abstracts and excluded case reports 

and reports of small series containing fewer than 
10 cases (53), extracranial meningiomas (17), non-
meningiomas (57), treatment-related papers (83), 
radiological studies (37), those with descriptions of 
the pathology alone (13), and those on radiation-
induced meningiomas (26). Among the remaining 58 
papers, we selected those papers that had clinical 
data of untreated meningiomas with radiological 
examinations performed on at least two time-
points, but excluded neurofibromatosis case series. 
Review articles were also excluded. Two studies 
that included only surgically treated patients were 
excluded. Three studies that analyzed only skull 
base meningiomas were also excluded. We searched 
articles on “meningioma” published after December 
2018 until April 2019 to find recent ones relevant to 
this study. Twenty-seven papers3–10,12–30) were selected 
for data extraction. Among articles that included 
overlapping data previously reported from the same 
institute,8–10,14,16,22–24,30) we selected the papers that 
contained newer data or necessary data.

Quality of articles
Most articles presented are on retrospective 

observational studies. The rates of follow-up of 
incidental meningiomas varied because of different 
rates of early treatment without observation or loss 
to follow-up. In most of the studies, these rates 
were about 30–80% of the included cases. In one 
prospective population-based cohort study,3) the 
follow-up rate was 87.4%, although individual data 
were not available. In another prospective study, 
this rate was 95.3%.4)

Data extraction
From the selected papers, seven studies included 

individual data about age, sex, initial and last tumor 
volumes (or diameters), follow-up interval, and radio-
logical findings.5,6,12,21,22,25,29) We were able to obtain 
individual data from two other series (3128) and 104 
tumors26) of asymptomatic meningiomas). From another 
study27) data were obtained from a growth curve graph 
using the software WebPlotDigitizer.31) The error of 
the obtained data was less than 0.2% in terms of 
the mean initial volume and the mean follow-up 
interval described in the article. The data were used 
in analysis of a forest plot and radioP. We extracted 
data for forest plots in 18 studies,5,6,10,12,13,15–18,20–22,25–30) 
and the data on the mean follow-up period until 
radioP and sympP in 19 studies.3–5,7,9,12–14,17–20,22,25–30) 
When standard deviation (SD) was not available, 
it was estimated from the data on the range. Seven 
studies included symptomatic cases (such as those 
with seizures and mild neurological deficits) at a 
rate of more than 10% of the total cases.13,14,19,23,24,29,30)  
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We included such studies for analyses of radioP but 
not for analyses of sympP.

Methods for measuring tumor growth
Several methods were used to define a growing tumor 

or to describe the growth speed of meningiomas. To 
obtain comprehensive results, we attempted to stand-
ardize the method. RadioP of a tumor was redefined 
as tumor growth of 15% of the initial volume or more 
from individual data whenever possible.15,25,26,28,29) To 
adjust for the difference of follow-up interval in each 
study, the association between the percentage of radioP 
and the mean follow-up period was analyzed (Fig. 1A).

We calculated Td, RGR, and AVC from individual 
data when possible (for formulae, see the appendix). 
We used RGR and AVC for statistical analyses because 
Td can be converted to RGR (see Appendix). For 
individual case analyses, we converted maximum 
diameter to volume or vice versa using the following 
formula (1):

    Volume = (0.72 × maximum diameter)3 (1)

This equation was derived from analysis of 104 
meningiomas26) (R2 = 0.93, P <0.0001).

Statistical methods
We used the statistical software EZR (Saitama 

Medical Center, Jichi Medical University, Saitama, 
Japan)32) for statistical analyses. In meta-analysis, 
effect size was measured using odds ratio or mean 
difference in forest plots to find the relationships 

among radioP, sympP, clinical factors (age, sex, 
initial size), and radiological findings (calcification, 
peritumoral edema, T2WI signal intensity). The 
analyses of radioP were performed separately in the 
diameter and volume criterion groups. A fixed-effect 
model was adopted except for the cases of high 
heterogeneity (I2 > 40%), in which a random-effect 
model was instead used. Publication bias could not 
be analyzed because of the small number of studies 
in the subgroups based on volume and diameter 
criteria (<10).

For individual data analyses, univariate analysis 
was conducted using Fisher’s exact test for categorical 
variables and the Mann–Whitney U-test or Kruskal–
Wallis test for continuous variables. The Steel–Dwass 
or Bonferroni test was used as a post hoc test. 
Possible candidate predictors that correlated with 
tumor growth were factored into the multivariable 
regression analysis by a stepwise method. P-values 
<0.05 were considered statistically significant.

To define logistic regression curves between the 
mean follow-up period and radioP rates, non-linear 
regression analysis (nls function in R) was used to 
obtain the smallest residual sum of squares. Receiver 
operating characteristic (ROC) curves were analyzed 
to predict the clinical progression.

Results

Radiological progression
Radiological progression was analyzed based on 

the volume- and diameter-based growth criteria 

Fig. 1 Percentage of growing tumors (A) and symptomatic progression (B) against mean follow-up in each study. 
(A) Fitting curve for percentage of growing tumors based on 15% volume criteria (circle) in each study depending 
on the mean follow-up period (R2 = 0.87). For reference, square indicates other volume criteria. Open circle or 
open square indicates a study containing symptomatic cases at a rate of more than 10%. (B) Studies with larger 
tumor series showed a higher clinical progression rate. Open circle, the mean tumor diameter was 2.19 cm or 
larger; solid circle, the mean diameter was less than 2.19 cm.

A B
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Table 1 Results of forest plot analyses about radiological progression

Factors MD or OR (95% 
confidence interval) Heterogeneity References

Age (n = 680): 
mean age,  
P <0.0001

All −4.67 (−6.21 to −3.12) I2 = 0%, P = 0.44

Volume −3.96 (−6.37 to −1.54) I2 = 29%, P = 0.20 5, 6, 10, 25, 26, 28–30

Diameter −5.16 (−7.18 to −3.15) I2 = 0%, P = 0.82 13, 18, 20, 21

Sex (n = 835): 
women vs. men,  
P = 0.09

All 0.75 (0.52–1.07) I2 = 20%, P = 0.24

Volume 0.49 (0.26–0.91) I2 = 0%, P = 0.47 12, 13, 15, 17, 20, 21

Diameter 0.94 (0.60–1.48) I2 = 30%, P = 0.21 7, 13, 28, 30, 33, 34

Initial size vol.  
n = 400, P = 0.35
Diam. n = 409,  
P = 0.18

All NA

Volume −1.03 (−3.22 to 1.16)* I2 = 47%, P = 0.08 5, 6, 10, 25–29

Diameter 2.46 (−1.10 to 6.02)* I2 = 55%, P = 0.08 12, 13, 16, 18

Calcification  
(n = 774),  
P <0.0001

All 0.35 (0.25–0.50) I2 = 0%, P = 0.70

Volume 0.30 (0.16–0.54) I2 = 0%, P = 0.76 6, 25, 26, 28, 30

Diameter 0.39 (0.25–0.58) I2 = 0%, P = 0.43 7, 13, 28, 30, 33, 37

Edema (n = 623): 
(+) vs. (−),  
P = 0.06

All 1.31 (0.50–3.42)* I2 = 51%, P = 0.06

Volume 0.83 (0.34–2.04) I2 = 39%, P = 0.2 6, 26, 28, 29

Diameter 1.85 (0.53–6.42)* I2 = 50%, P = 0.11 12, 13, 15, 22

T2WI high  
(n = 566),  
P <0.0001

All 2.29 (1.54–3.40) I2 = 0%, P = 0.57

Volume 2.02 (1.07–3.79) I2 = 0%, P = 0.41 6, 25, 26, 28

Diameter 2.49 (1.50–4.15) I2 = 0%, P = 0.49 12, 13, 22

T2WI low  
(n = 204),  
P <0.0001

All 0.22 (0.11–0.45) I2 = 14%, P = 0.32

Volume 0.22 (0.11–0.45) I2 = 14%, P = 0.32 6, 12, 25, 26, 28

Diameter NA
*Random effect model. Bold means statistically signify results. MD: mean difference, OD: odds ratio, NA: not available.

separately. We compared the percentages of tumor 
growth beyond the volume or diameter criteria in 
each study with their mean follow-up intervals. In 
individual volumetric studies (10 groups from nine 
studies, 502 cases), the relationship of percentage of 
radioP in the 15% criteria and the mean follow-up 
interval fitted a logistic curve (Fig. 1A) (R2 = 0.87). 
The fitting curve approached an asymptotic value 
of 66.7% after the mean follow-up interval of 4–5 
years. The studies including symptomatic cases or 
those conducted with other growth volume criteria 
did not appear to influence the curve. In diameter-
based studies (diameter increase >1–3 mm, nine 
studies, n = 695), the correlation was not as good as 
in volumetric studies (R2 = 0.48, asymptotic value 
= 45.8%, graph not shown).

Factors related to radiological progression
We analyzed clinical and radiological factors 

related to radioP by the different criteria based on 
diameter and volume separately (Table 1). Forest 
plots showed that young age and possibly maleness 
positively affected tumor growth. Radiologically, 

a high-intensity signal on T2WI was also related 
to tumor growth, whereas calcification and a low 
intensity on T2WI were related to no growth. Initial 
tumor size and perifocal edema did not show 
significant relationships.

Tumor growth speed
Figure 2A shows the relationship between AVC 

and RGR depending on initial tumor size from indi-
vidual data (n = 298).5,6,12,22,25,26,28) The graph shows 
the apparent effect of initial tumor size on this 
relationship: smaller tumors tended to have a lower 
AVC/RGR ratio than larger ones. This is because 
RGR is an index of the proliferative potential of 
tumor cells, while AVC reflects both proliferative 
potential and tumor size.

From the individual data, factors related to RGR and 
AVC were separately evaluated (Table 2). Univariate 
analyses showed that younger age (≤60) (P = 0.0001), 
smaller initial volume (≤4 cm3) (P = 0.012), absence 
of calcification (P <0.00001), and high-intensity signal 
on T2WI (P <0.0001) were related to high RGR, but 
neither sex (P = 0.12) nor edema was (P = 0.20).
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Table 2 Factors related to growth speed in individual data analyses

Relative growth rate (RGR) Annual volume change (AVC)

Univariate Multivariate Univariate Multivariate

Age > 60 (n = 251) Young > Old P = 0.95 Young > Old P = 0.29

P = 0.0001 P = 0.006

Sex (n = 220) P = 0.12 P = 0.61

Initial size >4 cm3  
or not (n = 229)

Large < Small P = 0.08 Large > Small P = 0.28

P = 0.012 P <0.00001 P <0.001*

Calcification  
(n = 180)

P <0.00001 P <0.01 P <0.0001 P = 0.16

P = 0.018*

T2WI (n = 138) P <0.00001 P = 0.12 P <0.002 P = 0.02

Low vs. iso, P = 0.006 Low vs. iso, P = 0.03 P = 0.014*

Low vs. high, P = 0.0001 Low vs. high, P = 0.0002

Iso vs. high, P = 0.32 Iso vs. high, P = 0.09

Edema (n = 159) P = 0.20 P = 0.000002 P <0.000001
*Results when edema was excluded from multivariate analyses. Bold means statistically signify results.

Fig. 2 (A) Relationship between relative growth rate (RGR) and annual volume change (AVC) based on initial 
tumor volume in a logarithmic scale.5,6,12,22,25,26,28) Size of markers indicating initial tumor volume. Brown, cases 
with symptomatic progression; light green, cases with early treatment after radiological progression; blue, asymp-
tomatic tumors (n = 225). Four meningiomas showing no growth (inset). The graph lacks individual data of 94 
non-growing tumors and 15 asymptomatic growing ones from three studies.6,12,22) Those non-growing tumors usually 
have AVC <0.18 and RGR <3.64 (75% range calculated from other series5,25,26,28)). (B) Relationship between relative 
growth rate and patient age in four studies.5,25,26,28) Size of markers indicating initial tumor volume. Red, tumors 
in females; blue, tumors in males. RGR in female tumors showed a negative correlation with age (R = −0.30,  
P <0.001), while RGR in male tumors did not.

Despite the lack of a difference of RGR between 
the sexes, RGR of female tumors showed a nega-
tive correlation with age (R = −0.30, P <0.001) 
(Fig. 2B), while RGR of male ones did not. Multi-
variate analysis showed only lack of calcification 
as being related to high RGR (P <0.01). On the 
other hand, younger age (P = 0.006), larger initial 
volume (>4 cm3, P <0.00001), lack of calcifica-
tion (P <0.0001), high-intensity signal on T2WI 

(P <0.002), and perifocal edema (P = 0.000002) 
were related to high AVC, but sex was not (P = 0.61).  
Multivariate analysis showed that edema (P <0.00001) 
and T2 high-intensity signal (P = 0.02) showed 
significant relationships with high AVC. When 
we omitted perifocal edema from the multivariate 
analysis because only a few asymptomatic menin-
giomas presented edema (n = 15), larger initial 
volume (P <0.001), calcification (P = 0.018), and 

A B
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Table 3 Growth curve patterns of meningiomas

n Mean follow  
period (years) Expo. Linear No trend No growth Gompertzian 

growth

Nakasu et al.28) 52 7.5 8 (15.4) 44 (84.6)

Hashimoto et al.7) 113 3.9 27 (23.9) 36 (31.9) 8 (7.1) 42 (37.2) NA

n Mean follow  
period (years) Expo. Linear Self-limiting No growth

Lee  
et al.23)

Rapid-growth group 59 2.9 13 (22.0) 40 (67.8) 6 (10.2)

Slow-growth group 173 4.0 Almost absent Most of the cases

Nakasu et al.26) 61 4.4 9 (14.8) 23 (37.7) 29* (47.5)

Behbahani et al.4) 54 0.5–5 14 (25.9) 9 (16.7) 19 (35.2) 12** (22.3)
*Including no growth. **Including parabolic and decrease growth: percentage in the parentheses. Expo.: exponential growth.

T2 signal intensity (P = 0.014) were found to be 
related to AVC.

Tumor growth curve patterns
Five studies investigated tumor growth curve 

patterns from serial volumetric analyses.4,7,19,26,28) 

(Table 3). Hashimoto et al.7) divided growth patterns 
of meningiomas (n = 113) to four groups as expo-
nential (23.9%), linear (31.9%), no trend (7.1%) and 
no growth (37.2%). Two studies discriminated self-
limiting growth approaching plateau (decelerating 
growth). Nakasu et al.26) (n = 61) and Behbahani  
et al.4) (n = 64) showed exponential growth in 14.8% 
and 25.9%, linear in 37.7% (including a part of 
decelerating cases) and 16.7%, and decelerating 
in 47.5% and 35.2% of their cases, respectively, 
while the latter further discriminated parabolic 
(16.7%) and continuous reduction (5.6%). Lee  
et al.23) presented the largest series (n = 232), and 
they divided meningiomas into slow (n = 173) and 
rapid-growth (n = 59) group. The latter showed 
exponential (22%), linear (67.8%) or decelerating 
growth (10.2%), while majority of the former 
exhibited linear, decelerating or no growth judged 
from their Fig. 1. Incorporating these results into 
one, we found that about a half of incidental 
meningiomas presented the decelerating (self-
limiting) growth pattern or no growth while less 
than one-forth of them did exponential pattern. 
Few meningiomas were reported to decrease their 
volumes.4,33) Growth pattern might be modified by 
the length of follow-up time. In fact, the mean 
follow-up period for tumors displaying decelerating 
growth was longer than for tumors with linear 
or exponential growth.4) The study of the longest 
follow-up (mean 7.7 years) showed that growth 
of benign meningiomas simulated a Gomperzian 
curve with quasi-exponential growth followed by 
decelerating growth approaching plateau.28)

Symptomatic progression
The rate of sympP was evaluated in the same 

manner as for radioP (Fig. 1B). Seizures were 
included but non-specific symptoms were excluded 
from the analyses. Figure 1B shows that there was 
an apparent difference in sympP rates between the 
studies with a larger [diameter >2.2 cm (about 4 cm3  
in volume)] mean tumor size and those with a smaller 
one. In the larger mean size group, the incidence of 
sympP reached up to 20%, but in the smaller size 
group, it was below 10%. Owing to the small number 
of subjects and data variation, significant logistic 
curves could not be produced. Overall, 46 of 989 
patients (4.7%) developed neurological symptoms 
during the mean follow-up of 53 months, while 
72 patients underwent treatment before symptom 
development.

Factors related to symptomatic progression
In weighted meta-analyses, forest plots showed that 

tumors in males and large initial maximum diam-
eter (or initial volume) were significantly related to 
sympP (Table 4). We could not analyze radiological 
factors in forest plots because few studies assessed 
their relationships and each study included only a 
small number of patients with symptom develop-
ment. Although Islim et al.34) presented radiological 
factors in their forest plots (online resource 6), raw 
data were not provided in the original papers.12,22,27)

Analyses of individual data showed that maleness 
(P <0.0001) and initial volume (median 2.55 vs.  
9.96 cm3; P = 0.0032) or initial diameter (median 
1.86 vs. 2.67 cm; P = 0.0035), but not age (P = 0.091),  
were related to sympP (Table 4). Perifocal edema 
showed a significant relationship to sympP (P = 0.024),  
but neither calcification (P = 0.34) nor intensity on 
T2WI (P = 0.61) did.

In the individual data, higher growth speed (AVC 
and RGR) was related to sympP even in relatively 
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Fig. 3 Kaplan–Meier analysis of symptomatic progres-
sion against annual volume change (AVC). No tumors 
with AVC <2.1 cm3/year became symptomatic, while 
tumors with AVC ≥2.1 cm3/year showed a 3-year clinical 
progression-free rate of 69.3% (P <0.000001).

Table 4 Factors that affect symptomatic progression. Results of meta-analyses and individual data analyses

Factors

Fixed effect model

Heterogeneity References

Individual data analyses

MD or OR (95% 
confidence interval) SympP vs. asymptomatic

Age 4.17* (−1.79 to 
10.12), P = 0.29

I2 = 51%,  
P = 0.10

12, 15, 21, 22,  
26, 27 (n = 331)

Med, 73 y.o. vs. Med, 69 
y.o.

n = 268, P = 0.091

Sex 10.08 (3.02–33.65),  
P = 0.0002

I2 = 0%,  
P = 0.96

5, 6, 12, 15, 21,  
26 (n = 257)

M 8 W 2 vs. M 47 W 211 n = 268, P <0.0001

Initial size Diam. 12.44  
(8.21–16.68),  
P <0.0001

I2 = 28%,  
P = 0.25

12, 15, 21, 22,  
26 (n = 288)

Vol. 9.96 cm3 vs. 2.55 cm3 n = 229, vol.  
P = 0.0032, diam.  
P = 0.0035

Diam. 2.67 cm vs. 1.86 cm

Calcification N.A. (+) 1 (−) 3 vs. (+) 83 (−) 71 n = 158, P = 0.34

T2WI N.A. high, 2; iso, 1; low, 0; high, 
46; iso, 63; low, 35

n = 147, P = 0.61

Edema N.A. (+) 2 (−) 2 vs. (+) 7 (−) 118 n = 129, P = 0.024
*Random effect model. Bold means statistically signify results. MD: mean difference, OR: odds ratio, SympP: symptomatic 
progression, y.o.: year-old, M: men, N.A.: not available, W: women, Diam.: diameter, Vol.: volume.

small tumors (Fig. 2A). ROC analyses showed that 
both AVC 2.1 cm3/year and RGR 15.4% were good 
indicators of sympP [AVC: area under the curve 
(AUC) 0.972, specificity 0.903, sensitivity 1.0; RGR: 
AUC 0.835, specificity 0.718, sensitivity 0.895]. 
Initial tumor size (maximum diameter 2.6 cm: AUC 
0.773, specificity 0.759, sensitivity 0.800; or volume  
5.6 cm3: AUC 0.775, specificity 0.717, sensitivity 
0.800) may be reliable markers for sympP.

Kaplan–Meier curves showed a clear difference 
of time to sympP when tumors were categorized 
into rapid-growth (AVC ≥2.1 cm3/year) and slow-
growth groups (AVC <2.1 cm3/year) (Fig. 3). The 
rapid-growth group had symptom-free rates of 69.3% 
(95% CI 44.6–84.6%) at 3 years and 55.4% (95% 
CI 23.8–78.4%) at 6 years.

Pathological diagnosis in the studies
Pathological diagnoses were obtained in 0–17.9% 

(mean 8.6%; SD 4.5%) of investigated series.3,5,6,9,12,15, 

17–23,25,26) Most of them were benign, whereas 11  
out of 245 meningiomas had atypical or anaplastic 
features.5,6,9,15,21,25–27,35,36)

Discussion

This review revealed that two-thirds of incidental 
meningiomas exhibited radioP based on the criterion, 
increasing by 15% of their initial volume, which 
could be within the range of measurement error.6) We 
demonstrated that meningiomas with a high-intensity 
signal in T2WI without calcification in young males 
tended to exhibit radioP. However, only 4.7% of the 

patients became symptomatic, although the exact 
rate was difficult to determine because of early treat-
ments being performed for asymptomatic growing 
tumors in the majority of the studies. Interestingly, 
significant predictive factors of sympP differed from 
those of radioP. Furthermore, significant factors of 
radioP were revealed to differ in terms of AVC and 
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AGR. In previous studies on incidental meningiomas, 
insufficient attention was paid to those differences 
in prediction targets or assessment tools.

Radiological progression
In pioneering studies,5,14,15,18) asymptomatic meningi-

omas were considered to grow very slowly. Thereafter, 
individual researchers measured radioP using different 
definitions, which led to confusing interpretations. 
Moreover, the methods using maximum diameter or 
volume calculated from three perpendicular axes are 
insufficiently sensitive to detect subtle changes.29,37) 
Studies using volumetry based on image analysis 
software and a longer follow-up period showed higher 
growth rates of up to 70%.4,9,13) Our review showed 
that, in volumetric studies, the curve of percentage 
of growing tumor against mean follow-up time fitted 
well to a logistic curve that approached an asymptotic 
volume of 66.7% (Fig. 1A). This value was much 
higher than that of studies using diameter change, but 
comparable to 75% for a 15-year growth rate using 
life-table statistics in a study by Jadid et al.17) In the 
early phase of this curve, tumors grew slowly. After 
2 years, the number of growing tumors increased, 
but it almost reached a plateau after 4–5 years. This 
curve pattern is concordant with the recently proposed 
concept that the growth of benign meningiomas is 
self-limiting.4,26,28) A tumor is reasonably considered 
to be indolent if it shows no growth for 5 years.

Zeng et al.38) showed a significant relationship 
between radiological tumor growth and lack of 
calcification and T2 signal intensity, but not sex, 
location, or edema. We obtained similar results; 
moreover, male sex tended to be related to radioP 
based on volumetric criteria (Table 1). However, 
these factors are merely indices for the identifica-
tion of tumors with radioP but not with sympP. 
They would be useful for identifying tumors that 
will not grow and for decision-making about the 
duration of radiological follow-up.

Tumor growth speed
Tumor growth speed has been described by ADC, 

AVC, Td, and RGR. When a tumor maintains a 
constant growth rate, Td and RGR are indices of 
exponential growth, while AVC is that of linear 
growth, and ADC is that of power growth (third 
power). AVC is volume-dependent when RGR is 
constant, as shown in Fig. 2A, actually, from Equa-
tions (3) and (5) in Appendix,
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Therefore, it is no wonder that almost all previous 
studies showed that larger tumors had higher AVC. 
It is no wonder that there are differences in clinical 
and radiological factors related to tumor growth speed 
between RGR and AVC. Actually, RGR was higher 
in smaller meningiomas, but AVC was opposite  
(Table 2) as reported previously.4,25,26) Previous studies 
often neglected the differences between RGR and 
AVC. Furthermore, the concept of the self-limiting 
growth of meningiomas was not incorporated into 
the majority of previous studies.

These two indices show no concordant changes 
during tumor growth. When a tumor maintains 
exponential growth, RGR is constant but AVC 
becomes larger (upward shift in Fig. 2A). In linearly 
growing tumors, RGR decreases but AVC remains 
constant (parallel shift in Fig. 2A). If a tumor shows 
self-limiting growth, both RGR and AVC decrease 
gradually, and the volume reaches a plateau. 
Therefore, smaller tumors in initial growth phase 
of meningioma have higher RGR’s but lower AVC’s 
than larger ones in their later growth phase except 
for in the last plateau phase.

In a review study, Sughrue et al.39) described that 
51% of meningiomas ≤2.5 cm demonstrated no 
evidence of growth over a median follow-up of 4.6 
years. In our review, however, tumor volume did 
not affect radioP (Table 1), while it had a conflicting 
relationship with tumor growth speed in the forms 
of RGR and AVC.

Univariate analyses showed that smaller tumors 
in younger patients with radiological findings of 
an absence of calcification and T2 high-intensity 
signal had high RGR. Calcification was the only 
factor related to low RGR in multivariate analysis. 
On the other hand, perifocal edema, initial large 
size, absence of calcification, and T2 high-intensity 
signal were related to AVC in univariate analyses. 
Multivariate analyses showed that edema was the 
factor most strongly associated with high AVC. Edema 
is known to be related to tumor size40) and possibly 
to tumor proliferation.41) As perifocal edema is rare 
in incidental meningiomas, we investigated factors 
other than edema in multivariate analysis. This 
showed that large initial size, lack of calcification, 
and high-intensity signal on T2WI were related to 
AVC. These results are similar but not concordant 
to the factors related to radioP. These results should 
be useful for decision-making for setting intervals 
in radiological follow-up.

Clinically, maximum tumor diameter is a readily 
available index for measuring tumor size. However, 
it is associated with two problems. The first is that 
tumors do not always extend in the direction of 
their maximum diameter. The second is that ADC 
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value is also affected by tumor size. Therefore, a 
large growing tumor can be misinterpreted as a 
non-growing one upon radiological examination. 
On the other hand, when tumors have the same 
RGR, larger tumors have a larger ADC. Figure 4 
shows the relationship between maximum tumor 
diameter and ADC when the volume increases 
by 2.1 cm3/year, calculated using Equation 1.  
As shown in this figure, a tumor of 1 cm in diam-
eter needs to gain nearly 1 cm in diameter to grow 
2.1 cm3/year in volume, while a large tumor of  
5 cm needs to gain only 1 mm to achieve the same 
increase in volume.

Symptomatic progression
The rate of sympP in asymptomatic meningiomas 

was difficult to define from previous studies. In 
their review, Islim et al.34) described that 66 out 
of 608 patients with an incidental meningioma 
developed symptoms during the mean follow-up 
of about 40 months; this incidence is higher than 
our result (4.7%; 46 of 989 patients, mean follow-
up of 53 months). This difference is considered 
to be due to the different inclusion criteria. Their 
review included two series consisting of only 
surgically treated asymptomatic meningiomas.35,36) 
We excluded them because of their high radioP 
and sympP rates. In a large retrospective study, 
Kim et al.9) reported a high sympP rate (40 of 201 
patients, median follow-up of 62 months). However, 
they included patients who developed non-specific 
symptoms such as headache, dizziness, and scalp 
paresthesia. Neurological deficits were observed in 

only five patients. Considering the relatively small 
median initial volume (1.0 cm3) of their cases, we 
chose “five” for analyses.

The rate (4.7%) of sympP in this review is supposed 
to be lower than the true incidence because of 
strategic early treatments for tumors showing any 
growth before sympP in the majority of studies. For 
instance, a prospective study showed no patients 
with sympP, but 32 out of 64 patients underwent 
treatment at the time of radioP.4) Tumors in patients 
that underwent early treatments in representative 
studies are shown as light green balloons (n = 22) in 
Fig. 2A. About 64% of these tumors had comparable 
RGR (>15.4%), smaller AVC, and smaller initial size 
than the tumors that progressed symptomatically 
(in brown, n = 20). This means that, if treatment 
had been withheld for those tumors for several 
years, the majority of them would have enlarged 
to become symptomatic. We suspected that nearly 
10% of all asymptomatic meningiomas might have 
grown to become symptomatic if no patients had 
undergone early treatment in Fig. 2A.

In one autopsy study (during 1950–1982),1) the 
ratio of symptomatic to asymptomatic meningiomas 
was 1:6. Another study showed 172 meningiomas 
found in 11,973 autopsies (during 1957–1966), while 
29 meningiomas were surgically treated in the same 
period.2) Therefore, this ratio was supposed to have 
been about 1:6 before the era of the expanding use 
of CT scans.

In this review, tumors in males were likely to grow 
symptomatically. However, no sex difference was 
detected in growth speed. This might be explained 
by the result that growth speed of the tumors in 
females was more likely to decelerate with age  
(Fig. 2B). Kim et al.9) reported that young age, absence 
of calcification, perifocal edema, and high-intensity 
signal on T2WI were related to clinical progression. 
However, as described above, their definition of 
clinical progression included radiological progres-
sion and unspecific symptomatic progression.

Larger tumors were likely to become symptomatic, 
in both meta-analysis and individual data analysis. 
In other reviews, the importance of the initial size 
of a tumor for symptomatic progression was also 
emphasized. Sughrue et al.39) concluded that most 
meningiomas ≤2.5 cm do not cause symptoms in 
the following 5 years, while our study showed 
that a tumor diameter >2.6 cm was one of the risk 
factors for sympP.

In this review, radiological factors did not reach 
significance as for sympP, except for edema, although 
they were related to tumor growth. This may be due 
to the fact that radiological features such as calcifi-
cation or T2 intensity can change during the course 

Fig. 4 Relationship between annual diameter change 
and maximum tumor diameter when annual volume 
change is set at 2.1 cm3. Diameter changes to a small 
degree when a tumor is large.
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of tumor growth, as well as growth speed while 
tumor size was much more important for sympP. 
Actually, tumors were able to become symptomatic 
without significant growth when enough large.19,36)

Annual volume change ≥2.1 cm3/year was the 
most important indicator for sympP. AVC is more 
useful for the clinical assessment of sympP than 
RGR because AVC is a function of tumor size, which 
is a crucial factor for symptomatic growth as well 
as tumor growth speed. This value is similar to 
that in the study by Lee et al.,23) who defined the 
rapid-growth group as those with AVC ≥2.0 cm3 
and asserted that membership of this group was 
predictive of symptom aggravation. We excluded 
their study from this analysis because it included 
symptomatic cases at a rate of more than 10%. 
Therefore, these results of AVC as an indicator of 
sympP were based on the two different populations.

Limitations of the study
The location of meningioma could also be an 

important factor of sympP. Tumors close to the 
cranial nerves would become symptomatic even in 
smaller size than convexity tumors. However, this 
was not analyzed here because of the small number 
of events in the reviewed studies.

In the majority of cases included in this study, the 
diagnosis of meningioma was made solely based on 
imaging features. Although most of the pathological 
diagnoses at surgery were benign meningioma, a few 
of them included atypical or anaplastic ones. On the 
other hand, in a prospective study by Behabahani 
et al.,4) two non-meningioma cases were excluded 
from 70 enrolled cases. Jadid et al.17) and Kim et al.9) 
also reported radiological misdiagnosis: three in 88 
presumed meningioma cases and four in 327 cases, 
respectively. As only some of the tumors described 
in these three articles were surgically treated, a larger 
number of misdiagnosed tumors could possibly have 
been included. Therefore, we have to keep in mind that 
radiologically presumed meningioma includes other 
diseases as well as aggressive forms of meningioma.

Clinical implications
We showed in this study that about 30% of inci-

dental meningiomas did not grow. Those can be 
discriminated during the first 4–5 years and further 
follow-up would not be necessary in such cases. 
Factors related to radioP may be useful for decision-
making on the duration of radiological follow-up.

Although tumor with calcification is a good marker 
of no or slow growth of meningiomas, it may not 
be useful for predicting non-sympP, especially 
when tumors are already large. In this context, it 
is necessary to be aware that radiological findings 

can change over time.26) For example, non-calcified 
tumor can become calcified in the long term and T2 
signal intensity may change accordingly. Moreover, 
perifocal edema may arise in association with tumor 
growth. Therefore, common upfront radiological 
features for growth are not always valuable in the 
long term. Because growing tumors may decelerate 
their growth to reach plateau before being sympto-
matic, these radiological features should be assessed 
in combination with changes in tumor volume. 
Actually, the progression of calcification may be a 
marker of growth deceleration.26)

We demonstrated that AVC ≥2.1 cm3/year is an 
important index for sympP. However, it takes time 
to determine AVC for individual patients, with at 
least two radiological assessments for 1–2 years. 
Tumor size may be useful if combined with other 
radiological markers, as reported by Lee et al.23)

On the other hand, even small tumors have 
a chance of being symptomatic in cases of high 
RGR. If tumors continue to grow exponentially, 
small tumors become larger and their AVCs exceed  
2.1 cm3/year. However, it is difficult to predict 
whether tumors will continue to grow at the same 
speed. Such tumors should be watched carefully 
via regular radiological examinations.

Other important factors for treatment selection 
are patients’ age and general condition. In elderly 
patients, the risk of surgical intervention might 
increase annually. Our study showed that tumor 
size [initial maximum diameter 2.6 cm (AUC 0.773, 
specificity 0.759, sensitivity 0.800)] is a risk factor 
for sympP. When a tumor has already grown beyond 
a suitable size for radiosurgery, a growing tumor 
(AVC ≥2.1 cm3/year) should be treated surgically 
before sympP considering the general risk.

Although prospective investigation of the growth 
of asymptomatic meningiomas has been proposed, it 
is difficult to follow many patients for longer than 
5 years. Moreover, given the data accumulated in 
many retrospective studies, only a few new findings 
about tumor growth kinetics would be obtained from 
a prospective study. However, the most important 
issues remain unresolved: who becomes sympto-
matic, how we can predict them, and whether early 
intervention benefits the patients. To resolve these 
issues, we need to randomize patients to either 
an intervention or an observation arm when their 
tumors grow in a prospective study.

Conclusion

Despite increased detection of asymptomatic menin-
giomas, a lack of prospective studies had led to 
inconclusive results about determination of the 
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timing of treatment. However, reports from long-
term observational studies have accumulated and 
supplied important data. In this study, we showed 
that about 30% of incidental meningiomas did not 
grow radiologically. Factors predictive of no growth 
are tumor calcification, T2 low-intensity signal, and 
being elderly and female. Growth speed analysis is 
important to analyze complex growth patterns influ-
enced by various factors. RGR and AVC represent 
different characteristics of tumor growth, and would 
not be constant Calcification is related to RGR, 
whereas initial size and edema are related to AVC.

The prediction of neurological sympP is more 
important than that of radioP. Only a small propor-
tion of meningiomas would become symptomatic, 
but this has been underestimated because of early 
treatment indicated at the time of radioP in the 
majority of studies. We showed that a tumor 
diameter >2.6 cm is a risk factor for sympP. We 
also revealed that AVC (≥2.1 cm3/year) is a strong 
indicator of sympP, reflecting crucial factors of 
intracranial tumors, namely, both tumor volume 
and proliferative potential.

Appendix

Formulas used in this review:

Annual diameter change ADC
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R /elative growth rate RGR( ) = −( ) ×V Vt
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0 1 100  (5)

From Equations (4) and (5), we get

RGR   Td= − ×( )2 1 1001/

V0, volume at time 0; Vt, volume at time t; D0, 
diameter at time 0; Dt, diameter at time t.
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