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Objectives: Postcontrast magnetic resonance imaging (MRI) is important for

the differentiation between low-grade (WHO I) and high-grade (WHO II/III)

meningiomas. However, nephrogenic systemic fibrosis and cerebral

gadolinium deposition are major concerns for postcontrast MRI. This study

aimed to develop and validate an accessible risk-scoring model for this

differential diagnosis using the clinical characteristics and radiological

features of precontrast MRI.

Methods: From January 2019 to October 2021, a total of 231 meningioma

patients (development cohort n = 137, low grade/high grade, 85/52; external

validation cohort n = 94, low-grade/high-grade, 60/34) were retrospectively

included. Fourteen types of demographic and radiological characteristics were

evaluated by logistic regression analyses in the development cohort. The

selected characteristics were applied to develop two distinguishing models

using nomograms, based on full MRI and precontrast MRI. Their distinguishing

performances were validated and compared using the external validation

cohort.

Results: One demographic characteristic (male), three precontrast MRI

features (intratumoral cystic changes, lobulated and irregular shape, and

peritumoral edema), and one postcontrast MRI feature (absence of a dural

tail sign) were independent predictive factors for high-grademeningiomas. The

area under the receiver operating characteristic (ROC) curve (AUC) values of

the two distinguishing models (precontrast–postcontrast nomogram vs.

precontrast nomogram) in the development cohort were 0.919 and 0.898

and in the validation cohort were 0.922 and 0.878. DeLong’s test showed no

statistical difference between the AUC values of the two distinguishing models

(p = 0.101).
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Conclusions: An accessible risk-scoring model based on the demographic

characteristics and radiological features of precontrast MRI is sufficient to

distinguish between low-grade and high-grade meningiomas, with a

performance equal to that of a full MRI, based on radiological features.
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meningioma, precontrast MRI, WHO grade, nomogram, radiological prediction
Introduction

Meningioma is one of the most common types of

intracranial neoplasm, accounting for approximately one-third

of all central nervous system tumors (1). According to the World

Health Organization (WHO), most meningiomas are benign

(Grade I), while 20%–30% are high grade, divided into Grade II

(atypical meningioma) and Grade III (anaplastic meningioma),

which have a worse prognosis and higher tendency of recurrence

as compared to benign meningiomas (2). Because treatment

methods for low-grade and high-grade meningiomas differ

significantly, it is usually advisable to separate them before

proceeding with biopsy or resection.

Magnetic resonance imaging (MRI), especially postcontrast

MRI, is a clinical routine for the diagnosis and preoperative

evaluation of intracranial meningiomas (3). However, the use of

gadolinium-based contrast agents contributes to the cost of MRI

and prolongs image-acquisition time. Additionally, these contrast

agents may be a contraindication among patients who have renal

dysfunctions, as nephrogenic systemic fibrosis may occur among

them (4). Furthermore, there are also concerns regarding

gadolinium deposition, particularly in patients who require

frequent follow-ups (5). Therefore, identifying high-grade

meningiomas based on precontrast MRI is crucial under these

circumstances. Some studies have explored the value of non-

contrast advanced MRI, such as amide proton transfer imaging

(6) or intra-voxel incoherent motion imaging (7), in identifying

high-grade meningiomas and have achieved good performance.

However, these advanced MRI techniques may not always be

available, especially for primary healthcare institutions. Evaluation

based on commonly available precontrast MRI has a

wider universality.

Recently, radiomics and machine learning with commonly

used MRI data have been proven qualified enough to separate

high-grade tumors from low-grade ones (8). However, all studies
AQP4, aquaporin-4;

nce interval; CSF,

I, magnetic resonance

rest; WHO, World

02
associated with meningiomas used both precontrast and

postcontrast MRI data. In addition, although these methods

are effective, some inherent disadvantages may restrict their

scope of utilization. Firstly, these low-level features extracted

could not be easily explained by pathophysiological knowledge

and not be easily accepted by radiologists. Secondly, signal

heterogeneity of MRI data acquired from varied MR machines

restricts the robustness and generalizability of the trained

classification models. Conventional radiological features are

the ones acquired from visual evaluation by radiologists and

explainable by pathophysiological knowledge and are also

insensitive to signal heterogeneity of MRI data. Lastly, a risk-

scoring model is more practical than the trained machine

learning models in clinical practice. Therefore, radiological

features and a simple risk-scoring model would be the

preferred and urgent method in clinical practice.

To our knowledge, the distinguishing performance of the

risk-scoring model for meningiomas based on the radiological

features from precontrast MRI has not been explored yet. Hence,

the aim of this retrospective study is to develop and validate an

accessible risk-scoring nomogram model for distinguishing

high-grade meningiomas from low-grade ones using clinical

characteristics and radiological features from commonly

available precontrast MRI. This work would facilitate the risk

stratification and clinical decision-making of meningiomas.
Materials and methods

Study population

A total of 594 patients with histologically confirmed

meningiomas were retrospectively reviewed from two

institutions. Patients diagnosed in Hospital 1 from January

2019 to October 2021 were grouped into the development

cohort, and patients diagnosed in Hospital 2 from February

2018 to March 2021 were sorted into the validation cohort. The

grade of meningiomas was diagnosed based on the 2021 World

Health Organization Classification of Tumors of the Central

Nervous System (9). The exclusion criteria were as follows:
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1) patients who had received any preoperative treatment, 2) patients

who had incomplete preoperative MRI examinations, and 3)

unqualified MRI data due to the presence of artifacts. A total of 231

patients were included in this study. For anaplastic meningiomas

(Grade III), we only found four patients in the development cohort

and two patients in the validation cohort who met the above-

mentioned requirements, the number of which were too few to be

statistically significant. Therefore, Grade II and III meningiomas were

classified as one group in order to have a comparable subgroup.Grade I

meningiomas were treated as low grade and Grade II and III

meningiomas as high grade. Finally, 137 patients (55.80 ± 11.14

years old; male/female, 38/99; low grade/high grade, 85/52) in the

development cohort and 94 patients (54.73 ± 13.23 years old; male/

female, 37/57; low grade/high grade, 60/34) in the validation cohort

were included in this retrospective study. How the study population

was collected is presented in Figure 1.

This study was approved by the Institutional Review Board,

and the requirement for patient approval or informed consent

was waived owing to the retrospective nature of the study. All the

experiments were performed in accordance with the ethical

standards established in the 1964 Declaration of Helsinki and

its later amendments.
MRI acquisition

All patients were imaged in the supine position with a 3.0-T

MRI machine (Philips Achieva for the development cohort and

GE Discovery 750 for the validation cohort) using a receive

quadrature 20-channel head-and-neck coil, and the imaging
Frontiers in Oncology 03
protocol was the same for all patients in both institutions. The

MR examination is a routine protocol for brain examination,

including axial T1-weighted imaging (T1WI), axial T2-weighted

imaging (T2WI), axial diffusion-weighted imaging (DWI), axial

fluid-attenuated inversion recovery (FLAIR), and axial, sagittal,

and coronal postcontrast T1WI. The MR scan protocols are

provided in the Supplementary Material.
FIGURE 1

How the study population was collected.
TABLE 1 The definition of radiological features of meningiomas.

MRI features Category or definition

Tumor location Convexity, skull base, falx, posterior fossa, other included
ventricle, and extra cranium

Volume of tumor
(mm3)

Volume = maximum AP × maximum ML × maximum SI

Tumor shape Regular, lobulated, irregular

Signal feature Heterogeneous, homogeneous

T2 signal intensity Hypointense, isointense, hyperintense

Intratumoral
cystic change

Yes, no

Peritumoral brain
edema

Maximum diameter of the hyperintense brain parenchyma
surrounding the tumor

Tumor–brain
interface

Clear, unclear

Contrast
enhancement

Homogeneous, heterogeneous

Capsular
enhancement

Positive, negative

Dural tail sign Positive, negative

nADC nADC = ADCT/ADCC
AP, anteroposterior diameter; ML, mediolateral diameter; SI, suprainferior diameter.
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Definition of radiological features
of meningiomas

Two experienced radiologists (HJZ and YY, with 12 and 5

years’ experience, respectively) who were blinded to the

histopathological diagnosis evaluated the radiological features

of MRI by consensus reading. The definition of radiological

features of meningiomas is described in Table 1.
Fron
1) Tumor shape: categorized as regular, lobulated, and

irregular. Irregular shapes included meningiomas with

infiltrating margins and tumors that cannot be classified

as round or lobulated.

2) T2 signal intensity: compared to the intensity of the

normal gray matter.

3) Tumor–brain interface was categorized as follows:

tumors with cerebrospinal fluid (CSF) clefts or distinct

low-intensity borders were regarded as “clear” tumor–

brain interface, whereas tumors without an obvious

demarcation from the adjacent brain tissue were

regarded as “unclear”.

4) Capsular enhancement was categorized as positive or

negative, depending on whether there was an entire

enhanced layer around the tumor.

5) Calculation of the apparent diffusion coefficient (ADC)

values was performed using the software programs

available on workstations provided by the corresponding

manufacturer (Viewforum workstations, Philips and

Leonardo workstations, Siemens, Munich, Germany).

Three round regions of interest (ROIs), varying from 15

to 30 mm2 in size, were placed manually in the solid part of

the tumor, avoiding any cystic or calcified regions. Each

ROI was separately placed in the three darkest regions on

the ADC maps, signifying the areas with the highest

cellular density in the tumor. Then, the mean tumor

ADC values (ADCT) were calculated. In order to acquire

control ADC values (ADCC), 20–30mm2 round ROIs were

also drawn on the contralateral normal-appearing white

matter unaffected by the tumor. The ADCT/ADCC ratios

were calculated to obtain normalized ADC values (nADC).
Clinicoradiologic model and
nomogram construction

The differences in demographic data and radiological features

between low-grade and high-grade meningiomas in the

development cohort were tested first to determine the

distinguishing features. Two types of multivariate logistic

regression models were built to explore the distinguishing

performance of combined selected features. The first logistic
tiers in Oncology 04
regression analysis (precontrast–postcontrast model) was

performed using all the above-selected demographic and

radiological features (including precontrast and postcontrast MRI

features). Next, only selected radiological features from precontrast

MRI and demographic features were included in the second logistic

regression model (precontrast model). The odds ratios (ORs), 95%

confidence intervals (CIs), and p-values of each independent factor

for both logistic regressionmodels were calculated. The nomograms

for the two models were presented separately.

Finally, the external validation cohort was used to confirm

the robustness and generalizability of the two models. The

models also used the bootstrap method for internal validation

during the training, with 1,000 bootstrap replicates.
Statistical analyses

The chi-squared test and Fisher’s exact test were used to

investigate group differences in categorical data. Student’s t-test

for normally distributed continuous variables and the Mann–

Whitney U test for variables with skewed distributions were

performed to explore the differences between the two groups.

Receiver operating characteristic (ROC) curves, precision-recall

curves (PR curves), and calibration curves were used to assess

the classifying performance of the two logistic regression models.

Sensitivity, specificity, and area under the curve (AUC) derived

from ROC curves were described. DeLong’s test was used to

compare the ROC curves. Decision curve analysis (DCA) was

implemented to determine the clinical practicability of the two

nomograms based on the net benefits at different threshold

probabilities. For all tests, a two-sided p-value <0.05 was

considered significantly different. Statistical analyses were

made by SPSS 25.0 version for Windows and R statistical

software (version 4.2.0, https://www.r-project.org).
Results

Characteristics of study populations

A total of 231 patients were included in this study: 215 patients

(93.1%) were symptomatic, and 16 patients (6.9%) were

asymptomatic. The characteristics of the study population of both

the development cohort and validation cohort are summarized in

Table 2. None of the demographic and radiological features were

found to be statistically different between the two groups.
Demographic and radiological features

For demographic data, sex distribution was significantly

different between low-grade and high-grade meningiomas, in

which male patients have a higher possibility to suffer from high-
frontiersin.org
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grade meningiomas (p = 0.028). In addition, female patients had

a higher incidence in both groups (78.8% and 61.5% for low-

grade and high-grade meningiomas, respectively).

For precontrast radiological features, bigger tumor volume

(p < 0.001) with lobulated or irregular shape (p < 0.001) and

heterogeneous signal intensity on T2WI (p = 0.002) were

associated with a higher risk for high-grade meningiomas.

Tumors with cystic changes (p < 0.001) and larger brain
Frontiers in Oncology 05
edema (p < 0.001) were more often in high-grade

meningiomas in our cohort. The relation of meningiomas

tumor to venous sinus is different for low-grade and high-

grade meningiomas (p = 0.041). The high-grade tumors were

more likely to compress or grow into the sinus cavity to cause

partial or even complete occlusion of the venous sinus.

For postcontrast radiological features, high-grade meningiomas

more frequently showed heterogeneous enhancement (p = 0.005)
TABLE 2 Characteristics of patients in the development and validation cohorts.

Development cohort (n = 137) Validation cohort (n = 94) p-Value

Age in years 55.80 ± 11.14 54.73 ± 13.23 0.401

Sex

Male 38 (27.7%) 37 (39.4%) 0.064

Female 99 (72.3%) 57 (60.6%)

Tumor location

Convexity 51 (37.2%) 40 (42.6%) 0.435

Skull base 37 (27.0%) 26 (27.7%)

Falx 24 (17.5%) 12 (12.8%)

Posterior fossa 20 (14.6%) 15 (16.0%)

Other 5 (3.6%) 1 (1.1%)

Volume (×104 mm3) 4.70 (1.68–9.37) 3.78 (1.36–9.97) 0.826

Shape

Regular 75 (54.7%) 42 (44.7%) 0.195

Lobulated 30 (21.9%) 30 (31.9%)

Irregular 32 (23.4%) 22 (23.4%)

T2 signal feature

Heterogeneous 88 (64.2%) 60 (63.8%) 0.950

Homogeneous 49 (35.8%) 34 (36.2%)

T2 signal intensity

Hypointense 4 (2.9%) 7 (7.4%) 0.141

Isointense 18 (13.1%) 17 (18.1%)

Hyperintense 115 (83.9%) 70 (74.5%)

Cystic change

Yes 40 (29.2%) 26 (27.7%) 0.799

No 97 (70.8%) 68 (72.3%)

Brain edema (mm) 4.60 (0.00–23.55) 0.93 (0.00–27.65) 0.304

Tumor–brain interface

Clear 136 (99.3%) 90 (95.7%) 0.177

Unclear 1 (0.7%) 4 (4.3%)

nADC 1.05 (0.96–1.20) 1.05 (0.95–1.24) 0.865

Contrast enhancement

Heterogeneous 94 (68.6%) 61 (64.9%) 0.554

Homogeneous 43 (31.4%) 33 (35.1%)

Capsular enhancement

Present 25 (18.2%) 20 (21.3%) 0.568

Not present 112 (81.8%) 74 (78.7%)

Dural tail sign

Present 101 (73.7%) 71 (75.5%) 0.757

Not present 36 (26.3%) 23 (24.5%)
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but less presence of capsular enhancement (p = 0.041) and a dural

tail sign (p = 0.011), in comparison with benign meningiomas.

Other features were not found to be statistically different between

the two types of tumors. Patients’ demographic and radiological
Frontiers in Oncology 06
features are summarized in Table 3. We evaluated the inter-

observers’ variances using inter-class correlation coefficient (ICC)

methods, and the results were convincing (with an ICC interval

from 0.76 to 0.88).
TABLE 3 Demographic and radiological characteristics in the development cohort.

Low grade High grade p-Value

Number 85 52

Age (years) 57.33 ± 10.07 53.29 ± 12.39 0.064

Sex

Male 18 (21.2%) 20 (38.5%) 0.028

Female 67 (78.8%) 32 (61.5%)

Tumor location

Convexity 32 (37.6%) 19 (36.5%) 0.837

Skull base 22 (25.9%) 15 (28.8%)

Falx 16 (18.8%) 8 (15.4%)

Posterior fossa 13 (15.3%) 7 (13.5%)

Other 2 (2.4%) 3 (5.8%)

Volume (×104 mm3) 2.64 (1.03–7.09) 7.23 (3.70–14.31) <0.001

Shape

Regular 64 (75.3%) 11 (21.2%) <0.001

Lobulated 15 (17.6%) 15 (28.8%)

Irregular 6 (7.1%) 26 (50.0%)

T2 signal feature

Heterogeneous 46 (54.1%) 42 (80.8%) 0.002

Homogeneous 39 (45.9%) 10 (19.2%)

T2 signal intensity

Hypointense 1 (1.2%) 3 (5.8%) 0.372

Isointense 12 (14.1%) 6 (11.5%)

Hyperintense 72 (84.7%) 43 (82.7%)

Cystic change

Yes 13 (15.3%) 27 (51.9%) <0.001

No 72 (84.7%) 25 (48.1%)

Brain edema (mm) 0.00 (0.00–12.75) 21.50 (3.83–39.85) <0.001

≤20 72 (84.7%) 25 (48.1%) <0.001

20 < edema ≤ 40 10 (11.8%) 13 (25.0%)

>40 3 (3.5%) 14 (26.9%)

Tumor–brain interface

Clear 85 51 0.380

Unclear 0 1

nADC 1.07 (0.98–1.21) 1.03 (0.89–1.19) 0.206

Contrast enhancement

Heterogeneous 51 (60.0%) 43 (82.7%) 0.005

Homogeneous 34 (40.0%) 9 (17.3%)

Capsular enhancement

Present 20 (23.5%) 5 (9.6%) 0.041

Not present 65 (76.5%) 47 (90.4%)

Dural tail sign

Present 70 (82.4%) 31 (59.6%) 0.003

Not present 15 (17.6%) 21 (40.4%)
front
Bold values indicate p < 0.05.
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Performance of clinicoradiologic model
and nomogram

The precontrast–postcontrast model showed that male

sex, intratumoral cystic changes, lobulated and irregular

shape, brain edema, and absence of a dural tail sign were

independent predictive factors for high-grade meningiomas

(Table 4). The precontrast–postcontrast nomogram model

was built (Figure 2A), and ROC curve analysis yielded an

AUC of 0.92 (95% CI: 0.87–0.96), sensitivity of 0.81, and

specificity of 0.90 in the development cohort and an AUC of

0.92 (95% CI: 0.87–0.97), sensitivity of 0.85, and specificity of

0.82 in the validation cohort. The precontrast model showed

that male sex, intratumoral cystic changes, lobulated and

irregular shape, and brain edema were independent

predictive factors for high-grade meningiomas (Table 4).

The precontrast nomogram model was built (Figure 2B),
Frontiers in Oncology 07
and ROC curve analysis yielded an AUC of 0.90 (95% CI:

0.85–0.95), sensitivity of 0.84, and specificity of 0.81 in the

development cohort and an AUC of 0.88 (95% CI: 0.79–0.96),

sensitivity of 0.88, and specificity of 0.82 in the validation

cohort. DeLong’s test showed that there was no statistical

difference between the two groups of ROC curves (ROC

curves from the two models in the development cohort,

Z = 1.386, p = 0.166; ROC curves from the two models in

the validation cohort, Z = 1.510, p = 0.101). The ROC and

calibration curves are displayed in Figure 3, and PR curves are

provided in the Supplementary Material.

The DCAs based on the two models suggested that the net

benefits of the precontrast–postcontrast nomogram were slightly

superior to the benefits of the precontrast nomogram across

most ranges of threshold probability (see Figure 4). The

examples of low-grade and high-grade meningiomas are

displayed in Figure 5.
A

B

FIGURE 2

Nomograms for identifying high-grade meningiomas. (A) The precontrast–postcontrast nomogram was developed incorporating sex,
intratumoral cystic changes, shape, brain edema, and dural tail sign. (B) The precontrast nomogram was developed incorporating sex and
precontrast radiological features, including intratumoral cystic changes, shape, and brain edema.
frontiersin.org
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Discussion

As treatment strategies are quite different between low-grade

and high-grade meningiomas, it is always preferable to separate

them before resorting to a biopsy or resection. This study has

developed and validated the distinguishing performance of an easily

used risk-scoring model to separate them using clinical

characteristics and radiological features of precontrast MRI. Our

results demonstrate that the risk-scoring model is qualified for this
Frontiers in Oncology 08
distinguishing task and would facilitate the risk stratification and

clinical decision-making of meningiomas.
Interpretation of demographic and
radiological features

Previous studies have also reported an increased risk for

high-grade meningiomas associated with the male sex (10, 11).
A B

DC

FIGURE 3

Receiver operating characteristic curves and calibration curves. (A, B) ROC curves for predicting high-grade meningiomas in the development
and validation cohort with the precontrast–postcontrast model and precontrast model, respectively. (C, D) Curves of the calibration analysis for
the precontrast model in the development and validation cohorts, respectively. The calibration curves of the precontrast–postcontrast model
also showed a satisfactory calibration performance in both the development and validation cohorts (see Supplementary Material). ROC, receiver
operating characteristic curve; AUC, area under ROC curve; SE, sensitivity; SP, specificity.
TABLE 4 The multivariable logistic regression analysis of two models.

Precontrast–postcontrast model Precontrast model

OR 95% CI p-Value OR 95% CI p-Value

Male 6.91 2.07–23.04 0.002 5.25 1.72–16.03 0.004

Intratumoral cystic changes 8.14 2.36–28.11 0.001 6.27 2.03–19.33 0.001

Shape

Lobulated shape 6.18 1.81–21.11 0.004 5.34 1.70–16.71 0.004

Irregular shape 34.96 7.93–154.17 <0.001 22.39 6.09–82.31 0.000

Brain edema (mm)

20 < edema ≤ 40 1.59 0.38–6.61 0.523 1.50 0.42–5.39 0.537

>40 26.93 3.69–196.38 0.001 14.612 2.59–82.44 0.002

Dural tail sign 0.14 0.04–0.50 0.002
front
Demographic features and precontrast and postcontrast MRI radiological features with p < 0.05 between two types of tumors.
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Evidence suggests that low-grade meningiomas have higher

levels of progesterone receptor expression in comparison with

malignant meningiomas (12–14). Furthermore, clinical and

histopathological studies showed that progesterone receptor

expression levels were inversely associated with WHO grade

and recurrence (14, 15). Genetic studies also have shown that

differential gene expression is limited to sex chromosomes in

meningioma cells (16).

Intratumoral cystic changes on MRI are considered to

represent rapid growth or invasive behavior of tumor cells,
Frontiers in Oncology 09
including cystic degeneration, direct secretion of fluid by

tumor cells, ischemic necrosis, and absorption of intratumor

hemorrhage (17, 18). Our results agree with previous studies that

showed that meningioma cystic changes were associated with

tumor grade (17, 19).

Peritumoral edema in meningiomas has been reported to be

related to many factors, such as tumor size and histological

subtypes (17, 18, 20, 21). One recent study showed a direct

association between the peritumoral edema index and the

mutational burden of meningiomas, along with the fact that
FIGURE 5

Examples of low-grade and high-grade meningiomas. (A–E) A 76-year-old woman who suffered from headache and hyposmia had a brain MRI
examination. T2WI (A/B) and precontrast T1WI (C) show the tumor has a lobulated shape, homogeneous intensity without cystic change, and
mild peritumoral brain edema (7.4 mm). Postcontrast T1WI (D) shows there is an obvious dural tail sign. According to the precontrast–
postcontrast nomogram and the precontrast nomogram, the patient has total points of 50 and 55, respectively, and the risk probability of high-
grade meningiomas is less than 0.1 and 0.2, respectively. She was histologically diagnosed with Grade I meningiomas (E). (F–J) A 45-year-old
woman who suffered from headache and hemianopia had a brain MRI examination. T2WI (F/G) and precontrast T1WI (H) show the tumor has a
lobulated shape and intratumoral cystic change with large peritumoral brain edema (42.2 mm). Postcontrast T1WI (I) shows there is no obvious
dural tail sign. According to the precontrast–postcontrast nomogram and the precontrast nomogram, the patient has total points of 257.5 and
200, respectively, and the risk probability of high-grade meningiomas is higher than 0.99 and 0.95, respectively. She was histologically
diagnosed with Grade II meningiomas (J). T2WI, T2-weighted imaging; T1WI, T1-weighted imaging.
FIGURE 4

Decision curve analysis for the two nomograms. The net benefits of the precontrast–postcontrast nomogram were slightly superior to the
benefits of the precontrast nomogram across most ranges of threshold probability. Red line, precontrast–postcontrast nomogram; blue line,
precontrast nomogram; gray line, all patients were high grade; black line, all patients were low grade.
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high-grade meningiomas were more likely to present with larger

edema (22). One study reported that peritumoral brain edema

may depend on the aquaporin-4 (AQP4) expression level, which

is now considered a biomarker reflecting tumor malignancy

(23). However, some studies found no significant correlation

between the histological grades of meningiomas and peritumoral

edema (24, 25).

Tumors with lobulated or irregular shapes reflect

heterogeneity in growth rates in different subregions of the

tumor (26). Radiological features of lobulated or irregular

shape may reflect histological malignancy. Studies have found

that the lobulation ratio of meningiomas increases with the

increase of malignant degree (27).

The presence of a dural tail sign is caused by the slow growth of

low-grade meningiomas, which triggers an inflammatory reaction

or long-term stimulation of the adjacent meninges, causing dural

thickening. In contrast, the absence of a dural tail sign is considered

a predictor of high-grade meningiomas. A potential reason may be

that atypical neoplasms grow rapidly, can be detected at an early

stage, and lack long-term meningeal stimulation. Although a

previous study reported that a dural tail sign could also be found

in high-grade meningiomas, the morphology of the dural tail is

similar to that of a nodule in these high-grade meningiomas (26).

Values of ADC in distinguishing low-grade and high-grade

tumors are controversial among previous studies (27, 28). The

following reasons may explain this disagreement. Firstly, although

there is an increase in the number of tumor cells, tumor stroma,

fibers, or glial tissue may lead to a decrease in the ADC value of

high-grade meningiomas. However, microscopic focal necrosis of

atypical/malignant tumors may result in elevated water diffusion

and may not be evident on MR images, thus increasing the ADC

value of these high-grade lesions (29). Secondly, some subtypes of

high-grade meningiomas such as chordoid meningiomas usually

present with high ADC values, which may be related to the

extracellular hyaluronic acid and mucinous matrix (30).

Therefore, whether the mean ADC value could be a predictor of

meningiomas malignancy requires further exploration.

Heterogeneous enhancement is associated with the

heterogeneous distribution of tumor cells. Our results indicated

that capsular enhancement was more frequent within low-grade

meningiomas. As a previous study showed, this morphological

character associated with a chronic reaction produces a more

extensive external fibrous layer in benign, slower-growing tumors

(31). The big volume associated with high-grade meningiomas, as

shown in a previous study, may be attributed to the relatively high

proliferative potential of high-grade tumors (32).
Influence of clinicoradiologic model
and nomogram

Via a nomogrammodel, a kind of risk-scoringmodel weighting

each parameter in accordance with their regression coefficients in
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the multivariate logistic regression analysis, our results suggest that

precontrast MRI is sufficient in identifying high-grade

meningiomas. This risk-scoring model is easy to obtain with high

robustness and generalizability because these radiological features

are associated with certain pathophysiological meanings and are not

sensitive to the variations of MR equipment. This model is helpful

for reducing not only the scanning time and cost of MRI but also

the potential risk of gadolinium contrast agents.
Limitations

Our study has a few limitations. Firstly, this retrospective

study only included a limited number of patients with Grade III

anaplastic meningiomas. Due to the small number, the subtype

difference between Grades II and III meningiomas was not

analyzed. Secondly, the performance of our model was not

compared with that of radiomics using the same MRI data;

further study might be required to investigate the distinguishing

difference between the two different methods. Thirdly, recent

studies found that DNA-methylation status greatly influences

the malignancy and prognosis of meningiomas, and the

correlation between DNA-methylation status and selected

radiological features was not explored. Further studies are

needed in order to investigate these facts.
Conclusions

In conclusion, male sex, intratumoral cystic changes,

lobulated or irregular shape, and brain edema derived from

commonly available precontrast MRI are independent

predictors of high-grade meningiomas. An accessible risk-

scoring system combined with these features shows good

distinguishing performance and generalizability. This work

would facilitate the risk stratification and clinical decision-

making of meningiomas.
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