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ABSTRACT 

 

Background and purpose: A subset of aggressive meningioma is associated with higher morbidity and 

requires a different therapeutic management. This subset consists of World Health Organization (WHO) 

grade II and III meningioma, characterized particularly with microscopic brain invasion. Numerous 

studies tried to screen aggressive meningioma on pre-operative MRI. The objective of the study was to 

determine if an advanced shape analysis of supratentorial meningioma outlines could reliably predict 

WHO II-III grade and histological brain invasion. 

Materials and Methods: We performed a retrospective analysis for all consecutive patients who 

underwent surgery for supratentorial histologically-proven meningioma from 2010 to 2018. Pre-

operative MRI T1WI contrast enhanced axial, coronal and sagittal slices were collected from 101 

patients. Advanced shape analysis including fractal analysis and topological skeleton analysis was 

performed. Shape analysis parameters were correlated with histopathological WHO grading and brain 

invasion on surgical pieces. 

Results: Shape analysis features such as a low circularity, a low solidity, a high fractal dimension and 

a high number of skeleton’s branches were significantly correlated with both WHO II-III meningioma 

and histological brain invasion. Cross-validated regression models including these features were 

predictive of WHO II-III meningioma and brain invasion with respective AUC of 0.71 and 0.72. 

Conclusions: MRI shape analysis provides informative imaging biomarkers to predict high WHO grade 

and histological brain invasion of supratentorial meningioma. Further prospective studies including the 

evaluation of a fully-automatized and totally reproducible process are required to confirm the results. 

 

  



I - Introduction 

 

Meningioma are the most common primary intracranial tumors in adults[1,2]. Although mostly benign, 

a subset of aggressive meningiomas are associated with higher morbidity and requires a more aggressive 

management strategy[1,3]. Typically, aggressive meningiomas (i.e. WHO Grade II and III)[1,4] are 

diagnosed post-surgically according to several pathological criteria including microscopic brain 

invasion[2,5].   

However, there is a growing interest in identifying imaging biomarkers of aggressive meningiomas[6–

8]. The most common findings associated with aggressive meningiomas include irregular tumoral 

outlines[6,9,10]. Shape analysis provides a means to quantify the subjective concept of irregularity 

through numerous features[3,4].  

Many studies analyzed the association between shape and meningioma aggressiveness[1,2,4,7,11]. 

However, these works included only a limited sample of shape features or often incorporated these 

features into complex radiomics models. 

The objective of the present study was to determine specifically if an advanced shape analysis of 

supratentorial meningioma outlines could reliably predict high WHO grade and histological brain 

invasion. 

 

 

 

  



II – Material and Methods 

 

Patients 

We performed a retrospective analysis of our database for all consecutive patients who underwent 

surgery for supratentorial histologically-proven meningioma from 2010 to 2018. Patients matching at 

least one of the following criteria have been excluded: en-plaque subtype, recurrence after previous 

surgery, multiples and voluminous simultaneous meningiomas. We considered that these criteria were 

prone to interfere with tumoral shape and therefore to bias the results. 

 

MRI examination 

MRI examinations were performed in our institution with two different systems: Achieva 3.0 T MRI 

(Philips, Netherlands) and Area 1.5 T MRI (Siemens, Germany). For all patients, 3D isotropic T1-

gadolinium-enhanced images (Dotarem 0.5 mmol/ml : 0.01 mmol/kg IV, Guerbet) were acquired with 

axial, coronal and sagittal reformation. Detailed information concerning MRI protocols are provided in 

Supplemental Material. Table 1. In each plane the slice with the largest cross-section was selected. 

Table 1 summarizes the studied parameters.  

 

Standard post-processing 

Post-processing was performed using ImageJ software (National Institutes of Health, Bethesda, 

Maryland, USA)[12]. First stage was a rescaling step using standard bicubic interpolation[13] in order 

to obtain for each slice a 256 x 256 px square fitted to the tumoral great axis. Pixel intensities were 

normalized (8-bit-grayscale). Then, images were semi-automatically binarized using the algorithm 

described by Huang[14] in order to obtain the tumoral area in white overwhelmed by a black 

background. Aberrations were manually corrected. Figure 1 shows an example of standard post-

processing. 

 

Shape analysis 

Shape analysis data were obtained on ImageJ and included circularity, aspect ratio and solidity.  



Circularity was defined as ���� = 4 � 	 
��

���������� with 1 indicating a perfect circle. Aspect ratio was 

defined as ��� =  �
��� 
���
����� 
���. Solidity was defined as ��� =  
��


������ 
��
  , increasing with the regularity 

(convex area being the area of the convex hull defined as the smallest convex set containing the original 

region). 

 

Fractal analysis 

Previous images underwent a supplemental edge detection processing (standard Sobel edge filter[15]) 

in order to extract tumoral outlines. A box-counting method was used to determine the fractal dimension 

(FD) for each image using FracLac plugin for ImageJ[16]. A practical limit of 3 pixels was set as a 

minimal box size considering the spatial resolution of MRI examination in order to avoid noise-related 

aberrations[16,17]. A limit of 45 % of the image size was equally applied as a maximal box size to avoid 

non-pertinent measures[16]. Figure 2 presents an example of box counting. 

 

Skeleton analysis 

Skeleton analysis was automatically performed using the “Skeletonize” and “AnalyseSkeleton” plugins 

for ImageJ[18]. A topological skeleton is a thin version of a shape that is equidistant to its boundaries. 

This skeleton was obtained with the first plugin through an image-thinning process (iterative erosions 

based on decision-tree algorithm). The second plugin extracted the following parameters: number of 

skeleton’s branches (NSB) and relative skeleton length (RSL) defined by the ratio between skeleton 

length and the sum of major and minor axis’ lengths. Figure 3 presents an example of topological 

skeleton. 

 

  



Mean values 

As circularity, solidity, aspect ratio, FD, NSB and RSL were extracted in the three space planes for each 

meningioma, the average values have been used for statistical tests. 

 

Reliability 

Each slice was selected and post-processed independently and blindly by two raters (one 10-year 

experienced neuroradiologist and an in-training fellow). Inter-rater variability was evaluated with intra-

class correlation coefficient (ICC) according to a two-way mixed-effects model. 

 

Visual examination 

A visual analysis consisting in a semantical rating of the shape of each meningioma as “regular” or 

“irregular” was performed by the two same raters (blinded to the results of the computer-assisted shape 

analysis performed several months before). This rating was based on the 3D T1-gadolinium enhanced 

images, taking all the slices into consideration, in order to remain close to daily practice. Irregularity 

was defined as the presence of either patent spiculation or micro- / macro-lobulation. 

 

Histopathological data. 

All operative specimens were analyzed by a team of two experienced neuropathologists. The following 

parameters were collected: WHO grading (2016 classification), parenchymal brain invasion. Glial 

Fibrillary Acidic Protein-immunohistochemical staining was performed in order to assess brain invasion 

[19]. 

 

Statistics 

Continuous variables were reported as mean ± standard deviation (SD) and categorical variables as 

percentage and number. Variables were compared by using appropriate non-parametric tests due to non-

normal distribution. Mean values between the two raters were used in the different comparisons. Data 

were analyzed using R version 3.4.0 for Windows V17.0 (R Foundation for Statistical Computing, 

Vienna, Austria). 



 

Ethics 

This study was approved by the Institutional Review Board (IRB) of our institution. Written informed 

consent was not obtained from participants because of the retrospective design of this study; therefore, 

the IRB of the hospital waived the need for written informed consent from participants. 

  



III – Results 

 

Patients 

Ten patients matched the exclusion criteria : en-plaque meningioma (1 patient) ; recurrence after surgery 

(8 patients) ; multiples and voluminous simultaneous meningioma (1 patient). 108 meningioma were 

included in this study. Seven meningioma were subsequently excluded because of motion artifacts 

leading to non-processable images. 

Mean age was 60.2 (SD: 14.5) years. Mean tumoral great axis was 51.0 (SD: 16.4) mm. Aggressive 

meningioma (WHO II-III) accounted for 38.6 % of the studied population (39/101). Detailed description 

of the population is displayed in Table 1. 

 

Shape, fractal and skeleton analysis 

A low circularity was significantly correlated with both histological brain invasion (P = .0016) and 

WHO II-III meningioma (P = .00029). An identical correlation with these two histopathological criteria 

was observed concerning a low solidity (respective p-values : 0.00038 and 0.0149), a high FD 

(respective p-values : 0.0079 and 0.00059), a high NSB (respective p-values : 0.0027 and 0.0040) and 

a high RSL (respective p-values : 0.00194 and 0.0177). Detailed results are presented in Table 2. 

Representative images are presented in Figure 4. 

 

Reliability and correlation between extracted features 

Inter-rater ICC were as follows : circularity (0.832), aspect ratio (0.974), solidity (0.770), FD (0.773), 

NSB (0.746) and RSL (0.326). Correlation between the extracted features is presented in Supplemental 

Material. Table 2. 

 

Predictive models 

Logistic regression was performed to determine if models combining shape analysis features could 

accurately screen aggressive meningioma.  



Model 1 was built to predict WHO II-III meningioma from circularity, FD and NSB. Model 2 was built 

to predict brain parenchyma invasion from circularity, solidity and NSB. 

Both models were cross-validated (k-fold cross-validation procedure with k=5). Variance inflation 

factor was calculated for each variable to control collinearity. Values ranged from 2.14 to 5.78 in Model 

1 and from 2.25 to 6.32 in Model 2 suggesting a potential but not a serious collinearity problem. 

Both models’ equations and optimal thresholds are provided in Table 3 along with diagnostic 

performances. Optimal thresholds and diagnostic performances of each independent variables used in 

these models are also presented. ROC curves are provided in Figure 5. AUC of Model 1 was 0.71 to 

predict WHO II-III meningioma. AUC of Model 2 was 0.72 to predict brain parenchyma invasion. 

 

Visual analysis 

Cohen’s kappa was 0.64. Both raters achieved very similar diagnostic performances. Diagnostic 

performances after consensus between the two readers are provided in Table 3.  



IV – Discussion 

 

Main results 

This study highlights the ability of shape analysis to predict brain parenchyma invasion and higher WHO 

grade in supratentorial meningioma. Low circularity and solidity ; high FD, NSB and RSL were 

associated with both WHO II-III meningioma and brain parenchyma invasion. Cross-validated models 

have an AUC > 0.70 (acceptable for a diagnostic test[20]) in predicting WHO II-III and brain invasive 

meningioma. Moreover, shape analysis outperforms standard visual analysis in predicting aggressive 

meningioma and appears more reproducible with ICC indicating an excellent inter-rater agreement. 

With appropriate thresholds, shape analysis features can exclude brain invasive meningiomas with NPV 

> 0.95.  

 

Brain parenchyma invasion prediction 

Brain invasion is not only a major criterion used by pathologists to grade meningioma according to 

WHO classification, but also a crucial element that has to be taken in account by the  neurosurgeon[2,5]. 

Several reasons support the importance of its assessment in MRI. Brain invasion influences the surgical 

technique[2] all the more as invasive meningioma are less cleavable[21]. It has a prognostic significance 

as invasive meningioma are more prone to recurrence[5]. Finally, invasion may not be detected in 

histopathology due to a lack of tissue sample[2,5]. 

To date conventional MRI biomarkers cannot predict reliably brain invasion[5] even though radiomics 

models recently achieved interesting diagnostic performances[2,7]. Radiomics models suffer however 

from their complexity and lack of reproducibility which is slowing down their adoption in daily 

practice[22]. Our work, focusing only on shape features, has not only acceptable performances but also 

a simpler approach which might facilitate its translatability to daily practice. 

 

WHO II-III prediction 



Deep-learning and radiomics models have recently achieved impressive performances in the detection 

of WHO II-III meningioma[11,23]. The “black box” effect in deep learning as well as the inclusion of 

non-shape features in radiomics models makes these study hard to connect to our work. 

Prior studies already reported that aggressive meningioma (WHO II-III) tend to have more complex and 

irregular shapes[1,4]. Coroller et al.[1] explored spherical disproportion which estimates the degree of 

deviation of an object from a sphere (similarly as circularity reflects the deviation from a circle). They 

identified a significant association between spherical disproportion and WHO II-III meningioma (AUC 

: 0.61). Yan et al.[4] performed a more extensive shape analysis using three shape parameters : vertical 

Feret’s diameter, perimeter over convex perimeter (similar to solidity) and skeleton’s length over the 

area (similar to RSL). They also found an association between these elements and WHO II-III 

meningioma. Therefore, our results appear concordant with these works. 

Two prior studies[3,24] have examined the association between fractal analysis features and tumor 

grade. Nevertheless, the authors used this technique differently as they considered FD as a marker of 

tumoral enhancement heterogeneity. The present work provides a new way to use fractal analysis. FD 

in this study measures the outline’s complexity at different scales.  

 

Limitations 

This work is limited by its retrospective nature and the limited number of subjects relative to a single 

center study. WHO II-III meningioma are over-represented as our studied population consists of patients 

who underwent surgery. 

We cannot exclude that the use of two different MRI systems affected the results of shape analysis. We 

argue that our choice of bicubic interpolation as rescaling method minimized the differences between 

the two systems.  

Also, our cross-validated models have slightly lower AUC in predicting aggressive meningioma than 

previous radiomics or deep-learning studies [2,7,11]. This supports the necessity to consider other 

imaging biomarkers alongside shape features. 



Currently, the post-processing is time-consuming and cannot be used in daily practice. Segmentation 

algorithms might allow an automatic selection of the appropriate slices and an extraction of the binarized 

tumoral shape. The next steps could be easily automatized as they rely on well-established algorithms. 



V – Conclusions 

 

MRI shape analysis is a potentially informative tool to predict histological higher WHO grade and brain 

invasion in case of supratentorial meningioma. Further prospective studies including the evaluation of 

a fully-automatized and totally reproducible process are required to confirm the results. 
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VIII – Tables and Figures 

Table 1 : Studied population and parameters. 

Studied parameters Studied population 

 
   

 
  

Shape analysis   Sex ratio (M/F) 0.51 (34 vs. 67) 

Circularity 4*pi*(area / perimeter^2) Age (y) 60.2 (SD: 14.5) 

Aspect ratio major axis / minor axis Size (mm) 51.0 (SD : 16.4) 

Solidity area/convex area Location (%)  

 
 Convexity 35.6 (36/101) 

Fractal analysis  Parasagittal 25.7 (26/101) 

Fractal dimension box counting method  Falx 5.0 (5/101) 

 
 Olfactive groove 11.9 (12/101) 

Skeleton analysis  Sphenoidal ridge 12.9 (13/101) 

Number of skeleton's 

branches (NSB) 

number of branches needed to 

build the skeleton 
 Skull base (other) 8.9 (9/101) 

Relative skeleton 

length (RSL) 

skeleton length / (major axis + 

minor axis) 
WHO II-III (%) 38.6 (39/101) 

 

  



 

Table 2 : Results of shape and fractal analysis 

 No brain invasion Brain invasion P-value 

    

Circularity 0.689 [0.533 – 0.844] 0.609 [0.430 – 0.788] 0.0016 

Solidity 0.931 [0.867 – 0.994] 0.899 [0.849 – 0.950]  0.00038 

Aspect ratio 1.343 [0.952 – 1.735] 1.314 [0.926 – 1.701]  0.397 

    

FD 1.121 [1.091 – 1.153] 1.136 [1.093 – 1.179] 0.0079 

    

NBS 8.011 [1 – 17.605] 13.923 [1 – 17.719] 0.0027 

RSL 0.621 [0 – 1.3236] 0.9263 [1 – 2.2230] 0.0194 

    

    

 WHO I WHO II-III P-value 

    

Circularity 0.705 [0.583 – 0.827] 0.638 [0.439 – 0.838] 0.00029 

Solidity 0.935 [0.883 – 0.986] 0.917 [0.839 – 0.995] 0.0149 

Aspect ratio 1.308 [1.095 – 1.521] 1.389 [0.883 – 1.850] 0.183 

    

FD 1.118 [1.095 – 1.142] 1.131 [1.090 – 1.173] 0.00059 

    

NBS 7.484 [1 – 12.092] 10.769 [1 – 24.538] 0.0040 

RSL 0.568 [0 – 1.103]  0.808 [0 – 1.888] 0.0177 

 

Values are means and 95 % confidence intervals ; statistical test for p-value : Mann-Whitney. 

  



Table 3 : Predictive models 

Predictors of WHO II-III meningioma      

        

  Threshold Se Sp PPV NPV Acc 

 Circularity < 0.641 0.539 0.871 0.724 0.750 0.743 

 FD > 1.129 0.629 0.855 0.710 0.803 0.773 

 NBS > 9.5 0.487 0.823 0.633 0.718 0.693 

 Model 1 0.438 0.615 0.807 0.667 0.769 0.733 

 Visual - 0.346 0.871 0.627 0.679 0.668 

        

Predictors of brain invasion      

        

  Threshold Se Sp PPV NPV Acc 

 Circularity < 0.657 0.846 0.705 0.297 0.969 0.723 

 Solidity < 0.910 0.769 0.818 0.385 0.960 0.812 

 NBS > 10 0.750 0.841 0.391 0.961 0.830 

 Model 2 > 0.152 0.692 0.864 0.429 0.950 0.842 

 Visual - 0.614 0.846 0.372 0.937 0.817 

 

Model 1 : Logit(p) = -18.1627 – (8.1407*Circularity) + (20.7501*FD) – (0/0142*NBS) 

Model 2 : Logit(p) = 5.5092 – (1.0224*Circularity) – (8.4289*Solidity) + (0.098*NBS) 

  



 

Figure 1 :  

Standard process of binarization. 

 

Figure 2 :  

Box counting method. Outlines have been thickened for the illustrative purpose. 

 

Figure 3 :  

Examples of topological skeletons. Outlines in white and skeletons in orange have been thickened for 

the illustrative purpose. 

 

Figure 4 : Representative images 

A: "regular-shaped" meningioma with high circularity (0.743), high solidity (0.960), low number of 

branches (3) and low relative skeleton's length (0.41). WHO I meningioma. 

B : "irregular-shaped" meningioma with low circularity (0.373), low solidity (0.835), high number of 

branches (20) and high relative skeleton's length (2.03). WHO II meningioma. 

 

Figure 5 : ROC curves 

ROC curves with AUC showing the ability of our features to predict WHO II-III meningioma and 

brain parenchyma invasion. X-axis is false positive rate and Y-axis is true positive rate. 
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