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Background: Postoperative cerebral edema is common in patients with meningioma. It is
of great clinical significance to predict the postoperative cerebral edema exacerbation
(CEE) for the development of individual treatment programs in patients with meningioma.

Objective: To evaluate the value of three-dimensional radiomics Features from Multi-
Parameter MRI in predicting the postoperative CEE in patients with meningioma.

Methods: A total of 136 meningioma patients with complete clinical and radiological data
were collected for this retrospective study, and they were randomly divided into primary
and validation cohorts. Three-dimensional radiomics features were extracted from
multisequence MR images, and then screened through Wilcoxon rank sum test, elastic
net and recursive feature elimination algorithms. A radiomics signature was established
based support vector machine method. By combining clinical with the radiomics
signature, a clin-radiomics combined model was constructed for individual CEE
prediction.

Results: Three significance radiomics features were selected to construct a radiomics
signature, with areas under the curves (AUCs) of 0.86 and 0.800 in the primary and
validation cohorts, respectively. Two clinical characteristics (peritumoral edema and tumor
size) and radiomics signature were determined to establish the clin-radiomics combined
model, with an AUC of 0.91 in the primary cohort and 0.83 in the validation cohort. The
clin-radiomics combined model showed good discrimination, calibration, and clinically
useful for postoperative CEE prediction.
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Conclusions: By integrating clinical characteristics with radiomics signature, the clin-
radiomics combined model could assist in postoperative CEE prediction before surgery,
and provide a basis for surgical treatment decisions in patients with meningioma.
Keywords: radiomics, meningioma, cerebral edema exacerbation, machine learning, MRI
INTRODUCTION

Meningioma is the most common intracranial tumor. Most
meningiomas occur in the intracranial region, and more than
90% of meningiomas show benign growth (1). The incidence of
meningiomas is 2:1 for females: males, the peak age is 45 years
old, and it is rare for children, many asymptomatic meningiomas
are incidental findings. At present, surgery is the first-line
treatment, most of them have good prognosis (2), peritumoral
edema is a common concomitant symptom of meningioma, up to
60-67.4% (3), easily complicated by cerebral edemapostoperatively.
Brain edema can be generally divided into cytotoxic brain edema
and vasogenic brain edema. Meningioma edema is mainly
angiogenic. For patients without peritumoral edema before
operation, severe brain edema occurs after operation. Brain
edema near the functional area is aggravated after operation,
which seriously affects the prognosis of patients and prolongs the
hospitalization time of patients. Peritumoral edema is a leading
cause of morbidity andmortality in patients with brain tumors (4).
Uncontrolled cerebral edema may result in refractory intracranial
hypertension (RICH), and also leads to severe neurological deficits
and potentially fatal herniation (5, 6). In a retrospective study, they
evaluated the clinical and surgical records of 376 consecutive
patients who underwent microsurgical removal of intracranial
meningiomas between January 1995 and January 2001. 13
patients (3.5%) who met the following criteria were included for
further analysis: CT scan or MR imaging showed increased
extensive brain swelling with neurological deterioration after
operation, which required further treatment intervention, such as
artificial ventilation, endotracheal intubation or decompressive
craniectomy for several days, however, not all of the edema
worsened to the extent of the need to perform further treatment
intervention, and most of them can get through the edema by
strengthening dehydration (7). Therefore, it is very important to
establish relevant models to predict the postoperative cerebral
edema exacerbation (CEE) in patients with meningioma, also
known as aggravation of postoperative edema (7, 8), closely
observe the changes of patient’s condition, regularly review the
head CT, strengthen the rational use of dehydration drugs,
glucocorticoids, and even remove bone flap, so as to formulate
the corresponding treatment plan.

Radiomics is a new machine learning method, which can
extract data reflecting important biological tissue characteristics
from medical image information (9). Compared with the
traditional methods, the data mining of radiomics has two
unique advantages (10). First of all, it allows semi-automatic or
automatic extraction of imaging features and provides rich data
related to qualitative analysis. Secondly, by identifying different
sub regions and defining the spatial complexity of the disease,
in.org 2
high-dimensional imaging information can reveal the
heterogeneity within a region.

Recent studies have shown that radiomics has broad
application prospects in early screening, accurate diagnosis,
grading and staging, molecular marker prediction, treatment
and prognosis of central nervous system diseases, and is
helpful to formulate individualized treatment strategies (11–
13). Therefore, in this retrospective study, we aimed to develop
a radiomics model based on the minimal radiomic feature set of
MR images to predict the aggravation of brain edema after
meningioma surgery.
MATERIALS AND METHODS

Patients
A total of 136 patients with meningioma from the Second
Affiliated Hospital of Nanchang University were included in
our study. The inclusion criteria were as follows: 1) meningioma
patients who underwent initial tumor resection surgery from
2017 to 2019 at the Second Affiliated Hospital of Nanchang
University; 2) available information of postoperative edema; 3)
available preoperative brain MRI examination; 4) complete
clinical data; and 5) meningioma confirmed by postoperative
pathological analysis.

The Ethical Review Committee of the Second Affiliated
Hospital of Nanchang University approved the study design and
protocol. All included patients were randomized to the primary
cohort (n=90) and validation cohort (n=46). The primary cohort
was used for model construction, while the validation cohort was
used for model internal validation.

Clinical Characteristics
Eight preoperative clinical features from these patients were
artificially collected: gender, age, peritumoral edema (negative
or positive), tumor size (<2cm, 2-5cm or >5cm), tumor location
(parasinoidal, facies convexa, skull base or others), hypertension
(negative or positive), diabetes (negative or positive), and
epilepsy (negative or positive).

One postoperative clinical feature CEE was artificially
collected, CEE was defined as CEE can be defined if it meets
any of the following criteria (8): 1) New sheet or finger brain
edema occurs after operation, and the maximum diameter of
edema is not less than 2cm; 2) If there is no peritumoral edema
before operation, flaky, finger shaped or annular brain edema
occurs after operation, and the maximum diameter of the tumor
cavity in the same layer of the tumor or operation area is not less
than 2 cm before operation or on the first day after operation. 3,
if there is peritumoral edema before operation, the maximum
April 2021 | Volume 11 | Article 625220
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diameter of lamellar, finger like or annular brain edema after
operation is not less than 2 cm compared with the maximum
diameter of brain edema on the same plane before operation or
on the first day after operation.

Brain MRI Sequence and Regions of
Interest Delineating
A flowchart of this study is shown in Figure 1. All patients
underwent brain T2-weighted imaging (T2WI) and contrast-
enhanced T1WI (CET1) MR imaging before surgery. The
acquisition parameters of T2WI sequence were as follows:
repetition time/echo time of 3640/98 ms, acquisition matrix of
320 × 224, slice thickness of 5 mm. Meanwhile, the acquisition
parameters of T1WI sequence were as follows: repetition time/
echo time of 2070/26 ms, flip angle of 90°, acquisition matrix of
320 × 256, slice thickness of 5 mm. CET1 was carried out the
T1WI sequence parameters after rapid injection of a gadolinium-
DTPA contrast agent. T2WI and contrast-enhanced T1WI in the
in axial plane were utilized, and all DICOM format images were
collected based on the picture archiving and communication
system of the Second Affiliated Hospital of Nanchang University.

A neuroradiologist with 9 years of experience in meningioma
diagnosis was responsible for mapping the three-dimensional
regions of interest (ROIs) of tumors on the MRI images using
ITK-SNAP software (University of Pennsylvania, www.itk snap.
org). Then another neuroradiologist with 15 years of experience
manually confirmed the findings. Any disagreement between the
two neuroradiologists was resolved through a neuroradiologist
with 31 years of experience.

Radiomics Feature Extraction
Then, quantitative radiomics features were extracted from these
ROIs using PyRadiomics (https://github.com/Radiomics/
pyradiomics) (14). Each sequence can extract a total of 1,562
Frontiers in Oncology | www.frontiersin.org 3
features, and these features were normalized to a value of 0 to 1 and
classified into four categories (15): shape and size features (n = 14),
first-order features (n = 180), textural features (n = 680), and
wavelet features (n = 688).

The four typesoffeaturesweredescribedas follows (16, 17):first-
order statistics describe the distribution of voxel intensities within
thebrainMRI image throughcommonlyusedandbasicmetrics; the
three-dimensional size and shape features were independent from
the gray level intensity distribution in the ROI, and were calculated
on thenon-derived imageandmask; the textural featuresdescribing
patterns or the spatial distribution of voxel intensities, which were
calculated from respectively gray level co-occurrence (GLCM) and
gray level run-length (GLRLM) texture matrices; Wavelet
transform effectively decouples textural information by
decomposing the original image, in a similar manner as Fourier
analysis, in low –and high-frequencies.

Radiomics Features Selection and
Radiomics Signature Construction
Due to the large number and high complexity of the radiomics
features, we needed to perform a selection process to reduce
overfitting (18). The selection method was conducted as
previously described (15) to prioritize the features. In short,
univariate analysis by Wilcoxon rank sum test was used to
identify the differential radiomics features between patients
with postoperative CEE and non-CEE. In addition, elastic net
algorithm (19) was used to select the most informative features.
Elastic net is a method combining least absolute shrinkage and
selection operator (LASSO) and ridge regression. LASSO (20) is a
commonly used high-dimensional data analysis method that can
improve the prediction accuracy and interpretation ability.
Finally, a recursive feature elimination (RFE) algorithm
through five-fold cross-validation was used to identity the
finally radiomics features.
FIGURE 1 | The flow chart of the present study. (I) Brain axial contrast-enhanced T1WI (CET1) T2-weighted imaging (T2WI) and MR images acquisition; Regions of
interest (ROI) segmentation by ITK-SNAP software. (II) Four categories radiomics features extracted by PyRadiomics algorithm. (III) Radiomics Feature selection by
elastic net and RFE algorithm, and model training and testing.
April 2021 | Volume 11 | Article 625220
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A radiomics signature was established based on the radiomics
features selected from the primary cohort through the support
vector machine (SVM) method. At the same time, differences in
the signature distribution between soft and firm tumors were
compared between the two cohorts using a violin plot. A receiver
operating characteristic (ROC) (21) curve was drawn to display
the predictive value of the radiomics signature.

Construction and Validation of Clinical and
Clin-Radiomics Combined Model
Multivariable logistic regression analysis was applied to construct
a clinical model based on all included clinical features. Then, to
establish a more comprehensive and accurate model for
predicting the postoperative CEE, a clin-radiomics combined
model was constructed by combining the most valuable clinical
features with the radiomics signature. Akaike information
criterion (AIC) (22) were used to screen the most valuable
clinical features. And the usage and structure of the combined
model was presented as a nomogram. ROC curve analyses and
area under the ROC curve (AUC) were performed to evaluate the
discriminative efficacy of the clinical and clin-radiomics
combined model in both the primary and validation cohorts.

Calibration Curve Analysis and Decision
Curve Analysis
Calibration curves and the Hosmer–Lemeshow test were used to
assess the similarity between the predicted and observed
postoperative CEE (23). Decision curve analysis was performed
to evaluate the clinical application of the clin-radiomics
combined model by quantifying the net benefits at different
threshold probabilities (24).

Statistical Analysis
A two-sided P-value of <0.05 was deemed to be statistically
significant. The statistical software R (version 3.4.1, R
Foundation for Statistical Computing, Vienna, Austria) was
used to perform the statistical analysis. The calibration plot
was analyzed with the ‘hdnom’ packages. The decision curve
analysis was conducted by the function ‘dca.R’.
RESULTS

Clinical Characteristics
In total, 207 patients with meningioma underwent neurosurgery
at the Second Affiliated Hospital of Nanchang University from
2017 to 2019. After screening, 71 patients were excluded due to
unavailable preoperative MRI data, excessive preoperative
information loss or lack of postoperative information, or both.
Ultimately, 136 patients with meningioma were identified and
included in the study. The mean age at diagnosis was 54.169 ±
11.765 years, with a male-to-female ratio of 2.9:1 (101/35). Of the
136 patients, 45(33.1%) had a peritumoral edema. Postoperative
CEEwaspresent in60 (44.1%)patients andnon-CEEwaspresent in
76 (55.9%) patients. All included clinical characteristics are
summarized in Table 1.
Frontiers in Oncology | www.frontiersin.org 4
All patients were randomly divided into a primary cohort
(n=90) and a validation cohort (n=46). There was no significant
interclass difference in terms of gender, age, peritumoral edema,
tumor size, tumor location, hypertension, diabetes, epilepsy, and
postoperative CEE between the primary cohort and the
validation cohort (Table 1, P=0.086–0.741). The results justify
the use of the two datasets for training and testing.

Correlation Between Postoperative CEE
and Clinical Characteristics
As shown in Table 2, peritumoral edema, tumor size, and
location showed significant relationships with postoperative
CEE (P = 0.000–0.001). The results demonstrated that patients
who had larger tumor size, peritumoral edema, parasinoidal and
skull base tumor were more likely to have postoperative CEE.
Conversely, we found no significant differences in gender, age,
hypertension, diabetes, and epilepsy between the postoperative
CEE and non-CEE groups (P = 0.076–0.810).

As shown in Table 3, univariate analysis was used to
determine the independent clinical risk variables for
postoperative CEE in the primary cohort and the validation
cohort, respectively. Similar to the previous results, in the
primary cohort, we found a significant association between
postoperative CEE and peritumoral edema (P = 0.000), tumor
size (P = 0.000), and location (P = 0.018). In the validation
cohort, peritumoral edema (P = 0.021) and location (P = 0.038)
tended to be associated with postoperative CEE.

Radiomics Feature Selection and
Radiomics Signature Construction
We extracted 3,124 radiomics features from one patient in two
sequences. First, 1962 radiomics features were selected by
Wilcoxon rank-sum test. Then, we use elastic net algorithm to
determine 45 informative features. Finally, through the screening
by RFE algorithm with 5-fold cross validation, 3 features that
gave the best performance were selected as the final features for
subsequent use. Two features were selected from the CET1
images, and one features from the T2WI images. The three
selected radiomics features had significant differences in
postoperative CEE and non-CEE groups (Figure 2, Table 4).

All 3 selected features were then entered into an SVM to build
a radiomics signature. The violin plot showed significant
differences in the distribution of the radiomics signature
between postoperative CEE and non-CEE groups in both
primary and validation cohorts (P<0.01; Figure 3). The
radiomics signature showed favorable discrimination in
predicting the postoperative CEE with AUC values of 0.86
(95% confidence interval [CI], 0.833–0.881) and 0.800(0.771-
0.828) in the primary and validation cohorts, respectively
(Figure 4A).

Performance of Clinical and Clin-
Radiomics Combined Model
The 8 available features in the primary cohort were used to build
clinical model based on multivariable logistic regression analysis.
We then verified the performance of these models in the
April 2021 | Volume 11 | Article 625220
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TABLE 1 | Patients’ characteristics of primary and validation cohorts.

Characteristics Whole cohort (n=136) Primary cohort (n=90) Validation cohort (n=46) P-value

Gender
Male 101 (74.3%) 70 (77.8%) 31 (67.4%) 0.19
Female 35 (25.7%) 20 (22.2%) 15 (32.6%)

Age (year) 54.169 ± 11.765 53.578 ± 11.237 55.236 ± 12.786 0.414
Peritumoral edema
Negative 91 (66.9%) 62 (68.9%) 29 (63.0%) 0.493
Positive 45 (33.1%) 28 (31.1%) 17 (37.0%)

Tumor size
<2cm 18 (13.2%) 11 (12.2%) 7 (15.2%) 0.444
2-5cm 95 (69.9%) 66 (73.3%) 29 (63.1%)
>5cm 23 (16.9%) 13 (14.5%) 10 (21.7%)

Location
Parasinoidal 37 (27.2%) 23 (25.6%) 14 (30.4%) 0.741
Facies convexa 28 (20.6%) 19 (21.1%) 9 (19.6%)
Skull base 24 (17.6%) 18 (20.0%) 6 (13.0%)
Others 47 (34.6%) 30 (33.3%) 17 (37.0%)

Hypertension
Negative 113 (83.1%) 74 (82.2%) 39 (84.8%) 0.706
Positive 23 (16.9%) 16 (17.8%) 7 (15.2%)

Diabetes
Negative 132 (97.1%) 86 (95.6%) 46 (100%) 0.147
Positive 4 (2.9%) 4 (4.4%) 0 (0%)

Epilepsy
Negative 134 (98.5%) 89 (98.9%) 45 (97.8%) 0.626
Positive 2 (1.5%) 1 (1.1%) 1 (2.2%)

Cerebral edema exacerbation
Negative 76 (55.9%) 55 (61.1%) 21 (45.7%) 0.086
Positive 60 (44.1%) 35 (38.9%) 25 (54.3%)
Categorical variables were presented as the number (percentage). Continuous variables consistent with a normal distribution were presented as mean ± standard deviation, otherwise the
median and quartile are used. Chi-Square or Fisher Exact tests, as appropriate, were used to compare the differences in categorical variables, while the independent sample t-test was
used to compare the differences in continuous variables.
TABLE 2 | Correlation between cerebral edema exacerbation and clinical characteristics of patients with meningioma in all patients.

Characteristics All Patients (n=136) Non-CEE (n=76) CEE (n=60) P-value

Gender
Male 101 (74.3%) 59 (77.6%) 42 (70.0%) 0.312
Female 35 (25.7%) 17 (22.4%) 18 (30.0%)

Age (year) 54.169 ± 11.765 55.066 ± 10.765 53.033 ± 12.926 0.319
Peritumoral edema
Negative 91 (66.9%) 66 (86.8%) 25 (41.7%) 0.000
Positive 45 (33.1%) 10 (13.2%) 35 (58.3%)

Tumor size
<2cm 18 (13.2%) 16 (21.1%) 2 (3.3%) 0.000
2-5cm 95 (69.9%) 56 (73.7%) 39 (65.0%)
>5cm 23 (16.9%) 4 (5.2%) 19 (32.7%)

Location
Parasinoidal 37 (27.2%) 16 (21.1%) 21 (35.0%) 0.001
Facies convexa 28 (20.6%) 16 (21.1%) 12 (20.0%)
Skull base 24 (17.6%) 8 (10.5%) 16 (26.7%)
Others 47 (34.6%) 36 (47.3%) 11 (18.3%)

Hypertension
Negative 113 (83.1%) 67 (88.2%) 46 (76.7%) 0.076
Positive 23 (16.9%) 9 (11.8%) 14 (23.3%)

Diabetes
Negative 132(97.1%) 74 (97.4%) 58 (96.7%) 0.810
Positive 4 (2.9%) 2 (2.6%) 2 (3.3%)

Epilepsy
Negative 134 (98.5%) 76 (100%) 58 (96.7%) 0.109
Positive 2 (1.5%) 0 (0%) 2 (3.3%)
CEE, Cerebral edema exacerbation.
Categorical variables were presented as the number (percentage). Continuous variables consistent with a normal distribution were presented as mean ± standard deviation, otherwise the
median and quartile are used. Chi-Square or Fisher Exact tests, as appropriate, were used to compare the differences in categorical variables, while the independent sample t-test was
used to compare the differences in continuous variables.

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xiao et al. Radiomics Predict Meningioma Postoperative CEE
validation cohort. As showed in Figure 4B, the AUCs were 0.85
(95% CI, 0.828-0.757) and 0.79 (95% CI, 0.757-0.815) in the
primary and validation cohorts, respectively.

In addition, after screening by AIC, two clinical
characteristics (including peritumoral edema and tumor size)
and radiomics signature were determined to establish the clin-
radiomics combined model, yielded an AUC of 0.91 (95% CI,
Frontiers in Oncology | www.frontiersin.org 6
0.893-926) in the primary cohort and 0.83 (95% CI, 0.808-0.858)
in the validation cohort (Figure 4C). The predictive accuracy of
the clin-radiomics combined model was 0.800 (0.775-0.824) in
the primary cohort and 0.744 (0.718-0.770) in the validation
cohort. The detailed predictive indicators of the three models are
shown in Table 5. As showed in Figure 5, The clin-radiomics
combined model is presented as a nomogram.
TABLE 3 | Correlation between cerebral edema exacerbation and clinical characteristics of patients with meningioma in the primary cohort and validation cohort.

Characteristics Primary cohort (n=90) P-value Validation cohort(n=46) P-value

Non-CEE CEE Non-CEE CEE

No. 55 35 21 25
Gender
Male 44 (80.0%) 26 (74.3%) 0.525 15 (71.4%) 16 (64.0%) 0.592
Female 11 (20.0%) 9 (25.7%) 6 (28.6%) 9 (36.0%)

Age (year) 53.473 ± 10.706 53.743 ± 12.183 0.912 59.240 ± 9.990 52.040 ± 14.096 0.056
Peritumoral edema
Negative 49 (89.1%) 13 (37.1%) 0.000 17(81.0%) 12 (48.0%) 0.021
Positive 6 (10.9%) 22 (62.9%) 4 (19.0%) 13(52.0%)

Tumor size
<2cm 11 (20.0%) 0 (0%) 0.000 5 (23.8%) 2 (8.0%) 0.100
2-5cm 42 (76.4%) 24 (68.6%) 14 (66.7%) 15 (60.0%)

>5cm 2 (3.6%) 11 (31.4%) 2 (9.5%) 8 (32.0%)

Location
Parasinoidal 11 (20.0%) 12 (34.3%) 0.018 5 (23.8%) 9 (36.0%) 0.038
Facies convexa 11 (20.0%) 8 (22.8%) 5 (23.8%) 4 (16.0%)

Skull base 8 (14.5%) 10 (28.6%) 0 (0%) 6 (24.0%)

Others 25 (45.5%) 5 (14.3%) 11 (52.4%) 6 (24.0%)

Hypertension
Negative 48 (87.3%) 26 (74.3%) 0.116 19 (90.5%) 20 (80.0%) 0.324
Positive 7 (12.7%) 9 (25.7%) 2 (9.5%) 5 (20.0%)

Diabetes
Negative 53 (96.4%) 33 (94.3%) 0.641 21 (100%) 25 (100%) a*
Positive 2 (3.6%) 2 (5.7%) 0 (0%) 0 (0%)

Epilepsy
Negative 55 (100%) 34 (97.1%) 0.207 21 (100%) 24(96.0%) 0.354
Positive 0 (0%) 1 (2.9%) 0 (0%) 1 (4.0%)
April 2021 | Volume 11 | Article
CEE, Cerebral edema exacerbation. a* means no comparative significance.
Categorical variables were presented as the number (percentage). Continuous variables consistent with a normal distribution were presented as mean ± standard deviation, otherwise the
median and quartile are used. Chi-Square or Fisher Exact tests, as appropriate, were used to compare the differences in categorical variables, while the independent sample t-test was
used to compare the differences in continuous variables.
A B C

FIGURE 2 | The selected three radiomics features showed significant differences between the postoperative CEE and non-CEE groups. (A) Texture feature ‘lbp-3D-
m1_glrlm_GrayLevelNonUniformity’ in contrast-enhanced T1-weighted imaging sequence; (B) Texture feature ‘lbp-3D-k_glrlm_GrayLevelNonUniformity’ in contrast-
enhanced T1-weighted imaging sequence; (C) Texture feature ‘gradient_gldm_DependenceEntropy’ in T2-weighted imaging sequence.
625220
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Calibration and Clinical Usefulness
Analysis
The calibration curve analysis and Hosmer-Lemeshow test
for clin-radiomics combined model demonstrated good
agreement between observations and predictions in both the
primary (P=0.95; Figure 6A) and validation cohorts (P=0.57;
Figure 6B).
Frontiers in Oncology | www.frontiersin.org 7
The decision curve analysis for the clin-radiomics combined
model is shown in Figure 7. The results showed that the clin-
radiomics combined model performed a higher net benefit than
both schemes, with a threshold probability of >0% for the primary
cohort (Figure 7A) and a threshold probability of >13% for the
validation cohort (Figure 7B). The results indicating that the clin-
radiomics combined model were clinically useful.
TABLE 4 | The detail information of three selected radiomic features.

Sequence Feature name Feature type Non-CEE CEE P value

CET1 lbp-3D-m1_glrlm_GrayLevelNonUniformity Texture 0.03975 (0.0235-0.151) 0.2025 0.0938-0.3483) <0.001
CET1 lbp-3D-k_glrlm_GrayLevelNonUniformity Texture 0.05305 (0.0212-0.2258) 0.2820 (0.1215-0.4578) <0.001
T2WI gradient_gldm_DependenceEntropy Texture 0.4970 (0.3500-0.7443) 0.7640 (0.6150-0.8648) <0.001
April 2021 | Volume 11 | Article
CEE, Cerebral edema exacerbation; T2WI, T2-weighted imaging; CE-T1, contrast-enhanced T1-weighted imaging.
FIGURE 3 | The distribution of the radiomics signature between postoperative CEE and non-CEE groups was compared by violin plot in the primary and validation cohorts.
A B C

FIGURE 4 | ROC curves of the radiomics signature, clinical model, and the clin-radiomics combined model in the primary and validation cohorts. The performances
of these models were assessed using the AUC value. (A) Radiomics signature. (B) Clinical model. (C) Clin-radiomics combined model.
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DISCUSSION

Meningioma is a benign tumor originating from meningeal cells.
It has the characteristics of high incidence rate, wide invasion
area and high local recurrence rate. It seriously threatens people’s
health and lives. It has attracted widespread attention in clinic
(25). However, many patients have postoperative brain edema
and severe life threatening. Therefore, it is particularly important
to predict postoperative edema of meningioma. At present, most
of the studies are about peritumoral edema of meningiomas
before operation, and the mechanism is not completely clear. It
may be related to the tumor itself factors, location, volume,
pathological type (26), blood-brain barrier damage (27),
endocrine activity and so on. However, there are few studies
on the aggravation of postoperative brain edema. The edema of
meningioma was mainly vascular origin, and the edema fluid was
Frontiers in Oncology | www.frontiersin.org 8
generated in tumor tissue. The formation mechanism of
angiogenic brain edema is that the increase of capillary
permeability leads to the infiltration of edema fluid and edema
protein into peripheral brain tissue (28).Therefore, some scholars
have shown that the aggravation of brain edema after surgery
may be due to the further destruction of the structure adjacent to
the blood-brain barrier, increased permeability, a large amount
of water seeps from the capillary and accumulates in the
extracellular space of nerve cells. It is undeniable that surgical
injury is indeed one of the factors for aggravating brain edema
(29).Some studies have also shown that brain edema after
meningioma surgery is caused by the relief of tumor
compression. When the compression is relieved, the blood-
brain barrier is affected, which is easy to induce vasospasm and
further aggravate the edema (30). Studies have shown that there
is a significant correlation between the expression of vascular
TABLE 5 | Performance of radiomics signature, clinical model and combined model.

Model Performance AUC ACC SE SP PPV NPV

Radiomic
Signature

Primary cohort 0.86 (0.833-0.881) 0.7 (0.672-0.727) 0.857 (0.822-0.891) 0.6 (0.561-0.638) 0.577 (0.537-0.617) 0.868 (0.836-0.899)
Validation cohort 0.800 (0.771-0.828) 0.761 (0.734-0.787) 0.84 (0.809-0.871) 0.667 (0.623-0.709) 0.75 (0.714-0.784) 0.778 (0.738-0.818)

Clinical
model

Primary cohort 0.85 (0.828-0.757) 0.778 (0.751-0.804) 0.600 (0.552-0.650) 0.891 (0.866-0.915) 0.778 (0.732-0.823) 0.778 (0.747-0.810)
Validation cohort 0.79 (0.757-0.815) 0.630 (0.600-0.660) 0.480 (0.438-0.520) 0.810 (0.772-0.845) 0.750 (0.703-0.780) 0.567 (0.529-0.604)

Combined
model

Primary cohort 0.91 (0.893-926) 0.800 (0.775-0.824) 0.667 (0.621-0.710) 0.897 (0.872-0.921) 0.824 (0.782-0.864) 0.788 (0.757-0.818)
Validation cohort 0.83 (0.808-0.858) 0.744 (0.718-0.770) 0.615 (0.572-0.659) 0.851 (0.822-0.880) 0.774 (0.733-0.816) 0.727 (0.693-0.761)
April 2021 | Volume
AUC, area under curve; ACC, accuracy; SN, sensitivity; SP, specificity; PPV, positive predict value; NPV, negative predictive value.
FIGURE 5 | The clin-radiomics combined model is presented as a nomogram, which incorporated patients’ peritumoral edema, tumor size, and radiomics
signature. The value of peritumoral edema, tumor size, and radiomics signature is located on corresponding lines 2-4, respectively. Draw a vertical line to the first line
(point axis) to get the corresponding score. The total scores obtained for three included features are reflected in line 5 (total point axis), and the possibility of
postoperative CEE has been determined in the last line.
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endothelial factor (31) and aquaporin-4 (32), which may be the
factors of aggravating brain edema after surgery in patients
with meningioma.

Radiomics is a new research field, which mainly through the
extraction, processing and quantitative analysis of high-
throughput data to explore the relationship with clinical value
information (33). As described in our previous study and review
(12), the radiomics process will first convert the radiographic
images into the mineable data, which has involved 4 steps,
namely, (a) image acquisition as well as reconstruction, (b)
segmentation or labeling of the region of interest (ROI), (c)
feature extraction as well as quantification, and (d) statistical
analysis, establishment of the predictive and prognostic models.
It has many applications in the central nervous system, such as
Frontiers in Oncology | www.frontiersin.org 9
differential diagnosis (34–37) and classification (15, 17),
prediction of molecular characteristics (38, 39), therapeutic
response and progress of central nervous system diseases (40,
41). These studies have shown that radiomics can be used to
identify differences in treatment response, progression, and
prognosis between patients with different CNS diseases, thus
emphasizing that radiomics can be used as a new low-cost tool to
improve treatment decisions for CNS diseases. Thus, we aim to
develop an efficient and widely applicable preoperative radiomics
model based on T2 and CET1 MRI images for predicting
postoperative CEE in meningioma.

In the current study, Wilcoxon rank sum test, elastic net and
RFE algorithm were sequentially utilized to reduce redundant
features and select the most appropriate features for the
A B

FIGURE 6 | Calibration curve analysis for the clin-radiomics combined model in the primary (A) and validation (B) cohorts. Calibration curves depict the calibration of
each model in terms of the agreement between the predicted and actual probability of the postoperative CEE probability. The Y axis represents the actual rate. The X
axis represents the predicted probability. The diagonal purple line represents perfect prediction by an ideal model. The blue (primary cohort) and green (validation
cohort) lines represent the performance of the clin-radiomics combined model, of which a closer fit to the diagonal purple line represents a better prediction.
A B

FIGURE 7 | Decision curve analysis for clin-radiomics combined model in the primary (A) and validation (B) cohorts. The Y axis measures the net benefit. The blue
(primary cohort) and green (validation cohort) lines represent the clin-radiomics combined model. The purple line represents the assumption that the postoperative
CEE is highly expressed in all patients. The black line represents the assumption that no patients had a postoperative CEE.
April 2021 | Volume 11 | Article 625220
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construction of a radiomics signature. It is crucial to exclude
irrelevant features, because these features may obscure important
information and affect the performance of the prediction model
(42). First, after the Wilcoxon rank sum test, we conducted a
preliminary screening and got 1962 radiomics features. Then, 45
radiomics features were further obtained through the elastic net
algorithm, and a feasible number that balances insufficient fitting
and over fitting is obtained. Finally, using the RFE algorithm to
select 3 features, a prediction model was constructed, and
balanced performance was achieved in both the primary and
validation cohorts.

Next, a radiomics signature and a clin-radiomics combined
model that combined the radiomics signature and clinical
features were constructed to predict the postoperative CEE of
meningioma. The clin-radiomics combined model demonstrated
a stable and reliable performance, reaching an AUC of 0.91 (95%
CI, 0.893-926) and 0.83 (95% CI, 0.808-0.858), and an accuracy
of 0.800 (0.775-0.824) and 0.744 (0.718-0.770) in the primary
and validation cohorts, respectively. Good discrimination and
good calibration were observed with the clin-radiomics
combined model. The performance of the clin-radiomics
combined model constructed is significantly higher than that
of the clinical model, so the use of the clin-radiomics combined
model is more accurate and more effective in predicting the
postoperative brain edema and assisting clinical decision-
making. These results indicated the reliability of the radiomics
approach to non-invasively predict postoperative CEE in
patients with meningioma.

This study has some limitations. First, this is a single-center
retrospective study. Second, although internal patients were used
to validate the model, the number of patients we included was
small. Thus, more patients frommultiple centers and prospective
studies are necessary to verify the effectiveness and robustness of
this clin-radiomics combined model. Finally, the standard of
CEE adopted by us is as mentioned above, but different CEE
standards will lead to different results.
Frontiers in Oncology | www.frontiersin.org 10
CONCLUSION

In conclusion, this retrospective study demonstrated that
multiparametric MRI-based radiomics analysis is a promising
approach for postoperative CEE prediction in patients with
meningioma. It can serve as an effective noninvasive approach
to predict postoperative CEE and determine individualized
therapeutic schemes for patients with meningioma.
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