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ABSTRACT 
 

Background 

The incidence of newly diagnosed meningiomas, particularly those diagnosed incidentally, is 

continually increasing. The indication for treatment is empirical because, despite numerous 

studies, the natural history of these tumors remains difficult to describe and predict.  

 

Methods 

This retrospective single-centre study included 294 consecutive patients with 333 

meningiomas who underwent three or more brain imaging scans. Linear, exponential, power, 

and Gompertz models were constructed to derive volume-time curves, by using a mixed-

effect approach. The most accurate model was used to analyse tumour growth and predictors 

of rapid growth.  

 

Findings 

The Gompertz model provided the best results. Hierarchical clustering at the time of diagnosis 

and at the end of follow-up revealed at least three distinct groups, which can be described as 

pseudoexponential, linear, and slowing growth with respect to their parameters. Younger 

patients and smaller tumors were more frequent in the pseudo-exponential clusters. We found 

that the more “aggressive” the cluster, the higher the proportion of patients with grade II 

meningiomas and who have had a cranial radiotherapy. Over a mean observation period of 

56.5 months, 21% of the tumours moved to a cluster with a lower growth rate, consistent with 

the Gompertz’s law. 
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Interpretation 

Meningiomas exhibit multiple growth phases, as described by the Gompertz model. The 

management of meningiomas should be discussed according to the growth phase, 

comorbidities, tumour location, size, and growth rate. Further research is needed to evaluate 

the associations between radiomics features and the growth phases of meningiomas.  

 

Funding 

No funding sources.  
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RESEARCH IN CONTEXT 
 

Evidence before this study 

The first case series of incidental meningiomas was published in 1990. Since then, several 

studies have evaluated the natural history of meningiomas. A first type of studies analysed 

radiological progression-free survival to identify predictors of tumour growth, albeit with 

conflicting results. Fluid-attenuated inversion recovery (FLAIR) hyperintensity, peritumoral 

oedema, and tumour size are possible risks factors for tumour growth, whereas older age and 

calcifications are negatively correlated with tumour progression. However, previous studies 

differed in terms of the indicators of progression, measurement methods (planar or volumetry), 

and accuracy. A literature review of 20 studies (2,130 patients) with a median follow-up 

duration of 49.5 months showed differences among the studies in terms of the monitoring of 

meningioma growth; therefore, a meta-analysis could not be performed. A second type of 

studies evaluated growth rates between the first and final imaging scans to identify predictors 

of rapid growth. Despite conflicting results, the studies found that older age, male sex, an 

isointense or hyperintense FLAIR signal, peritumoral oedema, and tumour size were associated 

with a high tumour growth rate (TGR), whereas calcifications and a skull base location were 

negatively associated with the growth rate. Based on these factors, two retrospective studies 

developed the Asan Intracranial Meningioma Scoring System and IMPACT risk scores. 

However, to our knowledge, no previous prospective study has validated the risk scores in an 

independent cohort. Furthermore, previous studies differed in terms of the growth rate 
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calculation method (linear or exponential approximations) and definition of rapid progression. 

A third type of studies have shown that meningiomas exhibit varying growth patterns over time. 

One study showed that grade I meningiomas may exhibit linear or exponential growth, or no 

growth at all, whereas grade II meningiomas exhibit exponential growth. A later study showed 

that the various growth patterns might reflect a general law of tumour kinetics, where 

meningioma growth may follow a logistic or Gompertzian growth pattern. A non-linear 

approach has been used to estimate model parameters; this requires a sufficient follow-up 

duration and low-noise observations, which leads to selection bias in favour of slow-growing 

and small tumours that may impact the reproducibility of the results. To overcome this issue, 

in a preliminary study, we estimated model parameters using a mixed-effect (population) 

approach and found that the Gompertz model was more accurate than the linear model for 

predicting the volumetric evolution in incidental meningiomas.  

 

Added value of this study 

To our knowledge, the present study is the largest case series (n = 333) of consecutive patients 

with incidental meningiomas. Moreover, the patients were followed-up for a mean duration of 

56.5 months and underwent a median of three imaging scans after diagnosis. The population 

approach was superior to the non-linear regression model (individual approach) in terms of 

robustness and accuracy. Using the population approach to estimate the model parameters, we 

showed that the Gompertz model was more accurate for predicting the natural history of 

meningiomas than linear, exponential, and power models. The sample size and parameter 

estimation methods are important for modelling, statistical comparison of models, 

representativeness, and reproducibility. Then, hierarchical clustering was performed at 

diagnosis and the end of follow-up to determine the tumour growth patterns (pseudo-

exponential, linear, and slow growth) described previously, that correspond to different phases 

of the Gompertz curve. During the follow-up period, 21% of the tumours moved to a cluster 

with a lower growth rate, which is consistent with the Gompertz law. Finally, we showed that 

patient age and tumour volume at diagnosis were significantly associated with the growth 

pattern. Younger age and small tumour size were associated with the pseudo-exponential 

cluster. More “aggressive” clusters were associated with a greater likelihood of cranial 

radiotherapy prior diagnosis and World Health Organization (WHO) grade II meningiomas. 

However, there were no significant associations among the FLAIR signal, peritumoral oedema, 

calcifications, and growth patterns.  
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Implications of the available evidence 

The growth rate of meningiomas is not constant and is well described by the Gompertz model. 

Therefore, dichotomous classification of meningiomas as more or less aggressive based on the 

average TGR computed from the first and last imaging scans, or radiological progression alone, 

may be inaccurate. The management of meningiomas should be based on the growth pattern, 

tumour location, size, and growth rate, and comorbidities. Further research using radiomics 

techniques is needed to predict the growth phase based on the initial imaging features.  
 

INTRODUCTION 

 

Meningiomas account for the most frequent intracranial tumors1. Their annual incidence rate is 

around 7 and 9/100 0001 with a significant increase between 1 and 6%/year according to some 

brain tumor registries2 leading to an increasing part of healthcare consumption (monitoring 

brain imaging and specialized consultations repeated over a long period of time). The rationale 

of treating incidental meningiomas is to prevent neurological symptoms3 (focal deficit or 

cognitive impairment due to compression of neural structures, epilepsy, intracranial 

hypertension) and thus depends on their expected evolution over time.  

 

Numerous studies have explored the natural history of meningiomas (for review, see4), with 

varying tumor size measurement methods. The data that emerged are that meningiomas show 

variable growth profiles and that some clinical and radiological features could be linked to 

tumor progression or rapid growth, provided that these terms can be defined univocally. 

However, these tumors are followed up through a rather small window of time in comparison 

with their entire "life"5; and the different growth patterns described on different individuals may 

be the parts of a more general tumor kinetics law.  

 

In parallel, tumor growth kinetics has been an object of mathematical study for more than a half 

century6. The exponential model is the simplest; however, it cannot explain the variability in 

the tumour growth rate (TGR) over time and is theoretically unacceptable because it posits 

unlimited tumour growth7. Therefore, the Gompertz model has been used to explain the growth 

rate of certain tumours;7–10 the power model has also been used, particularly for malignant 

tumors11. However, the main difficulty with these models is the estimation of the parameters to 

fit the data. Ideally, fitting is done for each individual tumour, but this requires a long follow-
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up duration and low-noise observations, which is only possible in experimental settings and 

cases of slow-growing or small tumours; this might lead to selection bias in studies of the 

natural history of meningiomas.12 To overcome this issue, model parameters may be estimated 

using the population approach (or mixed-effect models13), provided that the population is large 

and representative.  

 

In a previous study14 of 39 meningiomas, we tested this original approach, and we showed that 

the Gompertz model was more accurate than linear modelling in describing and predicting the 

evolution of incidental meningiomas. In the present study, the primary objective was to verify 

these encouraging results and to compare the ability of the four most commonly used models 

(linear, exponential, power, and Gompertz) to analyse tumour growth in a larger cohort using a 

population approach. The secondary objective was to explore clinical and radiological 

predictors of growth patterns based on the most accurate model 

 

PATIENTS AND METHODS 
 

Presentation of the study and clinical data 

 

Study design and participants 

In this retrospective study, we analysed data from consecutive adult patients with incidental 

meningioma who were referred to one of the investigators (H.L.) for a neurosurgery 

consultation between December 2013 and August 2021. The patients attended regular clinical 

and radiological follow-up visits. The patients were treated based on volumetric progression or 

neurological symptoms as done in daily practice after approval by the tumour board.  

 

Procedure and variable extraction 

We recorded the age at diagnosis, sex, number of meningiomas (classified as solitary or 

multiple), tumour location, prior cranial radiotherapy, prior and current hormonal treatment, T2 

or FLAIR signal changes (hypointensity, isointensity, or hyperintensity compared to the grey 

matter signal), calcifications (presence or absence), peritumoral oedema (presence or absence), 

treatment date, and modality. We used these data to calculate the Asan Intracranial Meningioma 

Scoring System (AIMSS) risk score for each tumor.15 All the imaging (MRI scans with 3D 

millimetric T1 WI sequence with gadolinium or CT-scans with contrast product injection if 
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contra-indications to MRI) were segmented by the same senior neurosurgeon (HL) using Sophia 

Radiomics© software. This software contains a semi-automatic 3D segmentation algorithm that 

allows obtaining a tumor mask that is then corrected and validated by the investigator. To verify 

the accuracy of the volumetric measurements, we selected 11 meningiomas and performed the 

measurements again, by the same investigator (HL) and another one (JE). The detailed 

methodology and results are described in the supplementary material, part I.  

 

Inclusion and exclusion criteria for mathematical modeling 

Only tumours for which at least three scans were acquired at different time points were 

included. We excluded patients with missing baseline data, as well as those treated with 

cyproterone, nomegestrol, or chlormadinone acetate at the time of the meningioma diagnosis, 

those with type 2 neurofibromatosis, and those showing a statistically significant decrease in 

tumour volume over time as defined in the paragraph “Statistical analysis”.  

 

Modeling of meningiomas evolution  
Mean growth rate during the observation period 

To compare our results with previously published data, we estimated the mean growth rate 

during the follow-up period, i.e. from the time of diagnosis (𝑡!) to the last available time point 

(𝑡"#$%), for which the corresponding tumour volumes were 𝑉! and 𝑉"#$%. The formula for linear 

approximation of the annual growth rate (AGR; cm3/year) is as follows:  

AGR = 	
𝑉"#$% 	− 	𝑉!
𝑡"#$% 	− 	𝑡!

 

The formula for exponential approximation of the TGR (%/year) is as follows:  

TGR = 100. ./
𝑉"#$%
𝑉!

0
&

%!"#$	(	%%
− 11 

The tumour doubling time (TDT; years) was calculated as follows:  

TDT = )* +

)*,&'()%% 	-	&.
 

 

Mathematical models, fit procedure, and goodness of fit criteria 

The aforementioned approximations of growth rate are based on linear or exponential 

modelling, and thus may be considered excessively simplistic; they model meningioma 

volumes only near 𝑡! and 𝑡"#$%. To overcome this limitation, mathematical modelling was 
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performed herein over the entire study period using four classical models of tumour growth. 

Variation in meningioma volume (cm3) as a function of time since diagnosis (months) was fitted 

using linear, exponential, power, and Gompertz models. We denote the estimated volume at 

time 𝑡 as 𝑉3 , estimated volume at first imaging 𝑡! as 𝑉3!, and model parameters as a, b, and g: 

 

1. Linear model 

𝑉3(𝑡) = 	𝑉3! + 	𝛼𝑡,				𝛼	 > 0. 

Where 𝛼 is the slope of the growth. The more 𝛼 is large, the more the tumour is growing rapidly. 
 

2. Exponential model 

𝑉3(𝑡) = 	𝑉3!	𝑒/% ,			𝛼	 > 0, 

corresponding to the explicit solution of the ordinary differential equation: 𝑉′: = 	𝛼	𝑉3  with  

𝑉3(𝑡! = 0) = 	𝑉3!, where 𝛼 is the growth rate (assumed to be constant). The more 𝛼 is large, the 

more the tumour is growing rapidly. 

 

3. Power model 

𝑉3(𝑡) = 	 ((𝑉3!)
&(0 + 𝛼(1 − 𝛾)𝑡)

)
)*+,   0 < 𝛾 < 1,			𝛼 > 0, 

corresponding to the explicit solution of the ordinary differential equation: 𝑉′: = 	𝛼	𝑉3 0 with  

𝑉3(𝑡! = 0) = 	𝑉3!. This model is based on the hypothesis that the volume growth is proportional 

to a power - denoted by g - of the volume. The proportionality coefficient is denoted by 𝛼. This 

model is a simplification of the classical Von Bertalanffy model, see the discussion section. 

 

4. Gompertz model 

	𝑉3(𝑡) = 	𝑉3!	𝑒
/
1	(&(3

*,$)
,			𝛼, 𝛽	 > 0 

corresponding to the explicit solution of the ordinary differential equation: 𝑉′: = 	𝛼	𝑒(1%𝑉3  with  

𝑉3(𝑡! = 0) = 	𝑉3!. In this model, 𝛼 is the initial growth rate and &
1

 corresponds to the 

characteristic time at which the tumor growth capacity decreases. One can observe that if 𝛽 

equals to 0, we retrieve the exponential model. At a fixed initial growth rate α, the more 𝛽 is 

large, the more the growth rate decreases quickly. 

 

To estimate 𝑉3!, a, b, and g, a population approach was used. The mixed-effects approach 

involves pooling the data of all patients together and estimating global distributions of the 
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model parameters. More precisely, the individual parameters a4, b4 and g4, (where j denotes 

the individual) are assumed to be realizations of a random variable decomposed into two parts: 

log	({a, b}4) = log	({a, b}565) + DaE, bFG4 , logit({	g}4) = logit	({g}565) + {gJ}4 , 

where {a, b, g}565 corresponds to the fixed effects and {aE, bF, gJ}4 corresponds to the random 

effects and have been assumed with mean zero. Models also depend on the initial volume 𝑉3!
4. 

This value can be fixed with the volume computed using the first MRI examination denoted 	𝑉!
4 

but doing that does not allow to consider the uncertainty of the segmentation process. That is 

why we considered 𝑉3!
4 of each meningioma as a covariate of 	𝑉!

4: 

𝑉3!
4 =	𝑉!

	4(1 + 𝑒! ), 

where 𝑒!  follows a Gaussian law of mean zero and of standard deviation which is estimated. 

We assumed that the measurement error for all volumes is proportional. The standard deviation 

is estimated and is used to define the 95% confidence interval given in the fits.  

 
In Supplementary Materials (Section III), an analysis with synthetic data was performed to 

justify our estimation approach. A comparison between the two approaches (population and 

individual), an evaluation of the robustness of the method even with not adapted parameter 

distributions, and an identification of the estimated quantities that appear reliable were 

performed. Of course, this does not mean that equivalent results can be obtained with real data: 

these are only some indications. Using an individual estimation for the real data leads to 

equivalent results for most meningiomas, but to very unrealistic behaviors for some of them, in 

particular a very large increase in growth rate six months later. In addition, the parameter 

distributions in the individual approach are close to the log-normal distribution. These different 

tests convince us that the mixed-effects approach is the better method in this context. 

 

The goodness of fit of the models were compared by the Akaike (AIC) and the Bayesian 

information criterion (BIC). Given a set of candidate models for the data, the model with the 

lowest AIC value was the preferred model. The AIC rewards goodness of fit (as assessed by 

the likelihood function), but also includes a penalty that is an increasing function of the number 

of estimated parameters: AIC = 2𝑘 − 2ln	(𝐿), where k is the number of parameters and L is the 

maximum maximized value of the likelihood function. The penalty prevents overfitting, which 

is desirable because increasing the number of parameters in the model almost always improves 

the goodness of fit. The formula for BIC is similar to the formula for AIC, but with a different 

penalty for the number of parameters: BIC =𝑘 ln(𝑛) − 2ln	(𝐿) where n is the number of data 
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points. Comparing both criteria is beyond the scope of this paper, but many studies in the 

literature compare them, see for example 16,17. In18, the author explains that AIC is better suited 

to model selection for prediction and that BIC is better suited to model selection for explanation. 

In this work, we chose a model with small AIC and BIC to take advantage of both criteria. For 

each individual meningioma 𝑗, we calculated the MSE (mean squared error) between the 

estimated and real volumes, since it is the value that is minimized and also the relative 𝐿&, 

𝐿7	errors since they are informative data (𝐿7  indicates the worst error, and 𝐿& gives an idea of 

the percentage error, see formulas of Section II in Supplementary material).    

 

Analysis of the growth rate over time 

The estimated volume	𝑉3  was calculated for all time points using the indicated formulas. Then, 

we estimated the relative growth-rate (RGR; %) during X months before and after any time 𝑡 

as follows: 

RGR(8
4 (𝑡) =

9:. (%)(9:. (%(8)

9:. (%)
	 and RGR-8

4 (𝑡) =
9:. (%-8)(9:. (%)

9:. (%)
 respectively. 

 

To estimate, if at this given time 𝑡, the RGR was increasing or decreasing, the following growth 

rate ratio (GRR) was calculated as follows:  

GRR8
4 (𝑡) = <=</0

. (%)

<=<*0
. (%)

. 

 

Then, hierarchical clustering of the meningiomas was performed using RGR-8 and GRR8 . A 

dendrogram was constructed using the Ward.D2 agglomeration method (performed with the 

hclust function). In turn, the dendrogram was used to identify the optimal number of clusters.  

 

Statistical analysis 
Quantitative variables are presented as means ± standard deviations or median (25th–75th 

percentile) and were compared using Student’s t-test or the Mann–Whitney U test as 

appropriate. Multiple comparisons between groups were performed using analysis of variance 

(ANOVA or the Kruskal-Wallis’ test, as appropriate). Qualitative variables are presented as 

absolute values with percentages and were compared using Fisher’s exact test or the 𝜒+  test as 

appropriate, i.e., based on the number of observations. The associations of ordinal variables 

with other variables were analysed using Spearman’s correlation coefficient. A statistically 

significant decrease in tumour volume over time was defined as a negative (within the 95% 
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confidence interval) linear regression coefficient. The model parameters were estimated using 

MonolixSuite 2020R140. Two-sided p-values < 0.05 were considered indicative of statistical 

significance. Analyses were performed using R software (R Foundation for Statistical 

Computing, Vienna, Austria).  

 

Ethical considerations 
This study was performed in compliance with the Declaration of Helsinki. All patients were 

informed about the study’s purpose and informed consent was obtained from the participants 

and/or their legal guardians. The study protocol was approved by the Institutional Review 

Board. 

 

Role of the funding source 
No funding sources.  

 

RESULTS 

 
Patients and meningiomas 
During the study period, 294 consecutive patients with 333 tumours fulfilled the study inclusion 

criteria (Supplementary Materials, Section IV, Figure S8). The clinical, radiological, and 

follow-up data are summarized in Table 1 and in Supplementary Materials, Section IV (Figure 

S9, tables S2 and S3).  

 
Modeling of the volume variation over time 
Figure 1 depicts six representative growth curves of meningiomas fitted with the four models. 

It illustrates how the Gompertz model seems the more accurate to fit the data in all cases. When 

calculating the goodness of fit criteria, the Power and Gompertz models gave similar results 

with close AIC and BIC and no significant difference between errors (Figure 2, Supplementary 

Materials Section IV, table S4). It can be seen that AIC and BIC are very different for the linear 

model. It is known that BIC penalizes the model complexity more. The difference is more 

important when AIC chooses a larger model than BIC. This means that the linear model is good 

for describing the data, but not for making predictions. Since we want to do both, we select 

models – Power and Gompertz models – with small AIC and BIC.  The Power and Gompertz 

models gave significantly smaller errors than the linear one, but not than the exponential model. 
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Because the Gompertz model gave the best results in all the metrics used, it was selected to 

model the meningiomas growth in what follows. The standard deviation of the proportional 

error was estimated at 14.6%.  

 
 
Tumor growth analysis according to the Gompertz model 
The estimation of the parameters of the Gompertz model gave: log(𝑎)~𝒩(−4.269,0.006), 

log(𝑏)~𝒩(−4.51, 0.89) and 𝑒!~𝒩(0, 0.05). Analysis of the synthetic data showed that 

prediction at almost 6 months had the best balance between the prediction error, which increases 

over time, and the need to predict the volume over a sufficiently long period to detect a change 

in growth rate (see Section III of the Supplementary Materials). Furthermore, we estimated the 

RGR and GRR based on the first and last MRI scans (obtained at 𝑡! and 𝑡"#$%, respectively) 

with good accuracy. Based on these data, hierarchical clustering identified four clusters at 𝑡! 

(figure 3). Then, based on the 𝐺𝑅𝑅> and 𝑅𝐺𝑅->, we distinguished slow growth (cluster 1: 𝐺𝑅𝑅> 

= 0.3 [0.2–0.4]), linear (cluster 2: 𝐺𝑅𝑅> = 1.0 [0.9–1.0]), accelerating (cluster 3: 𝐺𝑅𝑅> = 1.1 

[1.1–1.2] and 𝑅𝐺𝑅->	= 19.4% [14.3–28.8]), and fast-accelerating (cluster 4: 𝐺𝑅𝑅> = 1.6 [1.4–

1.9] and 𝑅𝐺𝑅->= 79.1% [53.7–102,8]) patterns. The hierarchical clustering also identified three 

patterns at 𝑡"#$% (Figure 3), namely slow growth (cluster 1: 𝐺𝑅𝑅> = 0.3 [0.2–0.5]), linear (cluster 

2: 𝐺𝑅𝑅> = 0.9 [0.9–1.0]), and accelerating (cluster 3: 𝐺𝑅𝑅> = 1.2 [1.1–1.3]). 

 

Table 2 presents the clinical and radiological features of meningiomas according to the cluster 

type at 𝑡!. The age at diagnosis and tumour volume (𝑉!) significantly increased from cluster 4 

to 1 (age: 56.9 and 64.7 years, respectively; tumour volume: 0.34 and 1.43 cm3, respectively). 

The proportion of patients who underwent cranial radiotherapy before the diagnosis of 

meningioma significantly increased from cluster 1 to 4 (3.4% and 26.3%, respectively). There 

were no significant associations between FLAIR hyperintensity, calcifications, oedema, or 

AIMSS risk score with cluster (Table S5, Supplementary Materials, Section IV). We observed 

a significant increase in the proportion of treated meningiomas from cluster 1 to 4 (3.4% and 

68.4%, respectively), although there were no significant differences in the delay to treatment or 

tumour volume at treatment. Among the operated meningiomas, the proportion of WHO grade 

II tumours significantly increased from cluster 1 to 4 (0% and 64%, respectively).  
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At the end of the follow-up, 264 meningiomas (79%) remained in the same cluster. The 

remaining 69 tumours moved to a cluster with a lower growth rate, consistent with the 

Gompertz law (Table 2 and Figures S11 and S12 in Supplementary Materials, Section IV).  

 
DISCUSSION 
 

Meningioma growth rate was better fitted by the Gompertz and, to a lesser extent, power 

model compared to the linear and exponential models. To our knowledge, the present study is 

the largest series of the natural history of meningiomas.  

 

The Gompertz model suggests progressive energy deprivation of cells in deep tissue layers 

with tumour growth,10 which is expressed mathematically as an exponential decrease in the 

intrinsic growth rate over time. The power model suggests that tumour growth is proportional 

to the power of the volume (𝑉0 , where	0 < 𝛾 < 1); proliferating tissue, as a subset of the 3D 

space, would have a dimension of 3𝛾.7 This represents a simplified version of the Von 

Bertalanffy model,19 which was not used because of the large number of model parameters (4). 

Notably, in our series, the mean 𝛾 was 0.73 (± 0.03) (data not shown); this is close to Kleiber’s 

law,7 according to which an exponent 𝛾 of 3/4 would provide the most efficient energy 

consumption. However, regardless of 𝛾, there is no slow growth or plateau phase in the power 

model, which contradicts the findings of both the present (Figure 1, IDs 12 and 53 and figure 

S12, supplementary materials) and previous studies.12,20,21 These results, and those regarding 

the goodness-of-fit criteria, suggest that the Gompertz model is the most appropriate to describe 

the volumetric evolution of meningiomas. 

 

The Gompertz model has been used to analyse meningioma growth by previous studies5,12,22 

that differed in several key respects from our study. The present study had a larger sample size 

than previous studies, which is advantageous with respect to modelling, statistical comparison 

of models, population representativeness, and the reproducibility of the results. Furthermore, 

the population approach is superior in terms of the robustness and accuracy of data fitting 

compared to the individual, non-linear regression approach used by previous studies.5,12,22. 

Finally, we calculated the AIC and BIC, which are comprehensive criteria that consider model 

complexity, rather than R2, which has questionable ability to quantify the accuracy of non-linear 

models. 
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Based on the 𝑅𝐺𝑅±> and 𝐺𝑅𝑅> values, hierarchical clustering was used to classify tumour 

growth into four phases at diagnosis: slow (8.7%), linear (63.7%), accelerating (21.9%), and 

fast-accelerating (5.7%). Behbahani et al.20 identified several growth patterns without 

considering the possibility that they may be the phases of the same Gompertz’ law. 

Interestingly, a greater proportion of patients exhibited a slow growth pattern in Behbahani et 

al.20 and Nakasu et al.21 compared to our study, suggesting selection bias in favour of small or 

slow-growing tumours. Notably, we excluded 4 of 337 (1.2%) meningiomas because of a 

spontaneous decrease in tumour size over time, which is a smaller proportion than reported 

previously (2.5–5.6%23,20); this might be because we used a strict criterion for the change in 

tumour size and excluded patients receiving macroprogestative treatment at diagnosis. 

 

Patient age and tumour volume at diagnosis were significantly associated with growth 

tumour patterns in this study, with pseudo-exponential clusters observed in younger patients 

and those with small tumours. This is in line with the Gompertz law, as clusters 3 and 4 

correspond to an earlier stage in the natural history of the tumour. Previous studies reported 

conflicting results regarding age as a factor associated with tumour growth 15,20,24–26 and 

volume.20,23,24,27,28 Furthermore, an increasing proportion of patients underwent cranial 

radiotherapy before a diagnosis of meningioma from cluster 4 to 1 (26.3% of tumours in cluster 

4), consistent with previous findings that radiotherapy-induced meningiomas are more 

aggressive than those not associated with radiotherapy.23,29 Among our operated patients, there 

was a significantly higher proportion of WHO grade II meningiomas in clusters 3 and 4, 

consistent with the finding of exponential growth in these tumours.21 Taken together, these 

findings support our clustering analysis and modelling of tumour growth using Gompertz law.  

 

Meningioma growth is classically described in terms of the mean linear (cm3/year) or 

exponential growth rate (%/year or TDT), based on the first and last scans of the observation 

period, and extrapolated as a constant feature of the tumour. In the present study, over a mean 

follow-up of 56.5 months, 21% of the tumours moved from one cluster to another. Indeed, the 

usefulness of categorising meningiomas as “slow” or “fast” growing based on the mean tumour 

growth rate is unclear. In addition, the threshold used to categorize tumours varies between 

studies, which makes identification of risk factors of rapid growth challenging. Previously, risk 

factors of tumour growth were identified by Cox models of radiological progression-free 

survival23,24,30,31 using different definitions of progression, or by multivariate models based on 

the mean growth rate.4,15,20,23,25,32 Therefore, we investigated whether any clinical or 
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radiological factors correlated with the four growth patterns identified at diagnosis. Except for 

initial tumour volume, age at diagnosis, and previous cranial radiotherapy, there were no 

associations of FLAIR hyperintense signals, calcifications, or surrounding oedema with the 

patterns. This contradicts the classical finding that rapidly growing meningiomas often have 

FLAIR hyperintense signals and surrounding oedema, whereas calcified meningiomas show no 

or slow growth.4,23,25 However, there is no consensus on the predictive value of these 

radiological characteristics. To our knowledge, none of the risk scores based on these 

factors15,25 have been validated in prospective independent cohort studies. The discrepant 

results among studies may be due to the radiological features being analysed qualitatively, such 

that they may be subject to interobserver variability. Future cohort studies should use radiomics 

to provide further information.  

 

To test for selection bias, we evaluated the characteristics of the excluded tumours with 

fewer than three observation time points. On the one hand, we observed a trend to quicker AGR 

and TGR and significantly shorter TDT in the excluded tumours, but on the other hand, a 

smaller proportion of excluded tumours had been treated, indicating that selection bias was not 

introduced by eliminating meningiomas with only two imaging scans. The main limitation of 

this study is the measurement of volume. Although we used semiautomated segmentation 

software specifically designed for meningioma segmentation - which undoubtedly makes 

volume measurement more accurate compared with studies using simple 2D planar 

measurements, as shown by Huang et al.33 - and although neurosurgeons have validated, some 

measurements may remain inaccurate. In addition, the exploratory study of intra- and inter-

observer reproducibility showed excellent agreement between measurements, with an average 

error of 16%, which is very close to the 15% usually reported in the literature25 (see 

supplementary material).  The accuracy of volumetry depends on the characteristics of both the 

radiological examination and tumour. To account for uncertainty due to imprecise 

measurements, we included measurement error in the mathematical models. 

 
CONCLUSION 
 
Between the four growth laws compared in this study, the Gompertz model gave the best results, 

provided that other models could be tested. This means that the growth rate of meningioma 

might be not constant over time. This observation calls into question the dichotomization of 

meningiomas as more or less aggressive tumours according to the average growth rate 
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computed over the whole observation period and shows how difficult it is to define radiological 

predictive factors for “rapid growth”. The clinical and pragmatic conclusion is that the 

management strategy should be discussed according to the growth phase in addition to the 

location, size, growth rate and patient’s comorbidities. We emphasize that the estimated 

parameters and associated growth rates of the real cohort could be used as a training data set 

for the classification of a newly diagnosed tumor. The main drawback is that we need at least 3 

time points within a 12-month observation period for an acceptable estimate of the parameters 

of this new tumor. In particular, because there is no significant correlation between the cluster 

and the volume at diagnosis. Therefore, the main perspective of this work is to predict the 

cluster by enriching the data taking into account the imaging features at diagnosis. 

 

DATA SHARING STATEMENT 
Data collected for the study, including deidentified individual participant data, informed 

consent form, will be made available on demand for any purpose immediately following 

publication and indefinitely by writing to the corresponding author.  
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FIGURES AND TABLES 
 

 

 
 
 

Figure 1. Representative tumour growth modelling using the four models. The 

exponential model did not fit the data for tumours #305 and #528 while the linear one did not 

fit the data #539. Tumours #50 and #53 had similar initial volumes (9.2 and 9.9 𝑐𝑚@, 

respectively) at the first imaging session, and a similar follow-up duration, but the growth 

patterns differed over time. For tumour #53, only the Gompertz model fitted the data well. 

For tumour #50, the four models showed similar performance. Tumour #12 had similar 

dynamics to tumour #53 despite a much smaller initial volume; only the Gompertz model 

fitted the data well. 
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Figure 2. Fit performances of the four growth models based on the AIC, BIC, 𝑳𝟏	and 𝑳7 
norms, and MSE values. Errors are displayed as bar charts (median and interquartile 

range) with vertical bars (*: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001; ns: 
not significant, according to the Kruskal-Wallis test). The AIC and BIC are used to select the 

model. The optimisation algorithm minimises the MSE. The 𝐿7 and 𝐿& errors are given as 
they are informative data (𝐿7 indicates the worst error, and 𝐿& gives an idea of the 

percentage error). 
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Figure 3. Results of hierarchical clustering analysis. 
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PATIENTS N = 294 

Sex ratio (F/M) 8•8 
Age at diagnosis of the first meningioma 58•2  ± 13•3 
Hormonal treatment at diagnosis* 13 (4•4%) 
Prior hormonal therapy 40 (13•6%) 
Prior cranial radiotherapy 10 (3•4%) 
Meningiomatosis 61 (20•7%) 

MENINGIOMAS N = 333 
Follow-up (months) 56•5  ±  39•5 
Number of images 4 [4; 6] 
Localization  

Convexity 163 (48•6%) 
Falx and tentorium 75 (22•5%) 

Skull base 91 (27•3%) 
Other 5 (1•5%) 

Radiological features  
FLAIR: hypersignal 121 (36•3%) 

Calcifications 97 (29•1%) 
Edema 28 (8•4%) 

Volume at first imaging (𝑉!) (cm3) 1•3 [0•4; 3•4] 
Volume at last imaging (𝑉)BCD) (cm3) 2•2 [0•8; 5•7] 
AIMSS risk score  

Low 98 (29•3%) 
Intermediate 208 (62•3%) 

High 27 (8•1%) 
Mean growth-rate during the study period  

AGR (cm3/year) 0•13 [0•02; 0•5] 
TGR (%/year) 9•5 [3•4; 22•7] 

TDT (years) 4•9 [1•6; 10•1] 
Treatment 108 (32•4%) 

Radiotherapy 19 (5•7%) 
Stereotactic radiotherapy 18 (5•4%) 

Surgery 71 (21•3%) 
Delay before treatment (months) 51•3  ± 37•4 

Volume at treatment (cm3) 4•7 [2•8; 7•6] 
Histology (operated tumors only) N = 71 

WHO grade I 54 (76%) 
WHO grade II 17 (24%) 

 *excluded: cyproterone acetate• nomegestrol acetate and chlormadinone acetate 
 

Table 1. Clinical and radiological data 
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Cluster  
at 𝒕𝟎 

 
 
Features 

Cluster 1 
 
 
 
 

Cluster 2 
 

Cluster 3 
 

Cluster 4 
 

p 

N (%) 29 (8•7%) 212 (63•7%) 73 (21•9%) 19 (5•7%)  
RGR+6 (%) 2•8 [2•3; 3•5] 6•6 [4•9; 8•5] 19•4 [14•3; 28•8] 79•1 [53•7 ; 102•8]  
GRR6 0•3 [0•2; 0•4] 1•0 [0•9; 1•0] 1•1 [1•1; 1•2] 1•6 [1•4 ; 1•9]  

Baseline features (𝒕𝟎) 
Sex ratio (F/M) 8•7 10•2 8•1 8•5 0•74* 
Age at diagnosis 64•7 [59•4; 68•4] 58•6 [50•1; 67•4] 52•2 [43•0; 66•0] 56•9 [45•6; 69•1] <0•001

* 
Hormonal 
treatment at 
diagnosis 

3 (10•3%) 7 (3•3%) 4 (5•5%) 0 0•44* 

Prior hormonal 
therapy 

7 (24•1%) 27 (12•7%) 15 (20•6%) 0 0•64* 

Prior cranial 
radiotherapy 

1 (3•4%) 5 (2•4%) 4 (5•5%) 5 (26•3%) 0•003* 

Meningiomatosis 10 (34•5%) 64 (30•2%) 17 (23•3%) 7 (36•8%) 0•42* 
V0 (cm3) 1•43 [0•50; 3•03] 1•72 [0•58; 4•22] 0•63 [0•14; 2•04] 0•34 [0•08; 1•92] <0•001

* 
FLAIR 
hypersignal 

14 (48•3%) 63 (29•7%) 33 (45•2%) 11 (57•9%) 0•077* 

Calcifications 4 (13•8%) 75 (35•4%) 15 (20•5%) 3 (15•8%) 0•22* 
Edema 1 (3•4%) 22 (10•4%) 4 (5•5%) 1 (5•3%) 0•56* 

End of follow-up features (𝒕𝐥𝐚𝐬𝐭) 
Follow-up 
(months) 

52•5 [34•9; 78•9] 48•9 [24•3; 81•6] 48•8 [21•8; 85•5] 22•3 [15•7; 54•8] 0•062* 

Number of 
observations 

4 [4; 6] 4 [4;6] 4 [4;6] 3 [3;4] 0•087* 

Treatment 1 (3•4%) 56 (26•4%) 38 (52•1%) 13 (68•4%) <0•001
* 

Radiotherapy 0 12  7 0  
SRS 0 8 8 2  

Surgery 1  36 23 11  
Delay to treatment 

(months) 
109•5 39•2 [17•5; 83•8] 42•6 [18•2; 77•7] 18•2 [13•7; 59•3] 0•24* 

Volume at 
treatment (cm3) 

1•8 5•3 [3•1; 11•3] 4•0 [2•5; 5•7] 6•6 [4•6; 17•2] 0•93* 

Histology. N = 1 36 23 11  
WHO grade I 
WHO grade II 

1 (100%) 
0 

31 (86%) 
5 (14%) 

18 (78%) 
5 (22%) 

4 (36%) 
7 (64%) 

0•004* 

Cluster at 𝒕𝐥𝐚𝐬𝐭 Cluster 1 
 
 
 

Cluster 1 
 
 
 

Cluster 2 
 
 
 

Cluster 1 
 
 
 

Cluster 2 
 
 
 

Cluster 3 
 
 
 

Cluster 1 
 
 
 

Cluster 2 
 
 
 

Cluster 3 
 
 
 

 

N (%) 29 (100%) 10 (4•7%) 202 (95%) 1 (1•4%) 39 (53%) 33 (45%) 1 (5•3%) 5 (26%) 13 (68%)  

*: Spearman’s correlation 
**: Kruskal-Wallis’ test 

 
Table 2: Baseline and end of follow-up features of the meningiomas categorized 

according to the hierarchical clustering at T0. 
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SUPPLEMENTARY MATERIALS 

 

I. Exploratory study of the accuracy of volumetric measurements 

The first step was the selection of the tumours to be re-segmented. We selected 10 tumours with 3 observations, 
i.e. 30 images to re-segment. Then we looked at the volume/time curves and selected 3 tumours for which the 
volume variation could indicate a volume error, 4 tumours for which the measurement seemed correct (small and 
large volume tumours), and then we selected 3 tumours at random. This procedure is certainly penalising as it 
tends to overestimate the inaccuracy.  

We investigated the reliability of the measurements (intra- and inter-observer). The same author (HL) re-
segmented the tumours (intra-individual correlation), and a secondary author (JE) also re-segmented the tumours 
(inter-observer correlation). The reliability of the measures was estimated by the intraclass correlation coefficient 
(ICC) in a two-factor random effects model for a single assessment. The ICC was equal to 0.984, 95% CI (0.971; 
0.991), p < 0.001, indicating excellent measurement reliability.  

Secondly, we tried to estimate the precision of the measurement. We have considered that the mean of all the 
measurements will be closer to the ground truth. Using this, we computed the relative mean absolute error with 
the new volumes obtained. Thus, for each meningioma 𝑗, we have computed:  

Err1 =	
1
3	(

|𝑥2 − �̅�|
|�̅�|

3

245

. 

Using the global average of everything we obtained an estimated error of 14.6%, 95% CI (5.8; 23.5) which is very 
close to the one estimated by the mixed-effect approach, and the data published in the literature. This reinforces 
our opinion about the robustness of the method used. 

 
II. Definitions and formulas 

 
For each individual meningioma 𝑗, we denoted by	(𝑉6

1)7	96:;!"#$ , the 𝑁<=>
1   volumes obtained at 

time	(𝑡6
1)7	96:;!"#$ , where 𝑁<=>

1  is the number of segmented MRI scans.  
 
The relative 𝐿5, 𝐿?	and the MSE (mean squared error) errors between the estimated and real volumes are written 
as follows: 
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;!"#
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(1) 

 
 

 
III. Assessment of the parameter estimation of the Gompertz model for description 

and prediction of the growth of meningiomas using synthetic data 
 

1- Comparison of two estimation approaches 
 

Because the Gompertz model 𝑉(𝑡) = 	𝑉7	𝑒
)
*	(5FH

+*,)
 best described the population of meningiomas included in 

this study, we evaluated this model further. This model depends on three parameters: 𝛼, 𝛽 and the initial volume 
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𝑉7  which must be estimated for each meningioma. In this appendix, two approaches were compared. The first 
one – the so-called individual one - considers each meningioma individually and estimates the parameters using 
the very classical optimization algorithm: the Levenberg-Marquardt algorithm [1], implemented in the R-package 
marqLevAlg [2]. The second approach is called the population approach. In this strategy, we used the mixed-effect 
approach [3] which consists in pooling all meningiomas and estimating a global distribution of the model 
parameters in the population.  
 
In the second approach, the individual parameters a1, b1 and g1, (where j denotes the individual) are assumed to 
be realizations of a random variable decomposed into two parts: 

log	({a,b}1) = log	({a,b}IJI) + EaF,bGH1 , logit({	g}1) = logit	({g}IJI) + {gK}1 , 
 

(2) 

where {a,b, g}IJI corresponds to the fixed effects and {aF,bG, gK}1 corresponds to the random effects and have been 
assumed with mean zero. 
 
Models also depend on the initial volume 𝑉L7

1, which can be fixed as the volume computed from the first MRI 
scan	𝑉7

1 (which does not consider the uncertainty of the segmentation process). Therefore, we considered the 𝑉L7
1 

of each meningioma to be a covariate of the estimated volume at the initial time: 
𝑉L7
1 =	𝑉7

	1(1 + 𝑒7 ), (3) 

where 𝑒7  follows a Gaussian law of mean zero and of standard deviation which is estimated. 
 
For both approaches, we assumed that the measurement error for all volumes was proportional 
𝑉6
1 = 𝑉L 1 (𝑡6

1)(1 + 𝑒), for all 0	 ≤ 𝑘 < 𝑁K
1, (4) 

where 𝑉L 1  corresponds to the estimated volume using the models and 𝑒 the measurement error. In the second 
approach, we assumed that 𝑒 followed a Gaussian law of mean zero and its standard deviation 𝜎H was estimated 
and used to define the 95% confidence interval given in the fits. We used the Stochastic Approximation 
Expectation-Maximization algorithm (SAEM), implemented in Monolix library [4]. 
 
To compare the two above approaches, 𝑁L cohorts of 𝑁M artificial meningiomas were created:  
(1) for each cohort,  	𝑁M sets of parameters 𝜃1 = (𝑉7

1 	, 𝛼1 , 𝛽1) were generated according to the laws: 
𝑉7	~	𝒩(	0.065, 1.56), log(	𝛼)		~	𝒩(−4.21, 0.82) and log(𝛽)		~	𝒩(−4.21, 0.82),  

(2) several (from 3 to 10) time data about 6 months apart were randomly selected, 
(3) and noise from 0% to 5% was added (higher noise is considered below only in the population approach, since 

individual estimation regularly fails at higher noise). 
 

The parameters of Gaussian laws, the number of time points and the spacing between them were chosen to produce 
synthetic databases similar to the real ones. The above two estimation strategies were then applied to these artificial 
meningiomas. The parameters thus estimated are denoted by 𝜃L1. Fifty groups (𝑁L = 50) of 300 patients (𝑁M = 300) 
were generated to test the stability of our results using the population approach. The cohort size is a compromise 
between the size of the real data cohort (~350) and the computation times resulting from the very numerous tests 
required to validate our strategy, particularly because the individual estimation approach regularly failed. 
 
For the three parameters, the estimated values of parameters 𝜃L1 were compared to the real values 𝜃1 using the mean 
absolute error MAE1 = |𝜃1 − 𝜃L1|. As shown in Fig. S2, the populational approach led to best results and had a 
higher robustness. The individual approach appeared to be very sensitive to the added noise and led to higher 
errors. Six illustrative meningiomas are shown in Fig. S3.  
 
As the population approach provided the best results, we explored the robustness of this strategy after adding noise 
(0–15%). The maximum value was selected because it corresponds to the estimated error in our real cohort. Figure 
S4 shows the ability of the population approach to deal with high noise.  
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Figure S2. Estimation errors (𝐌𝐀𝐄𝒋 = |𝜽𝒋 − 𝜽_𝒋|) for the 3 parameters estimated using the 2 strategies. 
Orange: errors obtained with the individual approach, purple: with the population approach. 

 

 
Figure S3. Six representative meningiomas. Black triangles and black curves: real data; grey triangles: 

noisy data (5%); purple curves: population estimations; orange curves: individual estimations. 
 
 

 
 

Figure S4. One representative synthetic meningioma. Real and predicted data are denoted by triangles 
and circles, respectively. Noisy data (left to right: 0%, 5%, 10%, and 15% noise) are indicated by grey 

triangles. Population estimations (purple) and predicted values (circle) are shown. 
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2- Classification of meningiomas  
 
Percent increase in tumor volume - We classified meningiomas on the basis of the estimated percent increase in 
tumour volume. Thus, we calculated the relative growth rate (RGR) using the growth rate at a given time 𝑡, as 
follows: 
RGROP(𝑡) =

B(EOP)FB(E)
B(E)

, RGRFP =
B(E)FB(EFP)

B(E)
 and GRRP =

=Q=./
=Q=+/

, (5) 

where 𝑋 corresponds to the number of months.  
 
If GRRP

1  is < 1, the growth of the meningioma will be slowed. If GRRP
1  is 1, growth will be linear. If GRRP

1  is > 1, 
the meningioma growth rate will be increased. When the Gompertz model is applied to calculate the tumour 
volume, RGROP and RGRFP, and the growth rate ratio (GRRP ), decrease over time, which corresponds to a sigmoid 
curve. 
 
We considered three 𝑋 values (3, 6, and 12 months) and two times: 𝑡7 (time of first imaging) and 𝑡RSTE (time of last 
imaging). The MAE was calculated and is shown in Fig. S5 for 𝑡7 and Fig. S6 for 𝑡RSTE. The shorter the time 𝑋, 
the smaller the error. As can be seen from Figures S5 and S6, the errors for RGROU and RGRFU were larger at 𝑡7 
than at 𝑡RSTE. In contrast, the errors for GRRP were similar. 
 
 
 
 
 
 

 
Figure S5. MAE of R𝐆𝐑O𝑿(𝒕𝟎), R𝐆𝐑F𝑿(𝒕𝟎) and 𝐆𝐑𝐑𝑿(𝒕𝟎) for 𝑿 = 3, 6 and 12 months. 
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Figure S6. MAE of R𝐆𝐑O𝑿(𝒕𝒍𝒂𝒔𝒕), R𝐆𝐑F𝑿(𝒕𝒍𝒂𝒔𝒕) and 𝐆𝐑𝐑𝑿(𝒕𝒍𝒂𝒔𝒕) for 𝑿 = 3, 6 and 12 months. 

 
Correlations of the observation time and number of observations: We focused on the GRR at 6 months because 
of acceptable errors in the first and last imaging scans. Moreover, the period was sufficiently long to detect a 
growth trend. We investigated the correlation between estimations and number of observations (Fig. S7). The same 
analysis was repeated according to the duration of the study period; the results are given in Fig. S8. No associations 
were observed between the parameters at 𝑡7 or 𝑡RSTE. 
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Figure S7. MAE of 𝐆𝐑𝐑𝟔 according to the number of observations. 

 
 

Figure S8. MAE of 𝐆𝐑𝐑𝟔 according to the observation time. 
 

3. Robustess of the strategy 

In practice, we can not know if the parameters to estimate follow a log-normal distribution. As it a strong 
assumption of mixed-effects strategy, we design two supplementary tests to explore the robustness of the method. 
We have generated 50 synthetic cohorts composed of  300 patients for which the parameters were taken following 
either a uniform distribution with 𝛼~𝑈(0.01, 0.2) and 𝛽	~𝑈(0.01, 0.2), or 3 subgroups log-normal distribution 
with  	𝛼 ≔ (𝛼5, 𝛼], 𝛼3) 𝛽 ≔ (𝛽5, 𝛽], 𝛽3) and 	𝐿𝑜𝑔(𝛼5)~𝒩(0.03, 0.07),  𝐿𝑜𝑔(𝛼])~𝒩(0.2, 0.1), 
Log(𝛼3)~𝒩(0.35, 0.05), 𝐿𝑜𝑔(𝛽5)~𝒩(0.03, 0.07), 𝐿𝑜𝑔(𝛽])~𝒩(0.2, 0.1), 𝐿𝑜𝑔(𝛽3)~𝒩(0.4, 0.1). We have 
then compared the results obtained with the ones where the synthetic parameters were chosen according a log-
normal distribution. The exactly same approach was computed on these cohorts and we have decided to focus on 
the worst case, when 15% noise was added to the data. One can see that the results given in Table S1 are quite 
close and still acceptable for 𝑡RSTE, even if the assumption done in the mixed-effect approach (log-normal 
distribution of the parameters) deteriorate the results. As for the results at 𝑡7, the differences are more important 
and we advise using them carefully. 

Table S1. Mean of MAE of the parameters and RGR estimations according to the parameters distribution 
chosen initially. 

Distribution Log-normal (reference) Uniform Log-normal (3 subgroups) 

𝛽 0.023 ± 0.029 0.027 ± 0.034 0.16 ± 0.16 

𝛼 0.011 ± 0.015 0.025 ± 0.026 0.08 ± 0.07 

RGR!" at 𝑡# 0.064 ± 0.098 0.18 ± 0.20 0.276 ± 0.29 

RGR!" at 𝑡$%&' 0.033 ± 0.06 0.049 ± 0.072 0.04 ± 0.12 

RGR(" at 𝑡# 0.062 ± 0.083 0.11 ± 0.10 0.256 ± 0.30 

RGR(" at 𝑡$%&' 0.027 ± 0.04 0.030 ± 0.033 0.030 ± 0.05 

RGR at 𝑡# 0.10 ± 0.11 0.15 ± 0.15 0.33 ± 0.32 

RGR at  𝑡$%&' 0.13 ± 0.13 0.15 ± 0.14 0.32 ± 0.33 
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IV. Description of the cohort and analysis of tumour growth using the Gompertz 

model: supplementary figure and tables 
 

Figure S9 shows the study flow chart.  
Figure S10 shows the global growth dynamics of the meningiomas in the cohort. 
Figure S11 shows that the GRR^  at the last and first scans were significantly correlated (p < 10-14). The colour 
inside the circle corresponds to the cluster based on the first scan and the colour outside the circle corresponds to 
the cluster based on the last scan. In total, 21% of the meningiomas changed cluster between 𝑡7 and 𝑡RSTE.  
Figure S12 presents two representative patients who exhibited a change in cluster between the first and the last 
follow-up.  

 
 
 

 
 

Figure S9. Study flow chart 
 

 
Figure S10.  Spider plot representing the dynamic of the meningiomas in the cohort. 
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Figure S11. 𝐆𝐑𝐑𝟔 	at the last and first examinations for the entire cohort. The colours inside and outside the 

circle correspond to the clusters based on the first and last scan, respectively. 
 

 
Figure S12. Representative tumours with different clusters between 𝒕𝟎 and 𝒕𝒍𝒂𝒔𝒕. 

Left: cluster 4 to 1. Right: cluster 3 to 1. 
 
 
Table S2 shows meningioma location according to the ICOM classification. Table S3 presents the clinical and 
radiological data for tumours with fewer than and at least three MRI scans. Table S4 shows the goodness-of-fit of 
the four models. Table S5 presents the correlation between the AIMSS risk score and cluster.  
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Table S2. Distribution of the location of the meningiomas according to the ICOM classification [5]. 

Localization N Frequency 

Anterior fossa / NOS 9 2.7% 

Anterior fossa / olfactive groove 2 0.6% 

Anterior fossa / planum 19 5.7% 

Anterior fossa / tuberculum sellae 16 4.8% 

Sphenoid wing / lateral 22 6.6% 

Sphenoid wing / medial 23 6.9% 

Convexity / anterior 55 16.5% 

Convexity / NOS 4 1.2% 

Convexity / posterior 52 15.6% 

Parasagittal / anterior 15 4.5% 

Parasagittal / posterior 21 6.3% 

Parafalcorial / anterior 15 4.5% 

Parafalcorial / posterior 44 13.2% 

Tentorium / infratentorial 9 2.7% 

Tentorium / supratentorial 7 2.1% 

Posterior fossa / squamous occipital 15 4.5% 

Spinal 1 0.3% 

Optic nerve 1 0.3% 

Other 1 0.3% 

 
 
 

Table S3. Radiological data and tumour treatments according to the number of MRI scans. 
 Imaging ≥ 3 

(n = 333) 
Imaging < 3 

(n = 44) 
p 

Follow-up (months) 48.4 [23.4; 78.5] 8.3 [6.0; 11.9] < 0.001 

FLAIR: hypersignal 121 (36.3%) 12 (27.3%) 0.24 

Calcifications 97 (29.1%) 12 (27.3%) 0.80 

Edema 28 (8.4%) 6 (13.6%) 0.26 

Volume at first imaging (V0) (cm3) 1.3 [0.4; 3.4] 3.1 [0.4; 4.7] 0.10 

Volume at last imaging (Vfinal) (cm3) 2.2 [0.8; 5.7] 3.6 [0.5; 6.5] 0.80 

AGR (cm3/year) 0.1 [0.02; 0.5] 0.1 [-0.03 ; 0.8] 0.47 

TGR (%/year) 9.4 [3.4; 22.7] 13.0 [-2.1 ; 38.7] 0.91 

Tumor doubling time TDT (years) 4.9 [1.6 ; 10.1] 2.0 [-1.1 ; 5.3] 0.002 

Treatment 108 (32.4%) 6 (13.6%) 0.02 

Radiotherapy 19 (5.7%) 0  

Stereotactic radiotherapy 18 (5.4%) 1 (2.3%)  

Surgery 71 (21.3%) 5 (11.4%)  

Delay before treatment (months) 38.4 [17.5; 81.6] 26.1 [8.7; 44.5] 0.09 

Volume at treatment (cm3) 4.7 [2.8; 7.6] 4.7 [0.9; 7.9] 0.58 
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Table S4. Goodness-of-fit of the four models 

Model AIC BIC 2𝐌𝐒𝐄𝒋
𝒋

 2 𝓔𝑳𝟏
𝒋

𝒋
 2𝓔𝑳"

𝒋

𝒋
 

Linear 1278.70 819.84 0.0073 [0.0032; 0.019] 0.066 [0.045; 0.11] 0.14 [0.091; 0.24] 
Exponential 982.60 1001.64 0.0056 [0.0022; 0.016] 0.060 [0.038; 0.10] 0.13 [0.077; 0.22] 

Power 801.84 828.84 0.0054 [0.0021; 0.015] 0.056 [0.035; 0.10] 0.12 [0.076; 0.18] 
Gompertz 793.18 819.50 0.0043 [0.0019; 0.012] 0.053 [0.036; 0.089] 0.11 [0.072; 0.18] 

 
 

Table S5. Results of crosstab analysis of clusters at T0 and the AIMSS risk score. 
AIMSS risk score Cluster at T0 

1 2 3 4 Total 
Low 5 68 19 6 98 

Intermediate 22 125 50 11 208 
High 2 19 4 2 27 
Total 29 212 73 19 333 

There were no significant correlations (Spearman’s Rho = −0.02; p = 0.73). Concordant and discordant classes 
are in green and red, respectively. 
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