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Introduction

Meningiomas are mainly derived from arachnoid cells 
and are the most common primary intracranial tumors, 
accounting for approximately 36.1% of all intracranial 
tumors (1-3). According to the World Health Organization 
(WHO) classification in 2016 (4), meningiomas are 

classified as grade I, II or III, among which high-grade 
(grade II and III) meningiomas account for approximately 
18% of all meningiomas and often show aggressive disease, 
are difficult to completely eliminate and exhibit a high 
recurrence rate (5-7). Tumors are typically treated by 
surgical removal. If high grade lesions are pathologically 
evaluated during surgery, further treatments such as 
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radiotherapy, chemotherapy or molecular targeted therapy 
may be required (8). Thus, the preoperative differential 
diagnosis of high-grade tumors is helpful to provide the 
most appropriate treatment. However, preoperative biopsy 
is difficult to perform, especially for tumors located in 
the skull base, and imaging is widely used in the primary 
diagnosis of meningioma (9,10). The high proliferative 
potential or aggressive biological behavior of meningioma 
is related to certain specific magnetic resonance imaging 
(MRI) features. These features include hyperostosis, bony 
destruction, dural tail sign, unclear demarcation from 
brain tissue, intratumoral cystic change, and peritumoral 
brain edema (11). A meningioma typically has multiple 
radiological features (12). Assessing all relevant clinical 
and radiological characteristics is critical to predicting the 
preoperative grading of meningioma.

Therefore, a diagnostic nomogram model with imaging 
features was developed and validated to predict preoperative 
pathological grade in meningioma patients. We hope that 
this model will improve the diagnosis of preoperative 
patients with high-grade meningioma to help clinicians 
develop more appropriate treatment options.

We present the following article in accordance with the 
TRIPOD reporting checklist (available at https://dx.doi.
org/10.21037/tcr-21-798).

Methods 

Patient selection

The study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). The study was approved 
by the ethics committee of Shanghai Ninth People’s 
Hospital, Shanghai Jiao Tong University School of Medicine 
(SH9H-2021-T218-1), and individual consent for this 
retrospective analysis was waived. We reviewed all clinical 
data for all patients with postoperative pathologic findings 
of meningioma between 2012 and 2017 in our hospital. 
All included patients had clear preoperative MRI and CT 
images, and the tumors were surgically removed. Patients 
with incomplete preoperative CT and MRI images, repeated 
surgery, and no clear histopathological grade were excluded. 

Data collection

Preoperative MRI and CT images were evaluated for tumor 
size and location, as well as tumor calcification or necrosis, 
tumor-brain interface, dural tail, bone invasion, and 

peritumoral edema. Tumor size was defined as the largest 
diameter of the tumor at any sequence of images. According 
to the different attachment sites of the tumor base, patients 
were divided into a skull base group and a non-skull base 
group. The non-skull base group included the sagittal 
sinus, falx cerebri, parietal ventricle, frontal lobe, temporal 
lobe, parietal lobe and occipital lobe. The skull base 
group included the anterior fossa, middle fossa, tentorium 
cerebelli, pontocerebellar crus, saddle, and sphenoid ridge. 
When the peritumoral rim is clear and the shape is regular 
without obvious lobules, a clear cerebrospinal fluid cleft 
is evident at the peritumoral margin. It can be defined as 
a clear tumor-brain interface, otherwise it is an unclear 
tumor-brain interface. The hyperintensity near the tumor 
on the preoperative T2-weighted image is defined as 
positive peritumoral edema. Non-contrast CT was used 
to assess tumor calcification and bone invasion. The T2 
hyperintense nonenhancement region within the tumor was 
considered tumor necrosis.

Statistical analysis

We use the least absolute shrinkage and selection operator 
(LASSO) method to filter variables, which can prevent 
regression analysis from overfitting by complexity 
adjustment to make it more consistent with the actual 
situation. Then, the variables screened by LASSO 
regression were incorporated into the multivariate 
logistic regression analysis to construct the prediction 
model and are presented as a nomogram. The nomogram 
is based on the influence weight of each factor and 
provides a reasonable scoring threshold, and its predictive 
performance was measured by subject receiver operating 
characteristic (ROC) analysis using area under the 
curve (AUC) values. In addition, the clinical value of 
the nomograms was evaluated by calibration curve and 
decision curve analysis (DCA). Internal validation of the 
model was performed with the C-index calculated by 
bootstrapping (1,000 bootstrap resamples). All statistical 
tests and analyses were performed in R software version 
4.0.3. Statistical significance was set at <0.05.

Results

Patient demographics

The basic characteristics of the study population are shown 
in Table 1. There were 168 (78%) grade I patients and 47 
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Table 1 Characteristics of patients

Characteristic
Pathological grade

P value
Low-grade (n=168) High-grade (n=47)

Age, years 0.303

<60 117 (54.5) 29 (13.5)

≥60 51 (23.7) 18 (8.4)

Gender 0.520

Male 49 (22.8) 16 (7.4)

Female 119 (55.3) 31 (14.4)

Skull base 0.044

Yes 85 (39.5) 16 (7.4)

No 83 (38.6) 31 (14.4)

Size 0.002

<3 cm 79 (36.7) 10 (4.7)

≥3 cm 89 (41.4) 37 (17.2)

Dural tail 0.007

Yes 41 (19.1) 3 (1.4)

No 127 (59.1) 44 (20.5)

Focal neurological dysfunction 0.322

Yes 44 (20.5) 9 (4.2)

No 124 (57.7) 38 (17.7)

Calcification 0.325

Yes 19 (8.8) 3 (1.4)

No 149 (69.3) 44 (20.5)

Necrosis <0.001

Yes 2 (0.9) 26 (12.1)

No 166 (77.2) 21 (9.8)

Tumor-Brain interface <0.001

Unclear 17 (7.9) 31 (14.4)

Clear 151 (70.2) 16 (7.4)

Bone invasion <0.001

Yes 41 (19.1) 33 (15.3)

No 127 (59.1) 14 (6.5)

Peritumoral edema 0.018

Yes 33 (15.3) 17 (7.9)

No 135 (62.8) 30 (14.0)

P-value is derived from the univariable association analyses between each of the characteristics and pathological grade of meningioma.
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(22%) grade II and III patients. The mean age was 54 years 
(range, 10–83 years), and females accounted for the majority 
(69.8%) with a high-level grade accounting for 14.4%. 
ROC curves were used to determine the cutoff of size. 
Tumor size ≥3 cm could predict high-grade meningioma 
with a sensitivity of 79% and specificity of 47% (P=0.007). 
Tumor necrosis was highly heterogeneous in distribution 
with a specificity of 98% (OR, 102.762; 95% CI, 22.743–
464.320; P<0.0001) and was not included in the model.

Variable selection

We used LASSO regression to select the possible predictors 
(Figure 1). Six features were identified as potential 
predictors in our study cohort. These features included 
tumor location, size, dural tail, calcification, tumor-brain 
interface, and bone invasion.

Model construction

Six variables determined by LASSO regression were 
included in the multivariate logistic analysis. Among 
these, tumor-brain interface, bone invasion and location 
were independent predictors of patients with high-grade 
meningioma. The above independent predictors were 
incorporated into the model and presented as a nomogram 
(Figure 2).

Performance of the nomogram

The C-index of the diagnostic prediction model was 0.874 
(95% CI, 0.818–0.929) in our study cohort, and 0.868 
was verified internally by bootstrapping, indicating that 
the diagnostic model has good discrimination compared 
with single tumor-brain interface (0.779), bone invasion 
(0.729) and tumor location (0.583) models. In addition, 
the calibration curve of the nomogram for preoperative 
prediction of high-grade in patients with meningioma 
showed good agreement (Figure 3). Hosmer-Lemeshow 
test results were not statistically significant (P=0.378). 
These results indicate that no significant difference was 
noted between the prediction of the model and the actual 
observation results. The high degree of discrimination 
and good consistency indicate that this prediction model 
exhibits good reliability for the prediction of actual results.

Clinical use

The DCA for the diagnostic nomogram and each single 
predictor model is shown in Figure 4. The decision curve 
indicates the net benefit of patients when intervention is 
performed under various threshold probabilities. When the 
prediction model threshold probability is 29% of the best 
diagnosis probability, the diagnostic nomogram model has 
the highest net benefit followed by a single model of tumor-

Figure 1 Feature’s selection using the least absolute shrinkage and selection operator (LASSO). (A) A coefficient profile plot was produced 
against the log (λ) sequence. vertical line was drawn at the value selected chosen by 10-fold cross-validation. (B) Tuning parameter (λ) 
selection in the LASSO model used a 10-fold cross-validation via minimum criteria. The dotted vertical lines were drawn at the optimal 
values by using the minimum criteria and the 1 standard error of the minimum criteria (the 1-SE criteria).
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Figure 2 Diagnostic nomogram. The nomogram was constructed from tumor-brain interface, bone invasion, and location of the tumor. 
HG, high-grade.

Figure 3 Calibration plot. The prediction results were consistent 
with the diagonal line, which indicates that the prediction results 
are accurate.

Figure 4 Decision curve analysis for the diagnostic nomogram. 
The net benefit was calculated by subtracting the proportion of 
all false positive patients from the proportion of true positives, 
and was then weighted based on the associated harms of prior 
treatment and outcomes that did not require treatment.

brain interface.

Discussion

The nomogram was used to predict the risk of meningioma 
recurrence (13). Nassiri et al. constructed a nomogram 
to well predict the risk of early recurrence by combining 
DNA methylation molecular factors and determined 
prognostic clinical factors. Also, the pathological grading 

of meningioma can be predicted by constructing a 
preoperative model based on relevant characteristics. 
However, compared to combining DNA methylation 
molecular factors, the pathological grading factors of 
meningioma are obvious in radiological features, and the 
model constructed by multiple imaging features is relatively 
simple and practical in clinical practice. In addition, the 
correlation between the imaging features of different 
pathological grades can also be analyzed to discuss the 
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radiological features of high-grade meningioma. We 
developed and validated a diagnostic prediction tool for the 
preoperative individualized prediction of the pathological 
grade of meningioma. A predictive model was constructed 
by including preoperative predictive factors and represented 
in a nomogram. Most of the useful markers were selected 
using LASSO regression to reduce the regression coefficient 
to test the correlation of the predicted results. This method 
not only selects predictors according to the bias of their 
univariate correlation with clinical outcomes but also 
combines the selective predictors into a comprehensive 
model. The nomogram consists of multiple predictors 
and has good calibration and discrimination in our cohort 
(C-index, 0.874), especially our high C-index (C-index, 
0.868) in the interval validation. Nevertheless, it still 
requires a larger sample size for external verification of its 
reliability. Through the DCA curve, the net benefit of the 
patient under the predictive model’s diagnostic probability 
can be obtained, which may help clinicians to determine the 
appropriate threshold probability for treatment.

When tumor growth invades the surrounding brain 
tissue, it appears to be unclear in the brain tissue on 
MRI, especially in atypical meningioma and malignant 
meningioma (4). Therefore, the pathological type of 
the tumor can be judged by the tumor-brain interface 
of the tumor on the preoperative MRI image to develop 
an appropriate surgical plan. In recent univariate and 
multivariate analyses, the unclear boundary between tumor 
and brain tissue was an important predictor of high-grade 
meningioma (12,14). In this study, 65% of patients with 
unclear tumor-brain interface had postoperative pathology 
of high-grade meningioma, with a sensitivity of 66% and 
a specificity of 90%. Although the tumor-brain interface 
can be used as an independent predictor (P<0.001), the 
prediction model of tumor-brain interface combined with 
other preoperative factors exhibits a higher diagnostic ability 
for high-grade meningioma (AUC=0.874) compared with 
the single model (AUC=0.779). In addition, 70% of high-
grade meningioma present with bone destruction before 
surgery. Bone invasion is an independent predictor of high-
grade meningioma (P<0.001). This does not mean that a 
correlation exists between tumors located at the skull base 
and high-grade meningioma. In contrast, previous studies 
have found that non-skull base tumors are important 
independent risk factors for high-grade meninges (12,15-20). 
which is consistent with our findings (OR 3.042, 95% CI, 
1.223–7.567, P=0.017).

In our study, tumor size was significantly different in 

univariate analysis. Some studies have also suggested that 
tumor size can predict histopathological tumor grade and 
is a strong predictor of atypical meningioma pathology 
(21,22). Even after controlling for the interaction of sex 
and other risk factors for meningioma, tumor size is also 
related to grade II meningioma (23). Judging from the basic 
characteristics of tumors, grade II and III meningioma 
grow faster than benign tumors, but this may also be due 
to the gradual enlargement of tumors that become more 
aggressive. Therefore, the size of a single tumor cannot be 
a distinguishing feature of high-grade meningioma. Under 
the influence of multiple variables, our multivariate logistic 
regression analysis indicates that tumor size ≥3 cm cannot 
be an independent predictor of high-grade meningioma. Of 
course, a smaller sample size and inappropriate tumor size 
classification will cause errors. Therefore, a larger sample 
size and specific research on tumor growth mechanisms can 
help clarify the relationship between tumor size and high-
grade meningioma.

Whether a correlation exists between peritumor edema 
and meningioma grade is controversial. The etiology of 
peritumor edema remains unclear, and peritumor venous 
congestion or ischemia has become the mainstreamview (24).  
Some studies have demonstrated that peritumor edema is 
an important feature of atypical meningioma or malignant 
meningioma, whereas other studies have also noted 
that a relationship exists between peritumor edema and 
meningioma grade. However, its statistical significance has 
not been demonstrated in previous studies (14,25). The 
subjectivity of the diagnosis of peritumoral edema and other 
influential factors, such as tumor size, may interfere with the 
results. In this study, peritumoral edema was significantly 
correlated with tumor size (P=0.001). In univariate analysis, 
positive peritumoral edema was a predictor of meningioma 
grade (OR 2.318, 95% CI, 1.144–4.698, P=0.02), but 
peritumoral edema was not an independent predictor of high-
grade meningioma based on multivariate logistic regression 
analysis. Furthermore, our study did not explore the 
correlation between the degree of edema and meningioma 
grade. Studies have shown that moderate or severe edema 
is more common in grade II and III meningioma (26), so 
it is necessary to study the correlation between the degree 
of peritumoral edema and high-grade meningioma in an 
expanded sample size model.

Our current study also has some limitations. First, the 
nomogram model for diagnostic prediction was established 
with a small sample size, and the included predictors could 
not include all the potential factors with diagnostic efficacy. 
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Although the accuracy of our nomogram model performs 
well through internal validation of bootstrap testing, 
external validation of multiple agencies can provide more 
convincing evidence. In addition, the study is a single-
center retrospective study with inherent defects. Prospective 
studies in a larger population are needed to further validate 
the results obtained.

Conclusions

This study built a prediction model for preoperative 
meningioma grade, and the model of predicting factors, 
including clear tumor-brain interface, bone invasion and 
non-skull base locations, exhibited a better prediction 
effect. We believe that the establishment of the model 
can be effective for preoperative diagnosis of high-grade 
meningioma, which is more suitable for patients with 
meningioma treatment. Further external validation can 
make the model more accurate.
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