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Editorial on the Research Topic

Meningioma: From basic research to clinical translational study, volume II
The last Research Topic “Meningioma: From Basic Research to Clinical Translational

Study” published in Frontiers in Oncology (1), featured more than 40 papers on

meningiomas discussing aspects of basic research, clinical management, and adjuvant

therapies (1). This time, in the 31 manuscripts included in Research Topic II, papers mainly

covered advances in molecular genetics of meningiomas and targeted therapies for

these tumors.
1 Molecular genetic alterations in meningiomas

Meningiomas are thought to arise from the meninges and many studies are currently

focused on meningeal tumorigenesis mechanisms (2, 3). The landmark 2021 World Health

Organization (WHO) edition of the classification of central nervous system (CNS) tumors

endorsed, for the first time, molecular grading schemes for meningiomas with tumor

classification based on genetic/epigenetic alterations (4–6), including methylation patterns,

copy number alterations and driver mutations, such as TERT promoter mutation, and

homozygous CDKN2A/B deletion in anaplastic meningiomas. Deng et al. found that TERT

alterations were strongly associated with tumor progression and poor outcome of de novo

high-grade meningiomas patients after postoperative adjuvant radiotherapy.

In addition, several reviews included in this Research Topic highlighted our current

understanding of the molecular and genetic alterations in meningiomas. Peng et al.

suggested that thorough understanding of these changes will assist in identifying “high-

risk” factors for recurrent and progressive meningiomas with a view towards establishing

personalized and precise therapy for patients with meningioma. Wang et al. discussed

preclinical and clinical evidence of molecular classification schemes for meningioma
frontiersin.org017
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prognostication. Kim et al. explored the clinical significance of next-

generation sequencing in characterizing the molecular profiles of

high-grade meningiomas.

There is accumulating evidence that the WHO grade alone may

not provide an adequate prediction of meningioma behavior (6). In

their study, Roehrkasse et al. proposed the integration of routine

molecular profiling with histopathologic grading to guide clinical

decision-making strategies in patients with meningiomas.

Moreover, Chen et al. suggested that the N6-methylation (m6A)

regulators segregated meningiomas into two distinct m6A clusters,

which correlated with different m6A regulator gene expression and

immune cell infiltration.
2 Translational therapies
for meningiomas

Molecular data can inform future directions in therapeutic

strategies for meningioma. Currently, multiple targetable genetic

alterations have been identified in meningiomas, and targeted

therapies (including focal adhesion kinase inhibitor GSK2256098

and CDK4/6 inhibitors) are being clinically evaluated in

meningioma patients (7, 8). Lynes et al. discussed molecular

classification schemes for meningiomas, and reviewed current

multi-targeted therapies for meningiomas. Young et al.

systematically described the preclinical evidence for CDK4/6

inhibitors as therapies for high-grade meningiomas, and

summarized clinical trials with these inhibitors. Patel et al.

comprehensively summarized their experience regarding three

cases of progressive meningiomas, and discussed targeted drug

treatment for aggressive and recurrent meningiomas.

Along with the advances in molecular characterization of

meningiomas, there has been recent progress in understanding the

immune profile of meningiomas. The meningioma immune

microenvironment mostly comprises macrophages, T cells and mast

cells. Kannapadi et al. in their excellent review described the immune

signatures of meningiomas and discussed the interactions between

molecular patterns and immune signatures in meningiomas.

Moreover, they detailed several clinical trials using immunotherapy in

meningiomas. Programmed death-ligand 1 (PD-L1) is one of the most

frequently studied immune checkpoint molecules in meningiomas, and

clinical trials on PD-1 blockade have been reported (9, 10). Furthermore,

in the cellular and rodent model level, Deng et al. demonstrated that

the expression of nicotinamide phosphoribosyltransferase (NAMPT)

is upregulated in anaplastic meningiomas, and that the NAMPT

inhibitor-FK866 can significantly suppress the growth of anaplastic

meningiomas. Moreover, FK866 can inhibit PD-L1 expression in

anaplastic meningiomas.
3 Radiomics enabled prediction
models for meningiomas

Histopathological grading alone is insufficient to achieve

optimal risk stratification. In fact, it is clinically difficult to predict
Frontiers in Oncology 028
postoperative recurrence and guide individual treatment decisions

only by tumor classification. In this Research Topic collection,

several papers using radiological techniques for meningioma

prediction are included. Zhang et al. in their study generated an

MRI-based prediction model of meningioma recurrence after

surgery, which was coupled with clinical prognostic factors and

histopathological grades. Chen et al. established an integrated

model based on clinical, radiological and pathological factors to

predict the postoperative recurrence of atypical meningioma. Sun

et al. used a combination of radiomics analysis and machine

learning, showing clinical utility in the prediction of preoperative

NF2 status in meningiomas. Li et al. constructed a model for

predicting brain invasion in WHO grade II meningioma by using

preoperative MRI. Takase et al. assumed that bone invasion may be

a preoperative predictor of the extent of surgical resection

for meningiomas.

Interestingly, Roytman et al. used combined PET/MRI to

demonstrate a significant correlation between tumor vascularity

and somatostatin receptor-2 (SSTR2) expression in WHO II/III,

but not in WHO I meningiomas, suggesting biological differences

in the relationship between tumor vascularity and SSTR2 expression

in higher-grade meningiomas. Chen et al. differentiated intracranial

hemangiopericytoma/solitary fibrous tumor (HPC/SFT) and

meningioma via deep learning approaches based on preoperative

MRI. HPC/SFT have similar radiological characteristics as

meningioma, but with different clinical management and outcomes.

In addition, Fan et al. also used a clinical-radiomic model to

preoperatively distinguish HPC and angiomatous meningioma.
4 Clinical management for
meningiomas

Meningiomas are very common brain tumors, and diverse in

intracranial locations and behavior. In this Research Topic,

several papers discussing localization features and clinical

therapies for meningiomas were also collected. In the

parasagittal meningiomas derived from arachnoidal cap cells

distributed in the arachnoid granulations, Ye et al. used

anatomical and histological techniques to reveal the different

anatomical types of arachnoid granulations. Based on these

features, they speculated on the different growth patterns of

parasagittal meningioma, which can guide the neurosurgeon to

remove the tumor safely. Yamada et al. identified factors

predictive of clinical symptoms in patients with convexity,

parasagittal and falx meningiomas, which may be useful in

improving management of patients. Mederer et al. showed that

surgical resection leads to long-term improvement of neurological

impairment in the majority of patients with non-skull base

meningiomas. However, tumor location, biology and extent of

resection are essential factors influencing neurological outcome.

Unlike more superficially based tumors, meningiomas deeply

located inside the skull and adjacent to critical neurovascular

structures are more challenging to access and more difficult to

resect. Gao et al. concluded that the optimal surgical approach for
frontiersin.org
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petroclival meningiomas (PCMs) depends on the size, extension of

the tumor and the anatomical relationship between the tumor and

the cranial nerves. Ding et al. showed combined microscopic-

endoscopic surgery for pineal region meningiomas eliminates

microscopic blind spots, thus compensating for the shortcomings

of the traditional occipital transtentorial approach. Liu et al.

introduced their experiences in the management of falcotentorial

junction tumors, and concluded that the surgical approach selection

depends on the growth characteristics of the tumor and venous or

sinus involvement.

For large meningiomas, adjuvant treatments may also be used.

Yin et al. showed that preoperative embolization can significantly

lower surgical complications and long-term disabilities for

meningioma patients. Gong et al. investigated the efficiency

and safety of dose-staged Gamma Knife radiosurgery as an

alternative option for large volume meningiomas adjacent to

critical structures. Consensus regarding the need for adjuvant

radiotherapy in patients with atypical meningiomas has not been

reached. Song et al demonstrated that regardless of either gross

total resection or subtotal resection of the tumor, postoperative

radiotherapy improved progression-free survival and overall

survival for patients.
5 Conclusions

Meningioma recurrence is related to multiple factors, including

age, extent of surgical excision, and histological grade as the

currently accepted surrogate for our understanding of tumor

behavior, though this is challenged by our understanding of

genomics and epigenomics. Recently, an increasing number of

studies have reported that the presence of cancer stem cells

(CSCs) within meningioma is closely associated with tumor

aggressiveness, recurrence and therapy resistance (11, 12).

Furthermore, patient-derived xenograft (PDX) models using

patient-derived tumor cells transplanted into immunodeficient

mice have also emerged as important tools for translational

research in meningiomas (13).
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Background: This study aims to establish an integrated model based on clinical,
laboratory, radiological, and pathological factors to predict the postoperative recurrence
of atypical meningioma (AM).

Materials and Methods: A retrospective study of 183 patients with AM was conducted.
Patients were randomly divided into a training cohort (n = 128) and an external validation
cohort (n = 55). Univariable and multivariable Cox regression analyses, the least absolute
shrinkage and selection operator (LASSO) regression analysis, time-dependent receiver
operating characteristic (ROC) curve analysis, and evaluation of clinical usage were used
to select variables for the final nomogram model.

Results: After multivariable Cox analysis, serum fibrinogen >2.95 g/L (hazard ratio (HR),
2.43; 95% confidence interval (CI), 1.05–5.63; p = 0.039), tumor located in skull base (HR,
6.59; 95% CI, 2.46-17.68; p < 0.001), Simpson grades III–IV (HR, 2.73; 95% CI, 1.01–
7.34; p = 0.047), tumor diameter >4.91 cm (HR, 7.10; 95% CI, 2.52–19.95; p < 0.001),
and mitotic level ≥4/high power field (HR, 2.80; 95% CI, 1.16–6.74; p = 0.021) were
independently associated with AM recurrence. Mitotic level was excluded after LASSO
analysis, and it did not improve the predictive performance and clinical usage of the model.
Therefore, the other four factors were integrated into the nomogram model, which
showed good discrimination abilities in training cohort (C-index, 0.822; 95% CI, 0.759–
0.885) and validation cohort (C-index, 0.817; 95% CI, 0.716–0.918) and good match
between the predicted and observed probability of recurrence-free survival.

Conclusion: Our study established an integrated model to predict the postoperative
recurrence of AM.

Keywords: atypical meningioma, recurrence, predict, LASSO, nomogram, model
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INTRODUCTION

Meningioma is a common primary brain tumor that comprises
about 36.4% of all central nervous system (1). According to the
2016 World Health Organization (WHO) grading criterion (2),
meningioma has been classified into three grades. WHO grade II
meningioma, which is named as atypical meningioma (AM), is
rare and more progressive and invasive compared with WHO
grade I meningioma, with 5-year recurrence rates ranging from
30% to 60% after surgical resection (3–6). Therefore, identifying
predictive factors for recurrence is important to individually
manage AM patients. To date, reliable prediction for recurrence
of AM patients remains challenging.

At present, pathological diagnosis is the gold standard for the
diagnosis of AM. The incidence of this disease is relatively small,
and it accounts a relatively small proportion in meningioma.
Therefore, prospective studies for AM are difficult to perform.
Performing additional retrospective reviews on AM patients
could analyze and summarize the characteristics and risk
factors for recurrence of those patients, which could provide
assistance for preoperative AM diagnosis, postoperative
recurrence prediction, and personalized follow-up regimen
development. Many factors, including age, extent of resection,
tumor location, mitotic index, Ki-67 index, postoperative
radiation therapy (PORT), and serum biomarkers have been
identified as effective predictive factors of recurrence and
prognosis in AM (7–11). However, the current evidence
exploring the risk factors for recurrence in AM patients
remains equivocal. Considering the limited precision and
effectiveness of a single risk factor, an integrated model with
multiple factors may be more suitable for recurrence prediction.

Here, we propose an integrated model based on clinical,
laboratory, radiological, and pathological factors to predict the
recurrence of AM patients after surgical resection, which assists
us to predict the therapeutic effects in the heterogeneous patients
and make individualized follow-up management.
METHOD

Study Cohort
The medical records of 183 patients diagnosed as AM who
received surgical resection at the First Affiliated Hospital of
Fujian Medical University and Fuzong Clinical Medical College
of Fujian Medical University between January 2011 and June
2019 were retrospectively reviewed. The study was approved by
the local ethics committee of the First Affiliated Hospital of
Fujian Medical University and Fuzong Clinical Medical College
of Fujian Medical University. It was conducted in accordance
with the ethical guidelines of the Declaration of Helsinki.
Informed consent was waived for this retrospective study. The
eligibility criteria for inclusion were as follows: (1) age ≥18 years
old; (2) diagnosis of AM was confirmed by pathological
examination. Patients operated on before 2016 were examined
for pathological results to confirm the diagnosis based on 2016
WHO criterion (2); (3) complete medical records including
clinical, laboratory, imaging, and pathological information;
Frontiers in Oncology | www.frontiersin.org 212
(4) no history of surgical treatment and adjuvant therapy
before admission; and (5) no other tumor, autoimmune, and
inflammatory diseases. There were 29 AM patients which were
excluded because of lack of specific information.

Data Collection and Follow-Up
Patient information were retrieved from medical records at the first
Affiliated Hospital of Fujian Medical University. For each patient,
the following information was obtained: age, sex, comorbid
condition, preoperative routine serum test, tumor features
(location, size, peritumoral edema) based on computed
tomography (CT) or magnetic resonance imaging (MRI), extent
of resection (Simpson grades I–II or Simpson grades III–IV), skull
invasion, immunohistochemical features (mitotic level and Ki-67
index), and PORT. Tumor features in the MRI were independently
assessed by two experienced neurosurgeons who were blind to
patient characteristics. Similarly, the pathological diagnoses of all
patients were confirmed by two experienced pathologists according
to the 2016 WHO CNS tumor grading criterion (2). Based on the
preoperative routine serum test, neutrophil-to-lymphocyte ratio
(NLR), platelet-to-lymphocyte ratio (PLR), lymphocyte–monocyte
ratio (LMR), and systemic inflammatory response index (SIRI)
were calculated as follows: NLR = neutrophil/lymphocyte,
PLR = platelet/lymphocyte, LMR = lymphocyte/monocyte, and
SIRI =monocyte × neutrophil/lymphocyte.

In addition to the first reexamination within 1 month after
surgery, patients were regularly screened for recurrence by
contrast-enhanced CT or MRI every 3 months in the first year,
every 6 months in the second year, and annually thereafter. The
primary endpoint was recurrence-free survival (RFS), defined as
the time from surgery to initial recurrence (12).

The cutoff values of several serum biomarkers and tumor
diameter for predicting tumor recurrence was determined by the
receiver operating characteristic (ROC) curve analysis as follows,
NLR = 2.59, PLR = 74.9, LMR = 5.46, SIRI = 0.77, serum
fibrinogen (FIB) = 2.95 g/L, and tumor diameter = 4.91 cm.

Model Building and Statistics
Considering the sample size of our study, we used training cohort
and validation cohort without test cohort during modeling
process. Patients were randomly assigned into training cohort
(n = 128) and validation cohort (n = 55) at a common ratio of 7:3
(13) to avoid the potential bias associated with small sample size
of validation set. Based on our own experience and previous
studies, we hypothesized that a constellation of clinical,
laboratory, imaging, and immunohistochemical parameters
were related to the recurrence of AM. Continuous factors such
as age, mitotic level, and Ki-67 index were turned into
dichotomies as suggestions proposed by previous study (14).
Univariable Cox regression analysis was initially utilized to
identify potential predictive factors for tumor recurrence.
Factors with a p-value less than 0.10 in the univariable Cox
regression analysis were further analyzed by multivariable
analysis. Nonsignificant factors (p ≥ 0.05) were removed from
the model by forward elimination procedure. The factors left
after the stepwise procedure of multivariable analysis were
further included in the least absolute shrinkage and selection
October 2021 | Volume 11 | Article 754937
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operator (LASSO) regression analysis in order to avoid
overfitting or underfitting of the model. The models were
compared before (model A) and after (model B) LASSO
regression analysis based on predictive performance and
clinical usage. Time-dependent ROC curve was utilized to
evaluate the accuracy and effectiveness of the two models at
different time points. Decision curve analyses (DCA), integrated
discrimination improvements (IDI), and Net Reclassification
Index (NRI) were applied to assess and compare the clinical
usage of the two models.

After a comprehensive comparison, the final model was
applied to establish a nomogram to predict the probability of
RFS at 2, 3, and 5 years. In both training and validation cohorts,
the discrimination ability of the nomogram was evaluated by
Harrell’s concordance index (C-index), and the consistency
between the actual and predicted RFS rate was confirmed by
the calibration curve.

Statistical analysis was performed by SPSS 19.0 statistical
software (SPSS, Inc., Chicago, IL, USA) and R statistical
software (R version 4.0.3, R Project, www.r-project.org).
Continuous variables were presented as mean ± standard
deviation (data with normal distribution) for two-sample t-test
or median (range) (data without normal distribution) for Mann-
Whitney U test. Categorical variables were presented as
frequency (percentage) and compared with Pearson Chi-square
test or Fisher exact test. All statistical tests were two sided, and
statistical significance was set at p < 0.05.
RESULTS

Patient Characteristics
The general characteristics of all patients and comparison of two
cohorts were presented in Table 1. Of the 183 patients, 63 patients
were male and 120 patients were female; the proportion of patients
with age ≥60 years was 33.9%. The proportion of recurrence
(p = 0.154) showed gratifying similarity between the training
cohort and the validation cohort. In addition, the other
parameters showed the two cohorts were homogeneous and
comparable, indicating that the datawere reliable with high quality.

The median length of follow-up, RFS, and overall survival of
the included patients were 50.00 months (34.00–77.00),
25.50 months (14.00–37.25), and 34.00 months (31.00–48.00),
respectively. In the 25 patients with Simpson grades III–IV, the
patients with PORT had a longer RFS than those without PORT
(54.00 vs 17.50 months, p = 0.034).

Predictive Factors of Recurrence in the
Training Cohort
The ROC curve analysis showed that NLR = 2.59, PLR = 74.90,
LMR = 5.46, SIRI = 0.77, FIB = 2.95 g/L, and tumor
diameter = 4.91 cm were the optimal cutoff values (Table 2).
Based on the corresponding cutoff values, the area under curve
(AUC) of NLR, PLR, LMR, SIRI, FIB, and tumor diameter were
0.638 (95% confidence interval (CI), 0.549–0.721), 0.503 (95%
CI, 0.414–0.593), 0.550 (95% CI, 0.459–0.638), 0.570 (95% CI,
0.479–0.657), 0.679 (95% CI, 0.591–0.759), and 0.702 (95% CI,
Frontiers in Oncology | www.frontiersin.org 313
0.615–0.780), respectively; the sensitivity of NLR, PLR, LMR,
SIRI, FIB, and tumor diameter were 59.26%, 100.00%, 59.26%,
59.26%, 66.67%, and 74.07%, respectively; the specificity of NLR,
PLR, LMR, SIRI, FIB, and tumor diameter were 75.25%, 7.92%,
55.45%, 65.35%, 75.25%, and 59.41%, respectively; the Youden
index of NLR, PLR, LMR, SIRI, FIB, and tumor diameter were
0.345, 0.079, 0.147, 0.246, 0.419, and 0.335, respectively.

The univariable analysis showed that neutrophil count (HR,
1.13; 95% CI, 0.98–1.30; p = 0.092), NLR >2.59 (HR, 3.62; 95%
CI, 1.67–7.82; p = 0.001), SIRI >0.77 (HR, 2.50; 95% CI, 1.14–
5.47; p = 0.022), FIB >2.95 g/L (HR, 3.56; 95% CI, 1.65–7.69;
p = 0.001), tumor located in skull base (HR, 2.63; 95% CI, 1.18–
5.86; p = 0.018), Simpson grades III–IV (HR, 2.53; 95% CI, 1.07–
5.98; p = 0.035), tumor diameter >4.91 cm (HR, 3.97; 95% CI,
1.68–9.41; p = 0.002), mitotic level ≥4/high-power field (HR,
2.21; 95% CI, 1.04–4.70; p = 0.040), and PORT (HR, 2.18; 95%
CI, 0.95–5.00; p = 0.065) were associated with AM recurrence
(Table 3). In the multivariable analysis, FIB >2.95 g/L (HR, 2.43;
95% CI, 1.05–5.63; p = 0.039), tumor located in skull base (HR,
6.59; 95% CI, 2.46–17.68; p < 0.001), Simpson grades III–IV (HR,
2.73; 95% CI, 1.01–7.34; p = 0.047), tumor diameter >4.91 cm
(HR, 7.10; 95% CI, 2.52–19.95; p < 0.001), and mitotic level ≥4/
high-power field (HR, 2.80; 95% CI, 1.16–6.74; p = 0.021) were
independently associated with AM recurrence (Table 3).

Variable Selection for Final Model Based
on LASSO Regression Analysis and Time-
Dependent ROC, DCA, IDI, and NRI
The LASSO regression analysis was utilized to identify whether
there were overfitting or underfitting in the five independent risk
factors for the recurrence (Figure 1). The optimal l (one
standard error of the minimum criteria) was selected with a
value of 0.08 and four nonzero coefficients. Considering the
clinical importance of mitotic level and its exclusion by LASSO
regression analysis, we established two models: ModelA, all the
five independent risk factors including mitotic level; ModelB, all
the independent prognostic factors without mitotic
level (Table 4).

The time-dependent ROC curves of the two models showed
that they both have good predictive performance (AUC >0.7) in
the training cohort and validation cohort during the follow-up
time (Figure 2). Overall, the predictive performance of model B
was slightly better than model A in the training cohort but
slightly weaker than model A in the first half of the follow-up
time in the validation cohort. Comparison of the clinical usage of
the two models in the training cohort and validation cohort
evaluated by DCA, IDI, and NRI were as follows: the 2-, 3-, and
5-year DCA curves showed that the net benefit of ModelB could
be better or worse than model A at different risk thresholds
(Figure 3); as shown in Figure 4, the IDI approach indicated that
the clinical utility of model B was similar to model A in both
training cohort (2 years after surgery: IDI = −0.01, 95%
CI = −0.09–0.04, p > 0.05; 3 years after surgery: IDI = −0.01,
95% CI = −0.09–0.04, p > 0.05; 5 years after surgery: IDI = −0.02,
95% CI = −0.14–0.04, p > 0.05) and validation cohort (2 years
after surgery: IDI = 0, 95% CI = −0.07–0.02, p > 0.05; 3 years after
surgery: IDI = 0, 95% CI = −0.08–0.02, p > 0.05; 5 years after
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surgery: IDI = 0, 95% CI = −0.10–0.04, p > 0.05); the NRI
approach shown in Figure 4 indicated that the clinical utility of
model B was also similar to model A in both training cohort
(2 years after surgery: NRI = −0.09, 95%CI = −0.46–0.24,
Frontiers in Oncology | www.frontiersin.org 414
p > 0.05; 3 years after surgery: NRI = −0.09, 95% CI = −0.39–
0.19, p > 0.05; 5 years after surgery: NRI = −0.11, 95%
CI = −0.49–0.25, p > 0.05) and validation cohort (2 years after
surgery: NRI = −0.11, 95% CI = −0.56–0.59, p > 0.05; 3 years after
TABLE 1 | Characteristics of patients in the training and validation cohorts.

Characteristic All (n = 183) Training cohort (n = 128) Validation cohort (n = 55) p-Value

Demographics
Age
<60 years 121 (66.1%) 80 (62.5%) 41 (74.5%) 0.114
≥60 years 62 (33.9%) 48 (37.5%) 14 (25.5%)

Sex
Male 63 (34.4%) 49 (38.3%) 14 (25.5%) 0.094
Female 120 (65.6%) 79 (61.7%) 42 (74.5%)

Comorbid condition
Hypertension
No 151 (82.5%) 104 (81.3%) 47 (85.5%) 0.492
Yes 32 (17.5%) 24 (18.8%) 8 (14.5%)

Diabetes mellitus
No 175 (95.6%) 121 (94.5%) 54 (98.2%) 0.476
Yes 8 (4.4%) 7 (5.5%) 1 (1.8%)

Laboratory data
RBC count 109/L 4.51 (4.17–4.80) 4.56 (4.17–4.87) 4.41 (4.18–4.71) 0.107
WBC count 109/L 6.01 (5.10–7.40) 6.03 (5.09–7.46) 5.81 (5.10–7.40) 0.754
NEU count 109/L 3.67 (2.92–5.19) 3.52 (2.83–5.11) 4.05 (3.16–5.35) 0.117
MON count 109/L 0.35 (0.25–0.45) 0.35 (0.27–0.46) 0.35 (0.23–0.45) 0.535
LYM count 109/L 1.82 (1.52–2.19) 1.82 (1.53–2.18) 1.76 (1.48–2.20) 0.757
PLT count 109/L 236.00 (190.05–279.00) 234.50 (187.76–276.75) 236.25 (196.00–289.80) 0.431
NLR 2.00 (1.53–3.04) 1.95 (1.52–2.74) 2.61 (1.55–3.31) 0.073
PLR 125.22 (102.12–158.95) 121.22 (99.61–155.24) 131.25 (104.60–171.14) 0.296
LMR 5.58 (4.24–6.90) 5.32 (4.14–6.58) 5.91 (4.48–7.25) 0.209
SIRI 0.66 (0.42–1.10) 0.66 (0.42–1.10) 0.66 (0.42–1.10) 0.944
FIB (g/L) 2.75 (2.43–3.36) 2.69 (2.39–3.26) 2.81 (2.54–3.42) 0.165
HB (g/L) 132.26 ± 14.80 133.33 ± 15.69 129.76 ± 12.27 0.134

Tumor features and surgical factors
Location
Nonskull base 141 (77.0%) 101 (78.9%) 40 (72.7%) 0.362
Skull base 42 (23.0%) 27 (21.1%) 15 (27.3%)
Tumor diameter (cm) 4.93 ± 1.39 4.91 ± 1.49 4.95 ± 1.11 0.859

Peritumoral edema
≤1 cm 73 (39.9%) 52 (40.6%) 21 (38.2%) 0.757
>1 cm 110 (60.1%) 76 (59.4%) 34 (61.8%)

Extent of resection
Simpson grades I–II 158 (86.3%) 112 (87.5%) 46 (83.6%) 0.485
Simpson grades III–IV 25 (13.7%) 16 (12.5%) 9 (16.4%)

Skull invasion
No 118 (64.5%) 79 (61.7%) 39 (70.9%) 0.234
Yes 65 (35.5%) 49 (38.3%) 16 (29.1%)

Immunohistochemical feature
Mitotic level
<4/HPF 116 (63.4%) 84 (65.6%) 32 (58.2%) 0.338
≥4/HPF 67 (36.6%) 44 (34.4%) 23 (41.8%)

Ki-67 index
<5% 113 (61.7%) 79 (61.7%) 34 (61.8%) 0.990
≥5% 70 (38.3%) 49 (38.3%) 21 (38.2%)

PORT
No 151 (82.5%) 109 (85.2%) 42 (76.4%) 0.151
Yes 32 (17.5%) 19 (14.8%) 13 (23.6%)

Recurrence
No 139 (76.0%) 101 (78.9%) 38 (69.1%) 0.154
Yes 44 (24.0%) 27 (21.1%) 17 (30.9%)
October 2021 | Volume 11 | Article
Values are reported as number, number (%), median (25%–75%), and mean ± standard deviation.
RBC, red blood cell; HCT, hematocrit; WBC, white blood cell; NEU, neutrophil; MON, monocyte; LYM, lymphocyte; PLT, platelet; NLR, neutrophil-lymphocyte ratio; PLR, platelet-to-
lymphocyte ratio; LMR, lymphocyte–monocyte ratio; SIRI, systemic inflammatory response index; FIB, fibrinogen; HB, hemoglobin; HPF, high-power field; PORT, postoperative
radiation therapy.
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surgery: NRI = 0.06, 95% CI = −0.43–0.27, p > 0.05; 5 years after
surgery: NRI = −0.06, 95% CI = −0.52–0.34, p > 0.05).

The above results showed that mitotic level did not bring
significant improvement in predictive ability. Thus, the mitotic
level was excluded and the more simplified model (model B)
was selected.

Establishment and Verification of
Nomogram
FIB, tumor location, extent of resection, and tumor diameter
were incorporated into the nomogram for recurrence prediction
in the training cohort (Figure 5). The nomogram showed good
discrimination ability (C-index, 0.822; 95% CI, 0.759–0.885).
The calibration curves for the RFS rate at 2, 3, and 5 years
showed good consistency between the predicted and observed
probability (Figures 6A–C). In the validation cohort, the model
also showed a good prediction with C-index = 0.817 (95% CI,
Frontiers in Oncology | www.frontiersin.org 515
0.716–0.918). Good match was observed between the predicted
and observed probability in this cohort (Figures 6D–F).
DISCUSSION

Currently, the treatment strategy for AM is surgical resection. Even
with gross total resection, a considerable fraction of patients may
recur years after surgery due to the aggressive progression and
invasion (4, 5, 8, 10, 11). Patients who received the same treatment
regimen may exhibit heterogeneity in tumor growth and
recurrence. Another intrinsic challenge for the nuanced
investigation of AM recurrence is its low incidence, resulting in a
long-time span of the study to achieve sufficient sample size and
follow-up duration. In addition, since the shifting of WHO
diagnostic criteria over time, studies focused on AM have become
more problematic. Precise and reliable model for recurrence
TABLE 2 | The cutoff value and area under the curve of the possible predictive factors of recurrence in training cohort.

Parameter Cutoff value AUC Sensitivity (%) Specificity (%) Youden index 95% CI of AUC p-Value

NLR 2.59 0.638 59.26 75.25 0.345 0.549–0.721 0.026
PLR 74.90 0.503 100.00 7.92 0.079 0.414–0.593 0.957
LMR 5.46 0.550 59.26 55.45 0.147 0.459–0.638 0.433
SIRI 0.77 0.570 59.26 65.35 0.246 0.479–0.657 0.258
FIB 2.95 0.679 66.67 75.25 0.419 0.591–0.759 0.004
Tumor diameter cm 4.91 0.702 74.07 59.41 0.335 0.615–0.780 <0.001
October 20
21 | Volume 11 | Article
AUC, area under curve; CI, confidence interval; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; LMR, lymphocyte–monocyte ratio; SIRI, systemic inflammatory
response index; FIB, fibrinogen.
TABLE 3 | Univariable and multivariable cox hazard regression analyses of recurrence in the training cohort.

Parameter Univariable analysis Multivariable analysis

HR 95% CI p-Value HR 95% CI p-Value

Age ≥60 years 1.72 0.81–3.65 0.162
Male 0.60 0.28–1.28 0.184
Hypertension 1.10 0.42–2.92 0.842
Diabetes mellitus 0.05 0–92.41 0.427
RBC 1.21 0.60–2.44 0.592
WBC 1.11 0.96–1.27 0.167
NEU 1.13 0.98–1.30 0.092
MON 0.30 0.03–2.98 0.302
LYM 0.93 0.45–1.90 0.833
PLT 1.00 1.00–1.01 0.760
NLR >2.59 3.62 1.67–7.82 0.001
PLR >74.90 22.50 0.04–14518.00 0.346
LMR >5.46 1.79 0.83–3.86 0.138
SIRI >0.77 2.50 1.14–5.47 0.022
FIB >.95 g/L 3.56 1.65–7.69 0.001 2.43 1.05–5.63 0.039
HB 1.00 0.98–1.03 0.825
Tumor located in skull base 2.63 1.18–5.86 0.018 6.59 2.46–17.68 <0.001
Tumor diameter >4.91 cm 3.97 1.68–9.41 0.002 7.10 2.52–19.95 <0.001
Peritumoral edema > 1 cm 0.82 0.38–1.79 0.623
Simpson grades III–IV 2.53 1.07–5.98 0.035 2.73 1.01–7.34 0.047
Skull invasion 1.47 0.69–3.13 0.321
Mitotic level ≥4/HPF 2.21 1.04–4.70 0.040 2.80 1.16–6.74 0.021
Ki-67 index ≥5% 1.23 0.57–2.66 0.596
PORT 2.18 0.95–5.00 0.065
HR, hazard ratio; CI, confidence interval; RBC, red blood cell; WBC, white blood cell; NEU, neutrophil; MON, monocyte; LYM, lymphocyte; PLT, platelet; NLR, neutrophil-lymphocyte ratio;
PLR, platelet-to-lymphocyte ratio; LMR, lymphocyte–monocyte ratio; SIRI, systemic inflammatory response index; FIB, fibrinogen; HB, hemoglobin; HPF, high-power field; PORT,
postoperative radiation therapy.
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prediction is helpful to guide clinicians inmanagement and follow-
up strategy of individual patients. Therefore, predicting recurrence
of AM has been an urgent problem and a challenge in clinic.

Considering the interactions of the risk factors and integrating
them into a nomogram model may be more practical and reliable
for recurrence and prognosis prediction of manymalignancies (15,
16). Our study divided the serum biomarkers and tumor diameter
as binary variables based on their optimal cutoff value, which may
be practical in guiding clinical decision-making. In addition, we
divided the patients into a training cohort and a validation cohort
based on the ratio of 7:3. The two cohorts were homogeneous and
comparable based on the comparison of general characteristics.
After multivariable Cox analysis in the training cohort, fibrinogen
level, tumor location, extent of resection, tumor diameter, and
mitotic level remained independently associated with AM
recurrence. Instead of directly applying those factors into a
predictive model, we utilized the LASSO regression analysis to
avoid over-fitting or under-fitting. This method could analyze all
variables at the same time and decrease the estimation variance.
After the LASSO regression analysis, mitotic level lost its
significance. As part of the diagnostic criteria, mitotic level has
been confirmed to be associated with AM recurrence in previous
studies (9, 17). To further investigate the impact of mitotic level in
recurrence prediction of AM, we established two models
according to the independent factors with or without mitotic
level. After comparing their predictive performance (time-ROC)
and clinical usage (DCA, IDI, NRI), we found that it was hard to
determine the improvement of predictive ability brought by
Frontiers in Oncology | www.frontiersin.org 616
mitotic level in both training cohort and validation cohort.
Thus, we integrated the other four independent risk factors into
the final model and establish a nomogram. The nomogram
showed an excellent discriminating ability in both training
cohort (C-index: 0.822, 95% CI: 0.759–0.885) and validation
cohort (C-index: 0.817, 95% CI: 0.716–0.918). The calibration
curves in the both cohorts also showed good consistency between
the predicted and observed RFS probability at 2, 3, and 5 years
after surgery, which indicated the reliability and repeatability of
the nomogram. The results prompted us that early treatment for
tumor with small size may reduce the risk of recurrence.
Considering those risk factors, surgical strategy may be adjusted
to balance the risk of postoperative recurrence and surgical injury
in those patients diagnosed as AM via intraoperative frozen
section analysis. According to our results, we could predict the
risk of postoperative recurrence via the nomogram based on the
obtained risk factors. For those patients with high recurrence risk,
shorter follow-up period may be requested to strive for early
detection and early treatment.

Fibrinogen is a glycoprotein synthesized in hepatocytes which
participates in blood coagulation and is also involved in cancer
growth and metastasis (18, 19). Although the mechanism is not
clear, the relationship between fibrinogen and tumor progression
may be explained as follow: first, deposition of fibrinogen in the
extracellular matrix could serve as a scaffold for growth factors
and promote cell invasion, adhesion, and migration of tumor
(20, 21); second, fibrinogen could induce epithelial-to-
mesenchymal transition via rapamycin (mTOR)/protein kinase
A B

FIGURE 1 | LASSO regression analysis for variable selection. (A) LASSO regression coefficients. (B) LASSO cross-validation.
TABLE 4 | The composition of two models based on lasso regression analysis.

Model A Model B

HR 95% CI p-Value HR 95% CI p-Value

FIB >2.95 g/L 2.43 1.05–5.63 0.039 2.73 1.20–6.19 0.016
Tumor located in skull base 6.59 2.46–17.68 <0.001 4.42 1.87–10.45 0.001
Simpson grades III–IV 2.73 1.01–7.34 0.047 2.77 1.06–7.22 0.038
Tumor diameter >4.91 cm 7.10 2.52–19.95 <0.001 4.94 1.99–12.25 0.001
Mitotic level ≥4/HPF 2.80 1.16–6.74 0.021
October
 2021 | Volume 11 | Article
HR, hazard ratio; CI, confidence interval; FIB, fibrinogen; HPF, high-power field.
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B (AKT) signal ing pathway to promote malignant
transformation (22); third, the deposition of platelet-fibrin
could form physical barrier for tumor cells to prevent the kill
contact from NK cell (23) and the platelet-fibrin (OGEN) axis
has been confirmed to impede NK cell elimination of tumor cells
to promote their metastatic potential (24); fourth, fibrinogen
could also be synthesized and released by tumor cells, which in
turn promotes tumor cell proliferation via the combined effects
with growth factors (21, 25, 26). In our study, the preoperative
serum fibrinogen level was an independent risk factor of AM
recurrence and further included in a predictive model. Serum
fibrinogen level in benign meningioma has been confirmed to be
significantly lower than that in glioblastomas and metastases
(27). Also, in a dog meningioma study, the fibrinogen staining
scores in meningioma have been confirmed the gradual
increasing trend from WHO grade I to WHO grade III (28).
Frontiers in Oncology | www.frontiersin.org 717
These may provide the basis for the predictive value of fibrinogen
in AM recurrence.

Many studies have confirmed the close relationship between
extent of resection and AM recurrence (10, 29, 30). In our study,
we also found that AM patients with incomplete resection
(Simpson grades III–IV) had a higher risk of recurrence.
Complete surgical tumor removal is always the goal pursued by
surgeons. However, we should acknowledge that tumors located
in the skull base are less amenable to be completely resected as
they are located adjacent to critical anatomic structures, including
cranial nerves, intracranial vessels, and brainstem. Therefore,
those patients with tumor located in skull base may inherently
have higher risk of tumor residue and recurrence. However, the
literature regarding the predictive value of tumor location in AM
is rather scarce and controversial. Budohoski et al. reported that
parafalcine/parasagittal location was an independent risk factor of
A B

FIGURE 2 | Time-dependent receiver operating characteristic (ROC) curve of models (A, B) in the training and validation cohorts.
A B

FIGURE 3 | Decision curve analyses (DCA) of models (A, B) at 2, 3, and 5 years after surgery in the training cohort and 2, 3, and 5 years after surgery in the
validation cohort.
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early recurrence in AM (31). Klinger et al. found that tumors
located in skull base had a trend towards decreased recurrence in
AM (32). However, Da Broi et al. identified a tendency towards
more retreatment in AM located in skull base (33). Our study
Frontiers in Oncology | www.frontiersin.org 818
revealed that tumor located in skull base was strongly associated
with AM recurrence and excluded from confounding factors in
the multivariable Cox analysis. Other than that, tumor size is also
an independent risk factor in our study. Although such finding
A B C

E FD

FIGURE 4 | Integrated discrimination improvements (IDI) and Net Reclassification Index (NRI) of model B by comparing with model (A). (A) Two years, (B) 3 years,
and (C) 5 years after surgery in the training cohort. (D) Two years, (E) 3 years, and (F) 5 years after surgery in the validation cohort.
FIGURE 5 | The nomogram for predicting 2-, 3-, and 5-year recurrence-free survival rate of a typical meningioma patients. FIB, fibrinogen; EOR, extent of resection;
RFS, recurrence-free survival.
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has not been confirmed in other studies, tumor diameter could
reflect the growth rate of AM to a certain extent and was
confirmed its predictive value in recurrence in other tumors
(34, 35). Multiple oncogenic drivers, inhibitors, and regulators
could affect tumor growth and survival viamultiple pathways (36,
37). Therefore, tumor diameter may reflect the combined effects
of multiple factors. Our study utilized the ROC analysis to
determine the cutoff value of tumor diameter and found that
tumor diameter >4.91 cm was independently associated with AM
recurrence. The proliferative ability reflected by tumor diameter
may explain its relationship with AM recurrence.

Although many studies affirmed the efficacy of PORT in AM
recurrence patients (11, 38), there was also contradictory report
exist in whether PORT could decrease the risk of AM recurrence
(39). For example, Masalha et al. claimed no significant correlation
between PORT and AM recurrence (39). There is no consensus
guidelineonrecommendations forAMpatients (https://www.nccn.
org/professionals/physician_gls/f_guidelines.asp#site).
Considering the potential toxicities of PORT, its execution should
be considered with caution based on many risk factors of
complications, such as age, tumor location and so on. In addition,
executionofPORTmayalsobeaffectedbypatients’wishesand their
financial capability. In our study, we failed to determine the
association between PORT and recurrence risk of AM patients. In
the multivariable Cox hazard regression analysis, PORT lost its
significance after being adjusted by other factors. Therefore, it was
excluded from our final analysis. The European Association of
Neuro Oncology guidelines recommend that PORT should be
considered in patients with incomplete resection (40). In the 25
patients with Simpson grades III–IV of our study, the patients with
PORT had a longer RFS than those without PORT (54.00 vs.
17.50 months, p = 0.034), revealing the potential therapeutic
benefits of PORT in AM patients with incomplete resection.
Frontiers in Oncology | www.frontiersin.org 919
Also, the curative effect of PORT in AM patients should be
investigated and validated in further research with a larger sample.

Our study was not free from limitations. First, the retrospective
design of the study may suffer the interference and selection bias.
Second, some laboratory or immunohistochemical factors were not
included in our study due to the lack of examination in the early
cases. Also, somemolecular profiling and genotyping which have a
high impact on predicting the recurrence were not available in our
study. Third, the low incidence of the disease limits the collection of
large amounts of sample in a short period. Therefore, the patients
included in our study were operated both before and after the
occurrence of 2016WHO criterion.With the updated definition of
WHO criteria for AM, the proportion of AM was increased. In
addition, our study incorporated patients treated as recently as
2019, resulting in a dilution of aggressiveness and recurrence rate in
this study cohort due to the combined effects of updated definition
of criteria and advancements of medical technology. Fourth, our
study did not use objective scale for edema evaluation. Accurate
evaluation for edema via neuronavigation and objective scale are
requested to reduce measurement errors in the further study. Fifth,
the mechanism of the relationship between fibrinogen and AM
recurrence was not investigated in our study. Further work is
needed to address this point.
CONCLUSION

Our study established a comprehensive model for the recurrence
prediction in AM patients based on multiple factors, including
fibrinogen level, tumor location, extent of resection, and tumor
diameter. The nomogram could assist clinicians to predict the
treatment effects and make individualized follow-up
management in the heterogeneous patients. Further
A B C

E FD

FIGURE 6 | Calibration curves to predict (A) 2-year, (B) 3-year, and (C) 5-year recurrence-free survival rates in the training cohort and (D) 2-year, (E) 3-year, and
(F) 5-year recurrence-free survival rates in the validation cohort.
October 2021 | Volume 11 | Article 754937

https://www.nccn.org/professionals/physician_gls/f_guidelines.asp#site
https://www.nccn.org/professionals/physician_gls/f_guidelines.asp#site
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. Recurrence Prediction in Atypical Meningioma
multicenter and prospective studies with lager sample size are
required to verify the accurate application of nomogram.
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Pathological grading of meningioma is insufficient to predict recurrence after resection and
to guide individualized treatment strategies. One hundred and thirty-three patients with
meningiomas who underwent total resection were enrolled in this retrospective study.
Univariate analyses were conducted to evaluate the association between factors and
recurrence. Least absolute shrinkage and selection operator (Lasso) was used to further
select variables to build a logistic model. The predictive efficiency of the model and WHO
grade was compared by using receiver operating characteristic curve (ROC), decision curve
analysis (DCA), and net reclassification improvement (NRI). Patients were given a new risk
layer based on a nomogram. The recurrence of meningioma in different groups was
observed through the Kaplan-Meier curve. Univariate analysis demonstrated that 11 risk
factors were associated with prognosis (P < 0.05). The result of ROC proved that the
quantified risk-scoring system (AUC = 0.853) had a higher benefit than pathological grade
(AUC = 0.689, P = 0.011). The incidence of recurrence of the high risk cohort (69%) was
significantly higher than that of the low risk cohort (9%) by Kaplan-Meier analysis (P < 0.001).
And all patients who did not relapse in the high risk group received adjuvant radiotherapy.
The novel risk stratification algorithm has a significant value for the recurrence of
meningioma and can help in optimizing the individualized design of clinical therapy.

Keywords: meningioma, recurrence, prediction model, relative apparent diffusion coefficient, heterogeneous tumor
enhancement, pathological grade
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INTRODUCTION

Meningiomas are the most common primary intracranial
tumors, accounting for 38.3% of all tumors of the central
nervous system, and are continuing to increase in incidence
with the aged tendency of the population (1). They result in
severe neurological morbidity by having a space occupying effect
on adjacent brain regions. Complete surgical resection of the
meningioma is the first choice of treatment (2).

Up to now, the most reliable clinical factor for recurrence of
meningioma after radical surgical resection is the World Health
Organization (WHO) grade of the tumor (2–4). The WHO grade
is currently used to guide the development of strategies for
postoperative radiotherapy and follow-up (2, 4). However,
despite radical surgical resection, some benign meningiomas
(WHO grade I) have early recurrence after surgery and exhibit
aggressive biological behavior, resulting in chronic courses of
diseases and treatment-related complications (3). In contrast,
some high grade tumors (WHO grade II, III) have indolent
tumor behaviors, which suggests that histopathological grading
alone is not enough to achieve optimal risk stratification.
Therefore, it is clinically difficult to predict postoperative
recurrence and guide individual decisions only by tumor
classification and it is particularly important to clarify the risk
changes within the inter-layer variability (5–8). Although
numerous studies have identified the histological, clinical, and
radiological parameters regarding aggressive meningioma
behavior, the accurate prediction of postoperative recurrence of
meningioma remains challenging and requires further research
(4–6, 8, 9).

The purpose of our study was to generate and validate an
MRI-based prediction model of meningioma recurrence after
surgery that could be coupled with potential clinical prognostic
factors and histopathological grade. We hypothesis that the new
prognostic stratification constructed by this new model might
individualize decisions regarding the need for postoperative
therapeutic interventions and support the optimization of
treatment strategies for patients.
MATERIALS AND METHODS

Patient Characteristics
Patients with meningioma who underwent surgical resection at
the department of neurosurgery of the Fujian Medical University
Union Hospital between June 2010 and December 2020 were
enrolled in this retrospective study. This study was approved by
the local ethics committee of the hospital, and the requirement
of written informed consent was waived. The inclusion criteria
for this study were patients who underwent preoperative
and postoperative craniocerebral MRI examination and were
pathologically confirmed as meningioma in our hospital. We
excluded patients with prior craniocerebral radiation therapy,
neurofibromatosis type 2 (NF2), preoperative imaging outside
our hospital, poor image quality, or less than 2 years of clinical
and radiological follow-up in our hospital.
Frontiers in Oncology | www.frontiersin.org 223
Imaging Acquisition
MR images were performed on 1.5T (Siemens, MAGNETOM
Amira, n = 67) or a 3.0T (GE Healthcare, Discovery MR750,
n = 57, or Siemens, MAGNETOM Trio, n = 9) MR scanners
according to a standard institutional protocol in our hospital.
MRI examinations included axial T1-weighted spin-echo, T2-
weighted, T2 fluid attenuated inversion recovery (FLAIR), T2-
weighted gradient-recalled echo, diffusion weighted images
(DWI), and apparent diffusion coefficient (ADC), T1-weighted
images after contrast administration. Detailed MRI acquisitions
were provided in Supplementary Appendix E1.

Pathological Examination
The detailed histopathology reports and the histopathologic slides
of surgical specimens were re-evaluated by a neuropathologist
(with more than 10 years’ experience), and the pathologic
diagnoses and tumor grading were based on the 2016 WHO
Classification of Tumors of the Central Nervous System (10).
According to 2016 WHO criteria, meningiomas can be classified
into three grades based on histological and cytological
characteristics: WHO grade I with < 4 mitoses/10 high power
field (HPF), WHO grade II with 4–19 mitoses/10 HPF and/or
brain invasion, and WHO grade III with ≥ 20 mitoses/10 HPF
(Supplementary Table). For every case, the representative
hematoxylin-eosin (HE) staining slide which was most
representative of the mitotic count or other grading standards
was determined and calculated for the pathological grade by the
experienced neuropathologist. Subsequently, WHO grade I
meningiomas was defined as low grade meningiomas, and
WHO grade II and III meningioma were defined as high grade
meningiomas based on previous literature (3, 6, 11, 12).

Recorded Variables
All clinical data and imaging features were evaluated by two
neuroradiologists (with more than 10 years’ experience) who
were not informed of the prognosis. Patients’ gender, age at the
time of surgery, pre-operative Karnofsky Performance Scale
(KPS) scores, Ki-67 index, and administration of adjuvant
radiation were determined from clinical records. The grade of
resection was determined by reviewing surgical records, MRI,
and best clinical judgment in the absence of explicit instructions.

T2 hyperintensity was determined by comparison with the
gray matter signal. Tumor sites were divided into “skull base”
and “non–skull base” lesions (including convexity and falcine/
parasagittal meningiomas and tumors arising from other
intracranial non–skull base locations). The maximum
diameters were measured in 3 directions (axial, coronal, and
sagittal) on MRI, and the tumor and edema volume were
calculated according to the elliptical sphere volume formula.
The edema index was defined as the ratio of the volume of edema
to the sum of the tumor plus edema, EI = (VEdema+VTumor)/
VTumor). Regular tumor shapes included round or oval shapes,
other shapes were irregular. Tumor calcification was diagnosed
by reference to preoperative CT images. Heterogeneous tumor
enhancement did not include heterogeneity due to cystic change
or calcifications. The presence of the arachnoid layer was
October 2021 | Volume 11 | Article 737520
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examined with T2 predominant MR screenings. Observations of
dural tail sign and cystic change were made using T1-weighted
contrast images. Venous sinus invasion and bone change were
determined by combining radiological data and surgical records.

For ADC measurement, the region of interest (ROI) was
placed at the largest level of the tumor while avoiding
calcification and cystic change and varying with the tumor size
(20 – 600 mm2). To normalize individual variance, the ADC
value of the tumor was divided by the corresponding value of
contralateral semioval center normal appearing white matter
(NAWM) to calculate the relative ADC (rADC) (13).

As the current gold standard, biopsy is used to determine
tumor recurrence, but it might lead to more stress and pain for
the patient. Fortunately, the recurrence can also be determined
by other non-invasive methods, such as follow-up enhanced MRI
scans. Follow-up MR images showing new enhanced lesions
appeared in the surgical area can be considered as evidence of
tumor recurrence (Supplementary Figure). In previous studies,
follow-up enhanced MR has been used as one of the diagnostic
criteria for determining tumor recurrence (3, 11–13).
Accordingly, tumor recurrence was determined by at least one
of the following conditions in this study: (I) follow-up enhanced
MRI scans indicated tumor recurrence; (II) tumor recurrence
was pathologically confirmed by reoperation or biopsy.

Statistical Analyses
All statistical analyses, model generation, and model validation
were carried out using statistical software SPSS (version 23.0)
and R (version 4.0.3). The interobserver reliability of categorical
data was determined by the Cohen kappa (k) coefficient, whereas
the consistency of consecutive data was determined by the intra-
group correlation coefficient (Cohen k values ranged from 0.757
to 0.931 and ICC from 0.831 to 0.983).

The distribution uniformity of the continuous parameters was
evaluated by the Kolmogorov-Smirnov test. The mean ± standard
deviation was used to represent the normally distributed data, and
the median and interquartile range (IQR) was used to express
non-normally distributed data. Chi-square test (or Fisher exact
test) and Mann–Whitney U test (or Student’s t-test) were
performed for categorical and continuous data respectively. The
overfitting problem caused by multicollinearity was solved by the
regularization method. Based on univariate analysis, Lasso
regression cross-validation was further used to screen out
meaningful variables and the logistic regression equation was
finally calculated. Then, based on the proposed Lasso-logistic
regression model, a nomogram was generated. The collinearity
diagnosis was performed by calculating the variance inflation
factor (VIF) of the variables in the nomogram. Variables with
VIFs > 10 indicated severe multicollinearities. Area under curve
was used to measure the discriminability of the nomograms.
Calibration curve was plotted through bootstrap (1,000
resamplings) to determine the conformity between the
predicted probability and the actual probability. In addition, the
nomogram was conducted internally validated by the Bootstrap
validation with 1000 resamplings. The clinical utility of the model
was measured by decision curve analysis. Delong test was used to
measure the differences in ROC curves between the prediction
Frontiers in Oncology | www.frontiersin.org 324
model and the pathological grade. Subsequently, the patients were
grouped according to NRI. The relationship between benefits and
risks brought by the model was evaluated by DCA. Finally, the
recurrence of meningiomas in different groups was observed by
Kaplan-Meier analysis. Unless otherwise specified, P value < 0.05
was considered statistically significant.
RESULTS

Patient Characteristics
In total, 198 patients with meningiomas were diagnosed
pathologically in our hospital. Forty and five cases were
excluded due to the follow-up time of less than 2 years.
Thirteen cases were excluded due to postoperative residual
(Simpson IV-V), and 7 cases were excluded because the image
quality did not meet the research requirements (2 patients with
poor DWI/ADC imaging quality (air-bone interface or motion
artifacts) and 5 patients with incomplete MRI) (Figure 1).

Finally, 133 patients with a median age of 52 years (range 13–
78 years), including 94 females (71%) and 39 males (29%), were
enrolled in this study. The median follow-up duration of non-
recurrence patients was 40 months (IQR = 31–59 months). Of the
133 patients included in the analysis, the most predominant
lesion of 3 patients with multiple lesions was selected for the
analysis. The pathological classification included 96 low grade
(WHO grade I, n = 96, 72%), 37 high grade (WHO grade II,
FIGURE 1 | Flowchart of the patient selection process.
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n = 33, 24%; WHO grade III, n = 4, 3%) meningiomas. Eight (8%)
low grade patients and thirteen (35%) high grade patients received
adjuvant radiotherapy. Twenty cases (15%) experienced
recurrence after radical surgery. Table 1 summarizes the
baseline clinical, radiological, and histopathological data of
patients with meningioma.

Univariate Analysis
On univariate analysis, pathological grade (I vs. II-III, P < 0.001),
tumor shape (regular vs. irregular, P = 0.017), peritumoral edema
volume (P = 0.004), peritumoral edema index (P = 0.016), tumor
volume (P = 0.005), heterogeneous tumor enhancement
Frontiers in Oncology | www.frontiersin.org 425
(P < 0.001), cystic change (P = 0.038), venous sinus invasion
(P = 0.023), arachnoid layer (P = 0.009), age (P = 0.014), and
rADC (P < 0.001) were significantly associated with
postoperative recurrence (Table 1). There were no significant
associations between recurrence and sex, preoperative SKP, bone
change, dural tail sign, tumor location, T2 hyperintensity, tumor
calcification or adjuvant radiotherapy.

Feature Selection and Lasso-Logistic
Model Construction
Among the 11 candidate features, potential predictive variables
were obtained by dimensionality reduction through Lasso
TABLE 1 | Patient characteristics and univariate analysis of the risk of recurrence.

Factor Recurrence Non-Recurrence P

Sex 0.095
Female 11 83
Male 9 30

Preoperative SKP 0.280
≥ 70 8 60
< 70 12 53

Pathological grade < 0.001***
I 8 88
II-III 12 25

Tumor shape 0.017**
Regular 3 49
Irregular 17 64

Cystic change 0.038*
Yes 8 19
No 12 94

Heterogeneous tumor enhancement 0.001**
Yes 9 14
No 11 99

Bone change 0.386
Yes 7 29
No 13 84

Dural tail sign 0.405
Yes 14 68
No 6 45

Tumor location 0.160
skull base 10 38
non-skull base 10 75

Venous sinus invasion 0.023*
Yes 9 24
No 11 89

T2 hyperintensity 0.953
Yes 8 46
No 12 67

Arachnoid layer 0.009**
Yes 10 88
No 10 25

Calcification 0.499
Yes 1 15
No 19 98

Adjuvant radiotherapy 0.119
Yes 6 15
No 14 98

Age (years) 59.50 (48.5-67.50) 51 (45.5-58) 0.014*
Tumor volume (cm3) 87.35 (24.74-133.59) 28.83 (12.83-72.89) 0.005**
Peritumoral edema volume (cm3) 46.59 (23.70-99.48) 2.55 (0-62.44) 0.004**
Peritumoral edema index 1.79 (1.30-2.40) 1.07 (1.00-2.17) 0.016*
Relative apparent diffusion coefficient 0.99 ± 0.20 1.19 ± 0.18 < 0.001***
October 2021 | Volume 11 | Arti
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regression cross validation. Variables were selected based on
a model with excellent performance and the least number
of independent variables given by Least Squares Error
(Figures 2A, B), and then the Lasso-logistic model was
established. The formula for Lasso was provided in
Supplementary Appendix E2. Pathological grade, heterogeneous
tumor enhancement, and rADC were significantly correlated with
the actual postoperative status, and these three variables showed
significant differences between patients with and without
recurrence (P < 0.001). By using the collinearity diagnosis, the
VIFs for pathological grade, heterogeneous tumor enhancement,
and rADC were less than 10 (WHO grade: 1.0370; Tumor
enhancement: 1.0360; rADC: 1.0726), indicating no severe
collinearity existing in these factors. These independent
predictors were used to construct a nomogram for the prediction
of tumor recurrence (Figure 3). The formula for the nomogram
was computed by:
Frontiers in Oncology | www.frontiersin.org 526
Nomogram score 

=  13:33824�WHO Grade level + 24:67939

� Tumor Enhancement type − 90:909090909� rADC value

+ 163:636363636

In the given nomogram score formula, the value of low level
(WHO I grade) was 0 and that of high level (WHO II, III grade)
was 1. For tumor enhancement type, the value of homogeneous
enhancement was 0 and that of heterogeneous enhancement
was 1.

Evaluation and Validation of
Lasso-Logistic Model
The unadjusted AUC value based on the prediction model was
0.853 (95%CI: 0.764-0.942). The internal validation of the model
A B

FIGURE 2 | Lasso regression for predicting postoperative recurrence of meningioma. (A) The number of independent variables of the model with good performance
was 3; (B) The three variables were WHO grade, heterogeneous tumor enhancement and rADC value, respectively.
FIGURE 3 | The novel algorithm nomogram for predicting postoperative recurrence of meningioma.
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was executed by the bootstrap resampling method. The corrected
AUC value (AUC = 0.824) was calculated by using the 1000
times bootstrap. Besides, the calibration curve showed that the
probability of recurrence predicted by the nomogram was in
good agreement with the actual probability (Figure 4B). The
insignificant statistics (P = 0.439) of H-L test revealed that there
was no significant deviation from an ideal fitting. Further,
Delong’s test showed that the nomogram had significantly
better predictive power than pathological grade alone (P =
0.011). The ROC curve of the model and pathological grade
were shown in Figure 4A. NRI quantified the extent to which the
addition of risk factors (two radiological features) led to an
improved classification of risks. The decision curve for the
nomogram and the pathological grade alone were used to
assess the clinical utilities. Figure 5 showed that the area under
the decision curve of the nomogram (yellow) was higher than
that of the pathological grade alone (green).
Novel Risk Stratification for Recurrence
The optimal threshold value for the nomogram score determined
by the NRI is 105. Subsequently, the patients were divided into
two subgroups. Based on this cutoff value, 120 patients with a
score less than or equal to 105 were classified as low risk
recurrence group, while the remaining patients with a score
greater than 105 were classified as high risk recurrence group (n
= 13). According to pathological grading, the recurrence rates
were 8% for low grade (n = 96) and 32% for high grade (n = 37),
respectively. Based on the novel risk stratification system, the
recurrence rate in the patients with scores of 0–105 (n = 120),
116–160 (n = 13) were 9% and 69%, respectively (Table 2). The
predicted probabilities of recurrence-free survival were plotted as
a Kaplan-Meier curve. Kaplan-Meier curve also consistently
showed significant differences in postoperative recurrence
between the two groups (P < 0.001) (Figure 6). The incidence
of recurrence of the high risk cohort was significantly higher than
that of the low risk cohort (P < 0.001).
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DISCUSSION

We developed and validated a nomogram by using the Lasso-
logistic model for postoperative recurrence prediction of
meningioma in this study. To our knowledge, this is the first
time that this novel algorithm is used to predict postoperative
recurrence of meningioma. In this study, we also first discovered
that the nomogram to predict the risk of meningioma recurrence
based on pathological grade, conventional MR (enhanced tumor
heterogeneity), and functional MR (rADC) was superior to WHO
histopathological grade alone. The AUC value and the calibration
curve also demonstrated that our nomogram had a good predictive
performance. This result was further supported by the DCA and
A B

FIGURE 4 | ROC curve and calibration curve. (A) The AUC values of the novel algorithm and WHO grade was 0.853 (yellow) and 0.689 (green), respectively; (B) The
calibration curve demonstrated that consistency between the predicted risk of recurrence probability and the actual probability by the nomogram.
FIGURE 5 | The decision curve analysis for the novel algorithm and WHO
grade. The yellow and green dotted lines represent the decision curve of the
novel algorithm and WHO grade, respectively.
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NRI. As a complement to pathological grade, non-invasive image-
based techniques will help to better determine the risk of tumor
recurrence and develop individualized treatment strategies (3, 6).

In univariate analysis, we found that pathological grade, tumor
shape, peritumoral edema volume, peritumoral edema index,
tumor volume, heterogeneous tumor enhancement, cystic
change or necrosis, venous sinus invasion, arachnoid layer, age,
and rADC were significantly associated with prognosis. Previous
studies have investigated the relationship between potential
factors and recurrence risk. Cohen-Inbar et al. have shown that
older patients undergoing resection of meningiomas have higher
recurrence rates compared with younger patients (14). Likewise,
this study suggested that age proved to inversely correlate with
prognosis. The observed association between cystic degeneration
and high risk group was consistent with prior studies (8). Cyst
formation in meningiomas may be associated with the rapid
growth or aggressivity of tumor cells, including cystic variation,
ischemic necrosis, direct liquid secretion by tumor cells, and
absorption of intratumoral haemorrhage (4, 8, 12, 15). Our
results indicated significant differences in tumor shape and
volume between the recurrent and non-recurrent groups.
Similarly, several researchers found that irregular tumor shape
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and larger tumor volumes were associated with greater
proliferative potential, and active proliferation leads to increased
recurrence after resection (4, 6, 15–17). In addition, we
demonstrated that peritumoral brain edema (PTBE), including
peritumoral edema volume and peritumoral edema index, was
strongly associated with prognosis. PTBE was considered to
predict brain invasion in most series (18, 19). Leehi et al.
revealed that radiomics combined with peritumoral edema and
interface showed high performance for the prediction of brain
invasion based on a large cohort (n = 641) in both training (AUC:
0.97, 95% CI: 0.95–0.98) and independent validation sets (AUC:
0.91, 95% CI: 0.84–0.98) (19). However, further study is needed to
reveal the relation between PTBE and aggressive biological
behaviour because there are several in-consistent reports (4, 13).
We also observed that disruption of the arachnoid layer was in
relation to increased risk of recurrence, which closely agreed with
previous studies (11, 15). The presence of the arachnoid layer
indicates a slow and suppressing growth manner of the tumor
(15). However, the loss of integrity of the arachnoid layer is not
characteristic of brain invasion on microscopic analyses (20).
Thus, the correlations between arachnoid layer and prognosis
remain controversial. In the attainable data, venous sinus invasion
was difficult to include because it is difficult to clearly distinguish
the intravenous sinus tumor by contrast-enhanced MRI alone.
Hence, we assessed venous sinus invasion by combining
radiological data and surgical record judgment. We noted that
venous sinus invasion was remarkably related to a higher
recurrence rate, highlighting the importance of evaluating
venous sinus involvement by adjacent lesions. Kei et al.
reported that it was difficult to completely remove the entire
tumor in a patient with an extensive venous sinus infiltrating
tumor (21). Nevertheless, several studies recently reported that
the recurrence rate in patients with venous sinus infiltration was
rather variable, and there was no significant difference in
incidence between patients with and without complete sinus
resection (22–24). These findings suggest that postoperative
recurrence of venous sinus invasion cannot simply be attributed
to the residual tumor. Notably, there was a significant association
between high grade tumors and venous sinus invasion by chi-
square tests (P = 0.043) in this study, which suggested that tumor
involving venous sinuses tended to be more aggressive.

Heterogeneous tumor enhancement is thought to be due to
the uneven distribution of dividing cells and tumor necrosis,
which may indicate the presence of local necrosis and a higher
degree of malignancy in meningiomas (6, 11, 15, 20, 25). Some
studies have shown that small focal necrosis in meningioma is
related to a higher recurrence rate (11, 26, 27). Necrosis is
presumed to result from hypoxia due to cellular undernutrition
and hypermetabolism, suggesting that it may be associated with
more aggressive progression (27). Hypoxic tumor cells in
necrotic areas may dedifferentiate and develop into malignant
cells (27). Inflammatory cells tend to cluster in necrotic areas,
while degraded tumor cells release proinflammatory cytokines
which may stimulate angiogenesis and tumor progression (28).
Most studies have suggested that heterogeneous enhancement is
an independent predictor of high grade meningiomas and
postoperative recurrence (4, 6, 11, 12, 14, 15, 20, 25). Durand
FIGURE 6 | Recurrent risk stratification for patients with meningioma after
surgery. Kaplan-Meier curve showed significant differences in postoperative
recurrence between the two groups (P < 0.001).
TABLE 2 | Postoperative recurrence in each group of the novel algorithm and
WHO grade.

Prediction method Group Score Postoperative
recurrence rate (%)

Novel algorithm Low risk 0-115 9
WHO grade Low grade — 8
Novel algorithm High risk 116-160 69
WHO grade High grade — 32
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et al. showed the presence of heterogeneous contrast seemed to
predict aggressive behavior in high grade meningiomas (25). Our
study is consistent with previous studies confirming that
heterogeneous tumor enhancement was an independent
predictor of meningioma recurrence.

Diffusion weighted imaging and associated ADC maps are
widely used in oncology to differentiate between malignant and
non-malignant lesions. ADC is generally lower in malignant
lesions than in benign lesions and surrounding normal
tissues. The non-invasive observation of the distribution of
displacements driven by water diffusion provides unique clues
to the fine structural characteristics and geometrical structure of
tissues and how these characteristics change with physiological
or pathological states (6, 13, 29–31). William et al. have shown
that meningiomas with non-Simpson grade I resection and low
ADC have a significantly increased risk of progression/
recurrence (P/R) (6). Ching‐Chung et al. have demonstrated
that lower ADC values (< 0.83 × 10− 3 mm2/s)/ratios (<1.09)
were significantly associated with P/R. Moreover, ROC analysis
indicated that ADC ratio (AUC = 0.91; Sensitivity = 0.79;
Specificity = 0.94) had a better performance for differentiating
skull base meningiomas with and without P/R than ADC value
(AUC = 0.86; Sensitivity = 0.73; Specificity = 0.88) (13).
Regrettably, the above study did not further include rADC in
the multivariate analysis. As far as we know, this is the first study
to comprehensively discuss the relationship between rADC and
prognosis in meningiomas. Our study was the first to confirm
that rADC was a strong predictor of postoperative recurrence of
meningioma. Yuan et al. observed that the ADC showed a
moderate negative correlation with the Ki67 proliferation index
in murine models of rhabdomyosarcoma (r = − 0.543, P = 0.003),
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which was generally consistent with what we observed in 66
meningioma patients (r = -0.305, P = 0.023) (31). Moreover,
Manabu et al. found a stronger correlation between rADC and
cell density than ADC (30). This may be because rADC to some
extent eliminated the differences between the individuals and the
scanning instruments. Therefore, rADC can more accurately
reflect the proliferative activity and microstructure of the tumor.

At present, several studies still suggested that the histological
grade remains the most important indicator of postoperative
recurrence of meningioma (2, 11, 32). In this study, we also
demonstrated a significant correlation between pathological
grade and postoperative recurrence in patients who underwent
total resection (P < 0.001). Although grade II/III meningiomas
have more aggressive biological behavior and might exhibit faster
recurrence, there are also some high grade meningiomas that
biologically behave more like benign lesions by our observation
(Figure 7). Likewise, many studies showed that it was inadequate
to predict postoperative recurrence and develop individualized
treatment strategies based solely on WHO classification (3, 6, 8,
9, 11–13, 17). Consequently, in this study, we established a
prediction model integrating clinical data, imaging, and
pathology for tumor prognosis, and explored and developed
personalized treatment strategies base on this model.

On the other hand, sex, preoperative SKP, T2 relative high
signal, dural tail sign, bone change, calcification, tumor location,
and postoperative adjuvant radiotherapy were not independent
risk factors in our study. There were controversial reports about
the influence of sex on meningioma recurrence. Some studies
revealed that male patients had a high risk of recurrence (11, 12,
33), while others did not (6, 9, 13, 17, 25). Although we observed a
trend towards an association between preoperative SKP and
FIGURE 7 | Typical MR images of a WHO II grade meningioma with non-invasive biological behavior demonstrating (A) homogeneous enhancement (presurgical
T1-postcontrast); (B) high tumor apparent diffusion coefficient (ADC) = 1.11×10-3mm2/s (ADC map); (C) contralateral normal appearing white matter (NAWM) ADC =
0.73×10-3mm2/s and rADC = 1.52; (D–E) Simpson grade I resection (postsurgical T1-postcontrast); (F) no imaging manifestation of tumor recurrence (postoperative
T1-postcontrast). The new risk stratification puts the patient in the low risk group for recurrence (nomogram score = 50). The patient was followed up for 55 months
without tumor recurrence.
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recurrence, it did not reach significance. We agreed with previous
studies that the T2 relative high signal was generally not
correlated with prognosis (4, 6, 12, 13, 15). The presence of
linear enhancement of the dural caudate or adjacent dura may
distinguish the meningioma from other intracranial masses
following the use of contrast agents (34). Although the dural
tail sign is helpful in the diagnosis of meningioma, it has little
prognostic significance (4, 6, 11, 13). Anthofer et al. found that
bone invasion was an important risk factor in meningiomas
adjacent to major venous sinuses. In contrast, there was no
statistical difference between bone invasion and recurrence in
our study. The presence of tumor calcification may have lower
proliferative potential than noncalcified tumor, but not an
increased risk of recurrence (4, 6). McGovern et al. have
suggested that advances in surgical techniques have improved
the grade of resection of skull base tumors in the modern case
series (35). Skull base meningiomas were no longer a risk factor
for postoperative recurrence. Clinically, adjuvant radiotherapy
(RT) is a standard procedure in many institutions after subtotal
resection (STR) of high grade meningiomas, but the role of RT as
adjuvant therapy after gross total resection (GTR) is still unclear
(2, 6, 36). In fact, we found no apparent effect of radiotherapy on
the recurrence of high-grade meningiomas (with radiotherapy vs.
without radiotherapy: 31% vs. 33%), which may indicate that
WHO classification is not an ideal indicator of radiotherapy. On
the contrary, in the high-risk population screened by our model,
the recurrence rate of patients with and without radiotherapy was
43% and 100%, respectively. Notably, all 4 high-risk patients
without recurrence received radiotherapy. Although further
studies are needed to evaluate this finding, it indicates that our
model may be a potential method to screen patients for
postoperative radiotherapy.

In a previous study, William et al. reviewed 144 patients with a
pathologically confirmedmeningioma and selected Simpson grade
and ADC value to constructed multivariate Cox proportional
hazards models according to maximizing predictive ability and
minimizing model complexity (HC, 0.73; AIC, 244; BIC, 250). On
univariate Cox proportional hazards methods, there was only a
marginal correlation between histopathological grade and
prognosis (HR, 2.01; 95% CI, 0.929-0.4.33; P = 0.076). Thus,
William et al. suggested that the combination of preoperative ADC
and extent of surgical resection was superior to histopathological
grading in predicting the hazard of tumor recurrence (6). This is
undoubtedly an exciting finding, but we cannot take this
conclusion with complete confidence because it is not
convincing that pathological grade does not make a statistically
significant difference in predicting postoperative recurrence of
meningioma. Therefore, we tried to use conventional MRI,
functional MRI (fMRI), and clinical data as a complement to
the pathological grade and developed a predictor based on a novel
algorithm. The result of the ROC curve proved that the model by
integrating pathological grade, heterogeneous tumor enhancement
and rADC (AUC = 0.853, 95%CI: 0.764-0.942) had a higher
prognostic value than the pathological grade alone (AUC = 0.689,
95%CI: 0.573-0.806), which was further proved by DCA and NRI.
Zhu et al. used multiple logistic regression analysis to establish a
scoring system that accurately predicted recurrence in
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combination with conventional MRI and pathological grading,
and divided patients into the following 4 subgroups. The
incidences of recurrence in each subgroup were as follows:
subgroup 1 (1.2%); subgroup 2 (5.7%); subgroup 3 (26.1%);
subgroup 4 (66.7%) (P < 0.001) (11). However, consistency
between predicted probability and actual probability was not
assessed by using calibration curves in their study. Besides, the
repeatability and reproducibility of the model were not tested by
performing validation of the prediction model. In contrast, our
study made up for the above deficiencies. While conventional MRI
has limited ability to predict recurrence of meningiomas after
radical resection. ADC map renders microstructure regard to
cellular density and tumor matrix (29). Therefore, in addition to
conventional MRI, our work also included fMRI to improve the
predictive potential of meningiomas after treatment. Recently,
Farshad et al. generated and validate predictors of postoperative
meningioma recurrence and a nomogram based on the Cox model
that incorporated methylation, pathological grade, and Simpson
grade recurrence in a multicenter retrospective study (3). The
discrimination of the meningioma recurrence was up to 82% in
combined validation cohorts (AUC = 0.82, 95% CI: 0.76–0.87) (3).
In this work, we used Lasso to select variables, which not only
improved the accuracy of prediction, but also ensured the
interpretability and stability of the model, and reduced the
complexity of the model (37). In brief, this method can well
overcome the shortcomings of traditional methods. Although the
Lasso-logistic model, which combines pathological grading and
imaging features, performed similarly to the methylated group-
basedmodel, non-invasive imaging is more convenient, economical,
reproducible, and has greater potential for continuous monitoring.

Although our work can improve the accuracy of prediction of
postoperative meningioma recurrence, this study still has some
limitations. First of all, our study is a retrospective study at a
single institution. Therefore, it lacks external validation to test
the generalization ability of the model. Furthermore, the sample
size was not large enough, which may lead to statistical bias. Also,
follow-up time might be still not long enough for benign tumors.
In the future, prospective studies based on large-scale multiple
centres are needed to verify the reliability and generalization of
our model. Finally, the expensive examination fee of MRI may
also limit our research objectively.

In this study, we spotted the independent prognostic factor for
post-treatment recurrence of meningioma, and combined
conventional magnetic resonance with functional magnetic
resonance using the Lasso-logistic algorithm to establish a simple
and reliable meningioma prediction model. We found that non-
invasive imaging techniques were used to supplement the
pathological grade, which had a higher prognostic value than the
pathologic grade alone and helped to distinguish between patients
at different risks of recurrence. Moreover, the proposed model can
help in optimizing the individualized design of clinical therapy.
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Meningioma Based on Tumor and
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Background: Brain invasion in meningioma has independent associations with increased
risks of tumor progression, lesion recurrence, and poor prognosis. Therefore, this study
aimed to construct a model for predicting brain invasion in WHO grade II meningioma by
using preoperative MRI.

Methods: One hundred seventy-three patients with brain invasion and 111 patients
without brain invasion were included. Three mainstream features, namely, traditional
semantic features and radiomics features from tumor and tumor-to-brain interface
regions, were acquired. Predictive models correspondingly constructed on each feature
set or joint feature set were constructed.

Results: Traditional semantic findings, e.g., peritumoral edema and other four features, had
comparable performance in predicting brain invasion with each radiomics feature set. By
taking advantage of semantic features and radiomics features from tumoral and tumor-to-
brain interface regions, an integrated nomogram that quantifies the risk factor of each
selected feature was constructed and had the best performance in predicting brain invasion
(area under the curve values were 0.905 in the training set and 0.895 in the test set).

Conclusions: This study provided a clinically available and promising approach to predict
brain invasion in WHO grade II meningiomas by using preoperative MRI.

Keywords: atypical meningioma, brain invasion, magnetic resonance imaging, radiomics, semantic
1 INTRODUCTION

Brain invasion becomes a stand-alone criterion for atypical grade II meningioma in the updated
2016 World Health Organization (WHO) Classification of Tumors of the CNS (1), because of its
independent associations with increased risks of tumor progression, lesion recurrence, and poor
prognosis (2–5). Therefore, the existence of brain invasion can significantly impact preoperative
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evaluation and decision-making. Regarding this rising clinical
significance, the recognition of brain invasion for brain
meningioma especially before clinical intervention is very
important, but few biomarkers are routinely used in
clinical practice.

As the only golden standard for the diagnosis of brain invasion
in meningioma, histopathological examination is greatly dependent
on the acquisition of peritumoral brain tissue, leading to a
heterogeneous assessments of brain invasion (6). Alternatively, in
the preoperative diagnosis/assessment, magnetic resonance imaging
(MRI) is the most important technique for brain meningioma by
taking advantage of its ultra-high tissue resolution and spatial
resolution. Previous existing documents suggested that traditional
MRI findings, like peri-tumoral edema, heterogeneous contrast
enhancement, and irregular tumor shape, have values in
predicting brain invasion (6, 7). However, the outcomes of these
imaging signs are not widely supportive (8), which may be resulting
from the limited and insufficient information they provided.

Radiomics can convert medical images into mineable high-
dimensional quantitative data that may reflect underlying
pathophysiology of the tumor (9). By employing radiomics, a
number of studies reported the relevant values in grading and
classifying brain meningiomas (10–13), while only several
documents related it to predict brain invasion in meningioma.
Zhang et al. demonstrated that some radiomics features within
tumor and sex jointly reached the best performance in predicting
brain invasion (14). Joo et al. constructively suggested that the
radiomics features from the tumor-to-brain interface region could
help predict brain invasion in meningioma (15). Therefore, this
couple of studies leads an important role in introducing radiomics
to assess the risk of brain invasion in meningioma. However, it is
worth noting that 1) both studies merely arbitrarily extracted
radiomics features from the tumor region or tumor-to-brain
interface region and (2) WHO grade I meningiomas occupied the
majority of the training dataset, which might bring pathological bias
in model construction (14, 15). Therefore, since grade I
meningioma with brain invasion has been assigned to WHO
grade II (1), it deserves to predict brain invasion in high grade
meningioma (WHO grade II) by integrating the value of radiomics
features in tumor and tumor-to-brain interface regions, as well as
the traditional radiological findings (semantic features).

In the present study, three mainstream features, namely,
radiomics features from the tumor region, radiomics features
from the tumor-to-brain interface region, and semantic features,
were subsequently extracted from each meningioma. Feature
selection and model construction were conducted step by step,
and the value of each selected feature was estimated. Finally, an
integrated nomogram constructed on the selected features was
built to comprehensively estimate the risk points as a composite
predictor for brain invasion in meningioma.
2 MATERIALS AND METHODS

This retrospective study was approved by the Medical Ethics
Committee of the Second Affiliated Hospital of Zhejiang
University School of Medicine. The written informed consent
Frontiers in Oncology | www.frontiersin.org 234
from the patients was waived. All the methods were carried out
in accordance with relevant guidelines and regulations.

2.1 Subjects
Initially, 2,878 meningioma patients with pathological confirmation
from January 2011 to August 2020 were screened. In the 2016
WHOClassification of Tumors of the CNS, a significant revision for
meningioma was that the presence of brain invasion in a WHO
grade I meningioma is assigned to WHO grade II (1). Thus, in
consideration of this update, a total of 339 patients were included
according to the following inclusion criteria: 1) since 2016, WHO
grade II meningioma with (N = 117) and without (N = 135) brain
invasion should have histopathological evidence; and 2) before
2016, because histopathological assessment of brain invasion was
not a regular guideline for grading meningioma, only meningioma
with brain invasion (N = 87) was histopathologically confirmed and
included. Then, 55 patients were further excluded according to the
exclusion criteria shown in Figure 1. Finally, 173meningiomas with
brain invasion and 111 meningiomas without brain invasion
were recruited.

2.2 Image Acquisition
All the MRI examinations were completed 1 week before the
operation in the Second Affiliated Hospital of Zhejiang University
School of Medicine. All the images (T1-weighted, T2-weighted, and
enhanced T1-weighted imaging) were acquired using clinical
scanning protocols in eight MRI scanners (3.0 T scanners, e.g.,
GE Discovery MR 750, GE Discovery MR 750W, GE Signal HDxt,
and United Imaging MRI 790; 1.5 T scanners, e.g., Siemens
FIGURE 1 | The flowchart of data inclusion and exclusion.
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Magnetom Aera, Siemens Magnetom Avento, Siemens Magnetom
Sonata, and GE Signal HDxt).

2.3 Clinical Semantic Assessment
Two neuroradiologists with 5 years of experience who were blinded
to the clinical and pathological information of the patients evaluated
the clinical semantic features for each meningioma. When an
inconsistency occurred, the result will be rechecked by a senior
neuroradiologist with 30 years of experience. Semantic features
including radiological findings and demographic information were
recorded (10, 11): 1) tumor location: anterior/middle/posterior
cranial fossa, sphenoid crest, saddle tubercle, lateral/midline
convexity, tentorium cerebelli, ventricle, other; 2) number of
tumors: single or multiple; 3) the largest diameter of the tumor;
4) short diameter perpendicular to the maximum length diameter;
5) T1 signal intensity; 6) T2 signal intensity; 7) degree of contrast
enhancement on gadolinium-enhanced T1 imaging; 8) intratumoral
heterogeneity after enhancement; 9) tumor margin; 10) peritumoral
edema; 11) cystic or necrosis; 12) bone invasion; 13) hyperostosis;
14) dural tail; 15) venous sinus invasion; 16) CSF cleft sign;
17) arterial narrowing; 18) sunburst; 19) age; and 20) sex.
Frontiers in Oncology | www.frontiersin.org 335
2.4 Radiomics Modeling
2.4.1 Semi-Automatic Region of Interest
Segmentation
For every meningioma lesion, manual segmentation was conducted
to extract the tumor region, while a semi-automatic segmentation
was used to acquire the tumor-to-brain interface region (Figure 2).
The details were shown below:

1) Manual segmentation of the tumor region [region of interest
(ROI)]. Two radiologists with about 5 years of clinical experience
manually segmented the tumor ROI along the sharp tumor margin
in the axial enhanced T1-weighted images in a slice-by-slice way.
Before manual segmentation, these two radiologists were trained by
a neuroradiologist with 30 years of experience, and then both of
them blinded to the patient information manually segmented 40
randomly selected tumors. DICE similarity coefficient was
calculated to test the interoperator agreement (16, 17). As a result,
the DICE similarity coefficient was 0.914 ± 0.035, indicating an
excellent agreement.

2) Automatic segmentation of tumor-to-brain interface ROI.
Based on the outer edge of the tumor region segmented in the
first step, the 5 mm in the spatial scale was firstly converted to the
A

B

C

D

FIGURE 2 | Different ROI segmentation conditions are displayed in 2D and 3D in ITK-SNAP software, including the original image, the manually segmented tumoral
ROI, and the semi-automatically segmented tumor-to-brain interface ROI. (A) Tumor located in anterior cranial fossa with overlap of non-brain tissues (i.e., bone) after
5 mm expansion, which is manually revised to only keep tumor-to-brain interface. (B) The same tumor with overlap of non-brain tissues (i.e., postorbital tissues) after
5 mm expansion, which is manually revised to only keep tumor-to-brain interface. (C) The same tumor without any overlap of non-brain tissues after 5 mm
expansion. (D) 3D visualization. ROI, region of interest.
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pixel scale in the image, and then the morphology operations of
image expansion and corrosion (Python, Skimage.Morphology)
(18) were carried out to automatically segment the tumor-to-
brain interface ROI. The initial region was formed by the annular
region with the outer boundary of the tumor and the
amplification boundary as the inner and outer boundary.

3) Final review and revision for the tumor-to-brain interface
region. The initial tumor-to-brain interface region was reviewed
layer by layer by the neuroradiologist. If the expansion boundary
included non-interested brain/non-brain regions, manual
correction was carried out; if no correction was needed,
automatic segmentation was retained.
2.4.2 Image Preprocessing and Radiomics
Feature Extraction
The original MRI images and the corresponding annotation files
were upload to the Deepwise multimodal research platform (https://
keyan.deepwise.com, V1.6.2) for radiomics feature quantification,
feature engineering on the volume map of the semi-automatically
labeled two-dimensional ROI. The complete process of this study is
shown in Figure 3, which is mainly composed of six steps: ROI
segmentation, image preprocessing, feature extraction, feature
selection, model building, and model evaluation.

Firstly, in the image preprocessing, Z-score normalization was
used to process the images with a normalize scale of 100 (19), and
the B-spline interpolation sampling method was used to resample
MRI images with different resolutions to the same resolution [1,1,1]
(20). Then, eight different image transforms (https://pyradiomics.
readthedocs.io/en/latest/radiomics.html#module-radiomics.
imageoperations), such as high-pass wavelet filter, low-pass wavelet
filter, Laplace, gradient, and Gaussian transform, were used to
obtain more pixel-level high-throughput image features. Secondly,
based on the original and transformed images, we extracted and
quantified the radiomics features of tumor and peritumor ROIs,
respectively, which included three categories: first-order, shapes,
and texture features (21). The three described global information
such as gray mean value and variance, local information such as
shape and edge of ROI, and mutual information between pixels
inside ROI and neighborhood, respectively. Texture features mainly
include the GLCM (gray level co-occurrence matrix), GLRLM (gray
level run length matrix), GLSZM (gray level size zone matrix),
GLDM (gray level dependence matrix), and NGLD (neighboring
gray level dependence matrix) (https://pyradiomics.readthedocs.io/
en/latest/features.html). See Supplement Material 1 for
specific features.

Finally, a total of 1,763 radiomics features were extracted and
normalized for each ROI in our study. Z-score normalization was
used to eliminate the influence of feature dimensions and speed up
the solution of the gradient descent algorithm, Z = (X −mean)/SD.

2.4.3 Features Selection of Radiomics and
Semantic Features
2.4.3.1 Selection of Radiomics Features
It consisted of two stages: first, interobserver interclass coefficient
(ICC) analysis and correlation analysis were used (22, 23). ICC
analysis was used to exclude features with interobserver instability
Frontiers in Oncology | www.frontiersin.org 436
(ICC coefficient < 0.9), and correlation analysis between features
was used to exclude features with high correlation (Pearson
correlation coefficient > 0.7) and retain low correlation (Pearson
correlation coefficient < 0.7). Secondly, the F-hypothesis test
(ANOVA, F-test of homogeneity of variance) (https://
statisticsbyjim.com/anova/f-tests-anova/) was used for further
feature selection. The F-test looked for the linear relationship
between the two data groups and returned two statistics of F-value
and P-value. We retain the features that were significantly
correlated with the true label (P-value < 0.01) and delete those
without significantly linear correlation (P-value > 0.01) (https://
scikit-learn.org/stable/modules/feature_selection.html).

2.4.3.2 Selection of Semantic Features
Statistical tests, univariate andmultivariate analyses, and stepping-
regression methods were used to select semantic features which
were associated with brain invasion of meningioma.

2.4.4 CSRN Construction
The significant semantic and radiomics features were selected as
the independent variables, while the meningioma invasion was
taken as the dependent variable. The logistic regression (LR) was
used to establish a multivariate regression model for predicting
brain invasion for meningioma.

We developed five models, namely, 1) tumoral radiomics
model (TRM), 2) tumor-to-brain interface radiomics model
(TbRM), 3) clinical semantic model (CSM), 4) tumor
combined tumor-to-brain interface radiomics model
FIGURE 3 | Workflow of this study, which mainly composed of six steps:
ROI segmentation, image preprocessing, feature extraction, feature selection,
model building, and model comparative evaluation. ROI, region of interest.
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(TCTbRM), and 5) clinical semantic and radiomics
nomogram (CSRN).

LR is a traditional machine learning binary classifier, which is
often used to analyze the risk factors of a certain disease and is
suitable for predicting categorical variable (such as meningioma
invasion and non-invasion events in this study) (24). This
method could output a quantized non-linear model and
probabilistic values (continuous variable).

The CSRN was established and evaluated as follows:
1) Model training. All patients were divided into training set

and test set in a ratio of 7:3, and it was iterated for 2,000 times to
get a stable result. Considering the AUC performance of the
training set and test set comprehensively, and following the fact
that the number of modeling features accounted for 10%–20% of
the total sample size to simplify the prediction model (25), we
selected radiomics features, respectively, and examined their
statistical differences between meningioma with and without
brain invasion.

2) Calculation of radiomics scores. TRM and TbRM based on
LR were constructed by selecting 20 significant tumor and 20
tumor-to-brain interface radiomics features, respectively, and the
output probability scores of the combination of modeling
features and weights were converted into radiomics score,
Rad_score (Rscore_1ROI, Rscore_2ROI) (26).

Rad _ score =
1

1 + exp (S bi ∗ f i)

fi represents radiomics feature i, while ßi represents the
coefficient corresponding to this feature.

3) Quantitative representation of CSRN. With the inclusion
of significant semantic features, Rscore_1ROI and Rscore_2ROI,
a CSRN for predicting the meningioma invasion probability was
established using multivariate LR (24). Thus, each factor and the
predicted probability of brain invasion were described and
calculated numerically.

4) Establishment of different models. Similarly, we extracted
the features of single category and multiple categories,
respectively, and established the remaining four models,
namely, TRM, TbRM, CSM, and TCTbRM. See Supplement
Material 2 for details.

5) Comparison andevaluation among themodels. The semantic
features, tumoral radiomics features, and tumor-to-brain interface
radiomics features involved in themodelingwere discussed indetail
for their application value in clinical scenarios, and the contribution
and clinical significance of this study to predict the invasion of
WHO grade II meningiomas were also discussed.

The ROC curve, the area under the ROC curve (AUC),
accuracy, sensitivity, specificity, negative predictive value
(NPV), and positive predictive value (PPV) indexes
comprehensively described the performance of the five
classifiers. Calibration curves were used to describe the
predictive accuracy of CSRN, and decision curve analysis
(DCA) was used to describe the clinical efficacy between the
models. Feature heat maps were used to describe the correlations
between radiomics features, and Python’s image processing
package was used to visualize these features.
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2.5 Statistical Analysis
SPSS 22.0 (released 2013; IBM SPSS Statistics forWindows, Version
22.0), R (https://www.rstudio.com), Python 4.0 (https://www.
python.org/), and Deepwise DXAI Platform (https://dxonline.
deepwise.com/) were used for statistical validation, analysis, and
visualization. Mean and standard deviation (SD) were used to
describe numerical variables. Two-independent sample t-test was
used for the variables with normal distribution, while Wilcoxon test
was used for skewed distribution. Frequency was used to describe
categorical variables, chi-square test or corrected chi-square test was
used for disordered variables, and Kruskal–Wallis H test was used
for ordered variables. DeLong test was used to compare the ROC
curves among the five models, and Z-test was used to compare
the differences between AUC, accuracy, sensitivity, specificity,
NPV, PPV, and other indicators. This study was a bilateral
significance test, and a two-tailed P <0.05 was considered
statistically significant.
3 RESULTS

3.1 Demographic Information
A total of 284 patients with WHO grade II meningioma were
enrolled, consisting of 173 patients with brain invasion and
111 patients without brain invasion. Table 1 specifies
the overall distribution of demographic information and
semantic features.

No significant difference in age, the largest diameter of the
tumor, and the short diameter perpendicular to the maximum
length diameter was observed between meningiomas with and
without brain invasion (P > 0.05), while significant differences in
tumor location, hyperostosis, CSF cleft sign, T2-weighted signal,
and peritumoral edema were observed between two groups
(P < 0.05), suggesting that meningiomas with brain invasion
had higher frequency in the location of anterior cranial fossa but
lower frequency in midline convexity; higher frequencies of
hyperostosis, hypointense T2-weighted signal, and peritumoral
edema; and lower frequency of CSF cleft sign in comparison with
meningioma without brain invasion (Table 2).

3.2 Radiomics Features Selection and
Significance Analysis
A total of 1,740 tumoral and 1,740 tumor-to-brain interface
radiomics features were extracted. After ICC analysis and
correlation analysis, 20 tumoral and 20 tumor-to-brain
interface features were selected using F-test and LR methods.
The Pearson correlation heat maps of the original features and
the selected features were respectively shown in Figure 4, and it
could be clearly seen that the selected 20 features had low
correlation in pairs, which reduced the feature redundancy.
The radiomics feature distribution of randomly selected
meningioma cases with and without brain invasion for each is
shown in Figure 5. All the selected radiomics features are
summarized in Table 3 and ranked according to their
classification contributions (absolute value of weights). Among
40 radiomics features, texture features vs. first-order features vs.
October 2021 | Volume 11 | Article 752158
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shape features = 1.8162 vs 0.2743 vs. 0.0643 (about 28:4:1, the
ratio of absolute value to the sum).

Based on the above features, the LR algorithm was applied to
construct the TRM and TbRM by training on each tumoral and
Frontiers in Oncology | www.frontiersin.org 638
tumor-to-brain interface radiomics feature set, respectively,
which subsequently converted the output probability scores
into radiomics scores (Rscore_1ROI, Rscore_2ROI) by the
formula in Supplement Material 3.
TABLE 1 | Demographic information of the 284 patients.

Index Patients (n = 284)

Non-invasion group (n = 111) Invasion group (n = 173) p-value

Age 57.1 ± 12.3 56.6 ± 11.5 0.745a

The largest diameter of the tumor 42.8 ± 16.8 44.6 ± 14.5 0.358a

Short diameter perpendicular to the maximum length diameter 31 (24–39.5) 34 (25–41) 0.226b

Sex 0.843c

Female 68 (61.3%) 108 (62.4%)
Male 43 (38.7%) 65 (37.6%)

Tumor location 0.000**c

Anterior cranial fossa 7 (6.3%) 38 (22.0%)
Middle cranial fossa 5 (4.5%) 3 (1.7%)
Posterior cranial fossa 11 (9.9%) 3 (1.7%)
Sphenoid crest 10 (9.0%) 14 (8.1%)
Saddle tubercle 0 (0.0%) 4 (2.3%)
Lateral convexity 44 (39.6%) 78 (45.1%)
Midline convexity 24 (21.6%) 20 (11.6%)
Tentorium cerebelli 7 (6.3%) 9 (5.2%)
Ventricle 1 (0.9%) 4 (2.3%)
Other 2 (1.8%) 0 (0.0%)

Number of tumors 0.073c

Single 109 (98.2%) 162 (93.6%)
Multiple 2 (1.8%) 11 (6.4%)

Cystic or necrosis 59 (53.2%) 105 (60.7%) 0.209c

Bone invasion 47 (42.3%) 67 (38.7%) 0.544c

Hyperostosis 43 (38.7%) 96 (55.5%) 0.006**c

Venous sinus invasion 18 (16.2%) 30 (17.3%) 0.805c

Dural tail 100 (90.1%) 148 (85.5%) 0.262c

CSF cleft sign 97 (87.4%) 126 (72.8%) 0.004**c

Arterial narrowing 4 (3.6%) 6 (3.5%) 1.000c

Sunburst 1 (0.9%) 3 (1.7%) 0.948c

T1 0.200d

Hyperintense 6 (5.4%) 2 (1.2%)
Isointense 73 (65.8%) 113 (65.3%)
Hypointense 32 (28.8%) 58 (33.5%)

T2 0.029d*
Hyperintense 49 (44.1%) 68 (39.3%)
Isointense 61 (55.0%) 91 (52.6%)
Isointense 1 (0.9%) 14 (8.1%)

T1+C (degree of CE) 0.325d

Mild 15 (13.5%) 31 (17.9%)
Marked 96 (86.5%) 142 (82.1%)

Intratumoral heterogeneity 0.689d

Uniformly 41 (36.9%) 68 (39.3%)
Uneven 70 (63.1%) 105 (60.7%)

Tumor margins 0.572d

Clear 24 (21.6%) 32 (18.5%)
Unclear 55 (49.5%) 88 (50.9%)
Indistinct 32 (28.8%) 53 (30.6%)

Peritumoral edema 0.000**d

None 38 (34.2%) 10 (5.8%)
Mild 55 (49.5%) 101 (58.4%)
Marked 18 (16.2%) 62 (35.8%)
October 2021 | Volume 11 | Article
aTwo sample t-test.
bWilcoxon test.
cChi-square test.
dKruskal–Wallis H test.
*p < 0.05, **p < 0.01.
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3.3 Multivariate Analysis of LR: Semantic
Features and Rscore
Then, all the semantic features and Rscore, including peritumoral
edema, tumor location, hyperostosis, T2W signal, and CSF cleft
Frontiers in Oncology | www.frontiersin.org 739
sign, and Rscore_1ROI and Rscore_2ROI, were combined to
construct an integrated model, CSRN, by using multivariate
analysis of LR. The variance inflation factor (VIF) test was
performed. Table 4 lists all these included features and their
TABLE 2 | Demographic information of meningioma patients in the training set and test set.

Index Training set (n = 198) Test set (n = 86) p-
value

Non-invasion group
(n = 77)

Invasion group
(n = 121)

p-
value

Non-invasion group
(n = 34)

Invasion group
(n = 52)

p-value

Age 57.1 ± 11.7 56.2 ± 12.2 0.564a

The largest diameter of the tumor 42.2 ± 16.4 45.6 ± 14.3 0.132a 44.3 ± 17.7 42.3 ± 14.8 0.571a 0.542a

Short diameter perpendicular to the
maximum length diameter

31 (24–39) 34.8 (26–41) 0.092b 34.5 (24.3–41.3) 34 (23.5–40.1) 0.477b 0.899b

Sex 0.934 0.803c 0.324c

Female 46 (59.7%) 73 (60.3%) 22 (64.7%) 35 (67.3%)
Male 31 (40.3%) 48 (39.7%) 12 (35.3%) 17 (32.7%)

Tumor location 0.010** 0.053c 0.769c

Anterior cranial fossa 5 (6.5%) 27 (22.3%) 2 (5.9%) 11 (21.2%)
Middle cranial fossa 4 (5.2%) 3 (2.5%) 1 (2.9%) 0 (0.0%)
Posterior cranial fossa 7 (9.1%) 2 (1.7%) 4 (11.8%) 1 (1.9%)
Sphenoid crest 8 (10.4%) 11 (9.1%) 2 (5.9%) 3 (5.8%)
Saddle tubercle 0 (0.0%) 2 (1.7%) 0 (0.0%) 2 (3.8%)
Lateral convexity 32 (41.6%) 52 (43.0%) 12 (35.3%) 26 (50.0%)
Midline convexity 15 (19.5%) 16 (13.2%) 9 (26.5%) 4 (7.7%)
Tentorium cerebelli 4 (5.2%) 5 (4.1%) 3 (8.8%) 4 (7.7%)
Ventricle 0 (0.0%) 3 (2.5%) 1 (2.9%) 1 (1.9%)
Other 2 (2.6%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Number of tumors 0.162 0.932c 1.000c

Single 76 (98.7%) 113 (93.4%) 33 (97.1%) 49 (94.2%)
Multiple 1 (1.3%) 8 (6.6%) 1 (2.9%) 3 (5.8%)

Cystic or necrosis 42 (54.5%) 74 (61.2%) 0.357 17 (50.0%) 31 (59.6%) 0.380c 0.664c

Bone invasion 31 (40.3%) 47 (38.8%) 0.842 16 (47.1%) 20 (38.5%) 0.429c 0.697c

Hyperostosis 30 (39.0%) 68 (56.2%) 0.018* 13 (38.2%) 28 (53.8%) 0.156c 0.778c

Venous sinus invasion 10 (13.0%) 22 (18.2%) 0.333 8 (23.5%) 8 (15.4%) 0.343c 0.614c

Dural tail 68 (88.3%) 106 (87.6%) 0.882 32 (94.1%) 42 (80.8%) 0.153c 0.670c

CSF cleft sign 66 (85.7%) 93 (76.9%) 0.127 31 (91.2%) 33 (63.5%) 0.004**c 0.267c

Arterial narrowing 2 (2.6%) 6 (5.0%) 0.651 2 (5.9%) 0 (0.0%) 0.299c 0.711c

Sunburst 0 (0.0%) 1 (0.8%) 1.000 1 (2.9%) 2 (3.8%) 1.000c 0.158c

T1 0.671 0.089d 0.223d

Hyperintense 4 (5.2%) 1 (0.8%) 2 (5.9%) 1 (1.9%)
Isointense 47 (61.0%) 79 (65.3%) 26 (76.5%) 34 (65.4%)
Hypointense 26 (33.8%) 41 (33.9%) 6 (17.6%) 17 (32.7%)

T2 0.069 0.897d 0.749d

Hyperintense 37 (48.1%) 45 (37.2%) 12 (35.3%) 23 (44.2%)
Isointense 39 (50.6%) 68 (56.2%) 22 (64.7%) 23 (44.2%)
Hypointense 1 (1.3%) 8 (6.6%) 0 (0.0%) 6 (11.5%)

T1+C (degree of CE) 0.257 1.000d 0.168d

Mild 11 (14.3%) 25 (20.7%) 4 (11.8%) 6 (11.5%)
Marked 66 (85.7%) 96 (79.3%) 30 (88.2%) 46 (88.5%)

Intratumoral heterogeneity 0.987 0.451d 0.789d

Uniform 30 (39.0%) 47 (38.8%) 11 (32.4%) 21 (40.4%)
Uneven 47 (61.0%) 74 (61.2%) 23 (67.6%) 31 (59.6%)

Tumor margins 0.514 0.961d 0.830d

Clear 19 (24.7%) 21 (17.4%) 5 (14.7%) 11 (21.2%)
Unclear 35 (45.5%) 64 (52.9%) 20 (58.8%) 24 (46.2%)
Indistinct 23 (29.9%) 36 (29.8%) 9 (26.5%) 17 (32.7%)

Peritumoral edema 0.000** 0.000**d 0.587d

None 27 (35.1%) 6 (5.0%) 11 (32.4%) 4 (7.7%)
Mild 35 (45.5%) 72 (59.5%) 20 (58.8%) 29 (55.8%)
Marked 15 (19.5%) 43 (35.5%) 3 (8.8%) 19 (36.5%)
October 2021 | Volume 11 | Article 7
aTwo-sample t-test.
bWilcoxon test.
cChi-square analysis.
dKruskal–Wallis H test.
*p < 0.05, **p < 0.01.
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statistical data and ranked them according to P-values. As a result,
the importance order of brain invasion predictors was as follows:
peritumoral edema > Rscore_2ROI (tumor-to-brain interface
radiomics features) > Rscore_1ROI (tumoral radiomics features) >
tumor location > CSF cleft sign > T2-weighted signal > osteogenesis.

3.4 The Performance of CSRN, TRM,
TbRM, CSM, and TCTbRM
CSRN combined seven factors and the LR algorithm to calculate
the risk probability of brain invasion for meningioma patients. In
Figure 6A, the input and output of CSRN had be quantified in
the nomogram. According to the value of each patient in each
factor, each quantized point (“Point”) would be obtained and the
total points were summed (“Total points”), and then the risk of
brain invasion was calculated (“Risk of invasion”). The detailed
explanation of each factor is shown in Supplement Material 4.
The higher the total score, the greater the risk of brain invasion
Frontiers in Oncology | www.frontiersin.org 840
of the patient is. We drew nomogram correction curves
(Figures 6B, C) on the training set and the test set,
respectively. It can be seen that the prediction curve is close to
the reference line (slope = 1), indicating its prediction ability
is excellent.

Furthermore, the performances of CSRN and the other four
models (TRM, TbRM, CSM, TCTbRM) are shown in Figure 7,
respectively, by confusion matrix, and it can be seen that the
number of false-positive and false-negative samples of CSRN was
lower than that of the other models in both training and test sets.
The ROC curves and AUCs of the five models in the training set
and the test set are, respectively, shown in Figures 8A, B,
indicating that the AUC of CSRN was the largest.

Youden coefficient was used to find the cutoff point of the
ROC curve and to calculate the accuracy, sensitivity, specificity,
NPV, and PPV for each model, and all indexes are shown in
Table 5. In Supplement Material 5, we demonstrated the
A B

DC

FIGURE 4 | The Pearson correlation heat maps of radiomics features. (A) Sixty of the original 1,740 radiomics features of tumoral ROI; (B) 20 selected radiomics
features of tumoral ROI; (C) 60 of the original 1,740 radiomics features of tumor-to-brain interface ROI; (D) 20 selected radiomics features of tumor-to-brain interface
ROI. ROI, region of interest.
October 2021 | Volume 11 | Article 752158
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process of using Youden to find the cutoff point on the training
set of the CSRN.

The results in Table 5 show the following: in the training set,
CSRN had the highest AUC of 0.905 (95% CI 0.863–0.9472),
which was significantly higher than those of the TRM (0.762,
95% CI 0.695–0.829), TbRM (0.829, 95% CI 0.771–0.888), CSM
(0.828, 95% CI 0.769–0.887), and TCTbRM (0.860, 95% CI
0.807–0.913), and the AUC of the TCTbRM was better than
that of the CSM, while the AUC of the TbRM was close to that of
Frontiers in Oncology | www.frontiersin.org 941
the CSM. Specifically, in the test set, the AUC of CSRN was 0.895
(95% CI 0.828–0.962), which was significantly higher than that of
the TRM (0.701, 95% CI 0.588–0.814) and significantly higher
than those of the TbRM (0.769, 95% CI 0.67–0.867), CSM (0.761,
95% CI 0.658–0.863), and TCTbRM (0.817, 95% CI 0.723–0.91)
(DeLong test, P < 0.05).

The accuracy, sensitivity, specificity, NPV, and PPV of CSRN
on the test set were 0.826, 0.788, 0.882, 0.732, and 0.911,
respectively, among which accuracy, specificity, and NPV were
A

B

D

E

F

C

FIGURE 5 | Visualization of tumoral and tumor-to-brain interface significant radiomics features of brain invasion and non-invasion in patients with meningioma. The
results show the differences between two ROIs in the high-throughput radiomics features. In meningioma with brain invasion, the signal in the tumor is more dense,
and the texture signal intensity around the 5-mm tumor is higher, that is, the information complexity is higher. (A) Original_firstorder (pseudo-color image);
(B) wavelet-LLH_gldm; (C) log-sigma-1-0-mm-_glcm; (D) lbp-m2_ngtdm; (E) log-sigma-3-0-mm-_glrlm; (F) wavelet-HHL_glszm. ROI, region of interest.
October 2021 | Volume 11 | Article 752158
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TABLE 3 | Statistics of all the selected radiomics features.

Features Weights Mean Standard
deviation

p-
value

Test Feature source Sort Image

LoG-sigma-3-0-mm-
3D_glrlm_ShortRunLowGrayLevelEmphasis2ROI

0.1468 0.0069 0.0058 0.001* W Tumor-to-brain
interface ROI

Texture LoG

LBP-3D-m2_ngtdm_Complexity2ROI −0.1455 3.8204 1.2285 0.004* W Tumor-to-brain
interface ROI

Texture LBP

exponential_gldm_SmallDependenceLowGrayLevelEmphasis2ROI −0.1226 0.0199 0.0024 0.000* t Tumor-to-brain
interface ROI

Texture Exponential

square_gldm_SmallDependenceLowGrayLevelEmphasis2ROI −0.1015 0.0228 0.0057 0.000* W Tumor-to-brain
interface ROI

Texture Square

logarithm_ngtdm_Busyness1ROI 0.0942 0.0975 0.1218 0.000* W Tumor ROI Texture LoG
LoG-sigma-4-0-mm-3D_firstorder_Kurtosis2ROI −0.0935 2.9566 0.8304 0.000* W Tumor-to-brain

interface ROI
First-
order

LoG

LoG-sigma-3-0-mm-3D_glcm_Correlation2ROI 0.0923 0.9341 0.0101 0.000* W Tumor-to-brain
interface ROI

Texture LoG

LoG-sigma-3-0-mm-3D_glcm_Idmn2ROI −0.0921 0.996 0.0016 0.007* t Tumor-to-brain
interface ROI

Texture LoG

logarithm_ngtdm_Strength1ROI −0.0882 26.2279 32.0014 0.000* W Tumor ROI Texture LoG
LoG-sigma-1-0-mm-3D_glcm_InverseVariance1ROI 0.0828 0.4085 0.0516 0.000* W Tumor ROI Texture LoG
LoG-sigma-3-0-mm-
3D_glrlm_LongRunHighGrayLevelEmphasis1ROI

−0.0695 971.5188 765.1715 0.000* W Tumor ROI Texture LoG

LoG-sigma-1-0-mm-3D_glcm_Correlation1ROI 0.0694 0.5867 0.0538 0.002 t Tumor ROI Texture LoG
LBP-3D-k_glrlm_RunVariance2ROI 0.0655 18.9969 6.2895 0.007* W Tumor-to-brain

interface ROI
Texture LBP

original_shape_SurfaceVolumeRatio2ROI −0.0643 0.3724 0.0438 0.006* t Tumor-to-brain
interface ROI

Shape Original
image

logarithm_glcm_Correlation2ROI 0.0636 0.7629 0.0834 0.000* t Tumor-to-brain
interface ROI

Texture LoG

LBP-3D-m2_glszm_LargeAreaLowGrayLevelEmphasis2ROI 0.0614 86.305 63.3261 0.001* W Tumor-to-brain
interface ROI

Texture LBP

exponential_glcm_Correlation2ROI 0.0581 0.7174 0.1598 0.000* W Tumor-to-brain
interface ROI

Texture Exponential

LoG-sigma-2-0-mm-3D_ngtdm_Strength2ROI −0.0533 5.7185 6.7859 0.009* W Tumor-to-brain
interface ROI

Texture LoG

original_firstorder_Minimum1ROI 0.0501 −5.0574 41.7556 0.000* t Tumor ROI First-
order

Original
image

wavelet-HH_glszm_SmallAreaEmphasis1ROI −0.0495 0.7119 0.0341 0.000* t Tumor ROI Texture Wavelet
exponential_gldm_SmallDependenceLowGrayLevelEmphasis1ROI −0.0473 0.0231 0.0067 0.000* W Tumor ROI Texture Exponential
exponential_gldm_LowGrayLevelEmphasis1ROI −0.0462 0.4158 0.2573 0.000* W Tumor ROI Texture Exponential
LBP-3D-m2_firstorder_Skewness1ROI −0.046 −0.595 0.2577 0.000* W Tumor ROI First-

order
LBP

wavelet-LL_firstorder_Skewness1ROI 0.0374 −0.3226 0.5985 0.006* t Tumor ROI First-
order

Wavelet

LBP-3D-k_gldm_LargeDependenceHighGrayLevelEmphasis2ROI 0.0365 61.6663 2.7931 0.000* t Tumor-to-brain
interface ROI

Texture LBP

original_firstorder_Minimum2ROI 0.0357 −46.631 32.7178 0.000* t Tumor-to-brain
interface ROI

First-
order

Original
image

LBP-3D-m1_glszm_SmallAreaLowGrayLevelEmphasis1ROI 0.0353 0.1478 0.026 0.008* t Tumor ROI Texture LBP
LBP-3D-k_glcm_Correlation1ROI 0.03 0.2733 0.092 0.004* t Tumor ROI Texture LBP
LBP-3D-m1_glszm_LargeAreaEmphasis2ROI 0.0298 497.883 349.1798 0.000* W Tumor-to-brain

interface ROI
Texture LBP

LBP-3D-k_glrlm_RunEntropy1ROI −0.0266 4.1129 0.2879 0.031* t Tumor ROI Texture LBP
wavelet-
LH_gldm_LargeDependenceLowGrayLevelEmphasis1ROI

0.0245 0.016 0.0189 0.000* W Tumor ROI Texture Wavelet

wavelet-LH_glszm_SizeZoneNonUniformityNormalized2ROI −0.0196 0.5121 0.0603 0.000* t Tumor-to-brain
interface ROI

Texture Wavelet

exponential_glrlm_ShortRunLowGrayLevelEmphasis2ROI −0.0176 0.1056 0.0286 0.005* W Tumor-to-brain
interface ROI

Texture Exponential

LBP-3D-k_glszm_LargeAreaHighGrayLevelEmphasis1ROI −0.016 36,713.5462 24,915.5914 0.021* t Tumor ROI Texture LBP
LoG-sigma-4-0-mm-3D_firstorder_Skewness1ROI −0.0116 0.0814 0.4851 0.033* t Tumor ROI First-

order
LoG

logarithm_glrlm_RunLengthNonUniformityNormalized2ROI −0.0098 0.8039 0.0714 0.000* t Tumor-to-brain
interface ROI

Texture LoG

logarithm_glcm_Correlation1ROI 0.0094 0.7269 0.1057 0.000* W Tumor ROI Texture LoG
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significantly higher than those of all the other models (Z-test,
P < 0.05); the specificity and NPV of TCTbRM were higher than
those of CSRN (0.885 vs. 0.788, 0.786 vs. 0.732) (Z-test, P < 0.05),
Frontiers in Oncology | www.frontiersin.org 1143
while accuracy, specificity, and PPV were lower than those of
the CSRN.

In order to explore the auxiliary value of different types of
features in making clinical decision, we performed clinical
decision analysis (DCA) on different models, and these are
shown in Figures 8C, D of the training set and test set. The
results showed that the clinical net benefit (NB) of CSRN was
higher than that of all the other models in the training set. If the
prediction probability of 35%–90% was selected as the
diagnostic model, the clinical NB of CSRN in the test set is
higher than that of all the other models, while when the
prediction probability was 20%–35%, the NB of all the
models were close.
TABLE 3 | Continued

Features Weights Mean Standard
deviation

p-
value

Test Feature source Sort Image

LBP-3D-k_glszm_ZonePercentage1ROI 0.0064 0.0224 0.0075 0.001* t Tumor ROI Texture LBP
exponential_glcm_Idn2ROI −0.0031 0.9767 0.011 0.007* t Tumor-to-brain

interface ROI
Texture Exponential

square_gldm_SmallDependenceLowGrayLevelEmphasis1ROI −0.0018 0.0124 0.0084 0.000* W Tumor ROI Texture Square
O
ctober 2021 | Volum
e 11 | Art
ROI, region of interest; W, Wilcoxon test; t, t-test.
*p < 0.05.
TABLE 4 | The result of multiple logistic regression.

Features Coef t/c2 p-value

Peritumoral edema 1.3079 42.592 <0.0001
Tumor location −0.0633 33.021 0.0046**
Hyperostosis 0.8289 7.594 0.0309*
T2-weighted signal −0.0210 7.075 0.0095**
CSF cleft sign −1.3991 8.493 0.0063**
Rscore_1ROI 1.5849 −10.338 0.0013**
Rscore_2ROI 4.1189 −7.516 <0.0001
*p < 0.05, **p < 0.01.
A

B C

FIGURE 6 | Clinical semantic and radiomics nomogram (CSRN) and its
calibration curves. (A) Nomogram; (B) correction curve of the training set;
(C) calibration curves of the test set.
FIGURE 7 | Confusion matrixes of the five models. Test set: CSRN (A1), TRM
(B1), TbRM (C1), CSM (D1), and TCTbRM (E1); training set: CSRN (A2), TRM
(B2), TbRM (C2), CSM (D2), and TCTbRM (E2). CSRN, clinical semantic and
radiomics model/nomogram; TRM, tumoral radiomics model; TbRM, tumor-to-
brain interface radiomics model; CSM, clinical semantic model; TCTbRM, tumor
combined tumor-to-brain interface radiomics model.
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4 DISCUSSION

This study comprehensively extracted high-throughput
radiomics features from tumoral and tumor-to-brain interface
Frontiers in Oncology | www.frontiersin.org 1244
regions as well as traditional semantic features and also explored
the performance in predicting brain invasion in meningioma
among different predictive models that were constructed on
corresponding radiomics and semantic features. We had two
TABLE 5 | Comparison of the performance of the models.

Model Training set (n = 198) Test set (n = 86)

AUC
(95% CI)

p-value
(vs.

CSRN)

ACC SEN SPE NPV PPV AUC
(95% CI)

p-value
vs.

CSRN

ACC SEN SPE NPV PPV

CSRN 0.905
(0.863–
0.9472)

– 0.854 0.884
(0.813–
0.935)

0.81
(0.699–
0.887)

0.816
(0.717–
0.893)

0.877
(0.800–
0.931)

0.895
(0.828–
0.962)

– 0.826 0.788
(0.653–
0.889)

0.882
(0.725–
0.967)

0.732
(0.579–
0.914)

0.911
(0.783–
0.957)

TRM 0.762
(0.695–
0.829)

0.0004** 0.689 0.636
(0.544–
0.722)

0.77
(0.656–
0.855)

0.573
(0.478–
0.707)

0.811
(0.713–
0.864)

0.701
(0.588–
0.814)

0.004** 0.686 0.635
(0.490–
0.764)

0.765
(0.588–
0.893)

0.578
(0.430–
0.778)

0.805
(0.645–
0.885)

TbRM 0.829
(0.771–
0.888)

0.039* 0.773 0.818
(0.738–
0.882)

0.701
(0.586–
0.800)

0.711
(0.605–
0.807)

0.812
(0.722–
0.878)

0.769
(0.671–
0.867)

0.039* 0.709 0.635
(0.490–
0.764)

0.84
(0.655–
0.932)

0.596
(0.449–
0.813)

0.846
(0.691–
0.911)

CSM 0.828
(0.769–
0.887)

0.037* 0.808 0.909
(0.843–
0.954)

0.649
(0.53–
0.755)

0.820
(0.710–
0.883)

0.803
(0.714–
0.894)

0.761
(0.658–
0.863)

0.033* 0.767 0.769
(0.632–
0.875)

0.765
(0.588–
0.893)

0.684
(0.527–
0.847)

0.833
(0.687–
0.913)

TCTbRM 0.860
(0.807–
0.913)

0.072 0.808 0.785
(0.701–
0.855)

0.844
(0.744–
0.917)

0.714
(0.616–
0.836)

0.888
(0.809–
0.927)

0.817
(0.723–
0.910)

0.046* 0.791 0.885
(0.766–
0.956)

0.647
(0.46–
0.803)

0.786
(0.610–
0.890)

0.793
(0.645–
0.917)
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ACC, accuracy; SEN, sensitivity; SPE, specificity; NPV, negative predictive value; PPV, positive predictive value.
*Indicates significant difference after the DeLong test.
*p< 0.05, **p < 0.01.
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FIGURE 8 | Performance of the five models. (A) ROC curve of the training set; (B) ROC curve of the test set; (C) DCA curve of the training set; (D) DCA curve of
the test set. ROI, region of interest; DCA, decision curve analysis.
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main findings: 1) all the CSM, TRM, and TbRM had significant
but similar contributions to predicting brain invasion in
meningioma; and 2) an individually available nomogram that
was composed of semantic feature set, radiomics feature set of
tumor, and tumor-to-brain interface regions was constructed,
which had the best prediction of brain invasion in both training
and test sets.

In the building of CSM, traditional radiological findings, like
peritumoral edema, CSF cleft sign, hyperostosis, T2-weigthed
signal, and tumor location, were finally included, suggesting that
meningiomas with severe peritumoral edema, loss of CSF cleft
sign, obvious hyperostosis, low T2-weighted signal, and anterior
fossa base location would have a higher risk of brain invasion.
Peritumoral edema is the most important semantic feature in
predicting brain invasion of meningioma, which was consistently
reported by previous studies (6, 15, 27). As demonstrated in the
present study, meningioma with one or several of these findings
may be indirectly indicating aggressive biological behavior, e.g.,
regional infiltration to the brain and bone tissues (the occurrence
of peritumoral edema, loss of CSF cleft sign, and hyperostosis)
(28), high tumor cell density (low T2-weighted signal), and
various tumor microenvironments and histopathological
origins in different anatomical locations (29). When estimating
this CSM, we observed a moderate performance (AUC = 0.761)
in predicting brain invasion in the test dataset. Therefore, it
remains active to further improve the performance and facilitate
the clinical translation of preoperative MRI.

Radiomics measurements from tumor and related regions
have been well established as a promising approach to quantify
tumor shapes, intensity distributions, spatial relationships, and
texture heterogeneity that are difficult to find on routine imaging
and imperceptible to the human eyes (9). Therefore, the current
study extracted radiomics features to assist in predicting brain
invasion for meningioma by two steps. First, we extracted
radiomics features within the tumor region, built TRM, and
calculated Rscore to represent its performance in predicting
brain invasion individually. The AUCs in training set and test
set were 0.762 and 0.701, respectively, which were relatively
consistent with a recent study (AUC = 0.682 in the training set and
0.735 in the validation set) by employing enhanced T1-weighted
imaging (14). Moreover, several studies hypothesized that the
tumor-to-brain interface radiomics features may reflect tumor-
associated alterations, e.g., direct tumor involvement and indirect
immunoreaction (15, 30). By singly learning tumor-to-brain
interface radiomics features, the AUCs of TbRM reached 0.829
and 0.769 in the training set and test set, respectively. However, the
prediction performances of TRM, TbRM, and CSM remained
moderate, and no intermodel difference was observed among
them, which suggested that current protocols were still hard to be
potentially translated in clinical practice. Alternatively, it should be
worth noting that those three kinds of imaging features were
enriched with very different but complementary biological
information, i.e., TRM indicated intrinsic tumor property [e.g.,
spatial heterogeneity of tumor tissue (9)], TbRM specified tumor-
related infiltration (15, 30), and CSM provided both tumor and
tumor-to-brain interface information in a macroscopic way.
Frontiers in Oncology | www.frontiersin.org 1345
Therefore, to advance the study, we improved our protocol by
training model from different sets of features that may increase
understanding of tumor biology.

Herein, a TCTbRM was constructed and its performance was
estimated with AUCs of 0.860 and 0.817 in the training set and
test set. This radiomics model comprehensively explained tumor
behavior in a voxel-to-voxel way. Although the model
performance was not significantly better than that mentioned
above, a trend of increased prediction efficacy was indicated with
TCTbRM > TbRM ≈ CSM > TRM in the test set. However, to the
best of our knowledge, such radiomics model was not included
following information, but CSM provided the following: 1) the
relationship with neighboring tissues (e.g., bone) cannot be
considered, 2) the distal and severe edema related to tumor
was ignored since only 5 mm from the tumor margin was
estimated, and 3) the tumor tissue origin may be different
from intracranial sites. Therefore, a prediction model (CSRN)
that combined all three kinds of tumor features was constructed,
and a significant improvement in performance was observed
(AUCs were 0.905 in the training set and 0.895 in the test
dataset). A nomogram was then built that quantified the risk
point of each semantic feature and Rscore from tumoral and
tumor-to-brain interface radiomics. Furthermore, DCA
demonstrated that, with the assistance of CSRN, radiologists
would obtain higher clinical benefits in clinical decision-making.

This study had several limitations. First, the pathological
diagnosis of brain invasion may be subject to sampling error,
especially when diagnosing meningioma without brain invasion.
In our study, all patients with brain invasion were confirmed by
pathological evidence; however, the diagnosis of negative cases
may be to some extent associated with insufficient tissue blocks
during operation. Therefore, future radiologic–pathologic
association analysis would be helpful to confirm the present
findings. Second, even though this study included all
meningioma patients with brain invasion from 2011 to 2020
with pathological confirmation, the sample size was relatively
small and only single-center data were available. Therefore, it is
promising to make CSRN go through multicenter dataset with a
larger sample size in the future. Third, the enlargement of
features in the model construction may cause overfitting; here, we
reduce the overfitting risk by randomly splitting the dataset into
training set and independent test set. In the future, more external
validations are warranted. Fourth, although we performed image
preprocessing to minimize the variability, including Z-score
normalization and B-spline interpolation sampling method, the
MRI data used in the present study were acquired using different
scanners, which may bring some biases. In reverse, as there was no
correctionby scanner type, this illustrates the translational potential
of our results and it is a strong argument in favor of a multicentric
application of radiomics.

In conclusion, this study firstly disclosed that traditional
semantic findings had comparable performance in predicting
brain invasion of meningioma with radiomics information. By
taking advantage of semantic features and radiomics features
from tumoral and tumor-to-brain interface regions, an
integrated nomogram model was constructed that had
October 2021 | Volume 11 | Article 752158
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excellent efficacy in predicting brain invasion, which currently
was available for further clinical validation.
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Background: Adjuvant radiotherapy (RT) is one of the most commonly used treatments
for de novo high-grade meningiomas (HGMs) after surgery, but genetic determinants of
clinical benefit are poorly characterized.

Objective: We describe efforts to integrate clinical genomics to discover predictive
biomarkers that would inform adjuvant treatment decisions in de novo HGMs.

Methods: We undertook a retrospective analysis of 37 patients with de novo HGMs
following RT. Clinical hybrid capture-based sequencing assay covering 184 genes was
performed in all cases. Associations between tumor clinical/genomic characteristics and
RT response were assessed. Overall survival (OS) and progression-free survival (PFS)
curves were plotted using the Kaplan–Meier method.

Results: Among the 172 HGMs from a single institution, 42 cases (37 WHO grade 2
meningiomas and five WHO grade 3 meningiomas) were identified as de novo HGMs
following RT. Only TERT mutations [62.5% C228T; 25% C250T; 12.5% copy number
amplification (CN amp.)] were significantly associated with tumor progression after
postoperative RT (adjusted p = 0.003). Potential different somatic interactions between
TERT and other tested genes were not identified. Furthermore, TERT alterations (TERT-alt)
were the predictor of tumor progression (Fisher’s exact tests, p = 0.003) and were
associated with decreased PFS (log-rank test, p = 0.0114) in de novo HGMs after RT.

Conclusion: Our findings suggest that TERT-alt is associated with tumor progression
and poor outcome of newly diagnosed HGM patients after postoperative RT.

Keywords: high-grade meningiomas, adjuvant radiotherapy, de novo, TERT alterations, prognosis
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INTRODUCTION

Meningiomas are the most frequent tumors of the central nervous
system and are generally benign (1, 2). The World Health
Organization (WHO) defines three grades predictive of the risk
of recurrence (3). High-grade meningiomas (HGMs) (WHO grades
2–3) are rare but aggressive tumors with considerably poorer
prognosis than WHO grade 1 meningiomas (4, 5). The 5-year
progression-free survival (PFS-5) and overall survival (OS) rate for
HGM patients are 8%–68% and 35%–91%, respectively (4–8).

Patients with WHO grade 1 meningiomas are traditionally
managed in follow-up with surveillance imaging (9). However, a
standardized treatment approach to HGMs after resection has
not been established (4). The benefit to survival outcomes of
HGMs with adjuvant radiotherapy (RT) post-surgical resection
remains unclear. Retrospective series on adjuvant RT after gross
total resection led to differing results (4, 10, 11).

Meningiomas have a diverse genetic background that varies
with biologic behavior (12). Alterations in the tumor suppressor
gene NF2 were the first discovered genetic etiology of
meningiomas (13, 14). In NF2 wild-type meningiomas,
mutations in TRAF7, KLF4, AKT1, and SMO were noted (15–
17). In addition, several mutations have been described with
potential prognostic implications in HGMs (12, 14, 18). Data
published recently have also shown that activating TERT promoter
mutations, frequent inactivation of BAP1, deletions of CDKN2A/
B, and mutations in DMD are frequent in meningiomas with
malignant histological progression (18–21). These data suggest
that convergent gene-expression programs may underlie HGMs,
which could be leveraged to develop prognostic biomarkers.

Our previous work found that patients with de novo
anaplastic meningiomas benefit from adjuvant RT after surgery
(5, 22). However, the molecular factors associated with RT
efficacy in de novo HGMs are largely unknown. In the present
study, we describe efforts to integrate clinical genomics of 37
cases from 173 HGMs to address this issue.
METHODS

Patient Selection
Patients were identified for study through a review of the clinical
records of the Department of Neurosurgery, Huashan Hospital
of Fudan University, Shanghai, China. A total of 172 HGMs
(Supplementary Table S1) were included following study
approval by the Human Subjects Institutional Review Board at
Huashan Hospital, Fudan University (KY-2017-09). Clinical
characteristics including age, gender, tumor location, extent of
surgical resection, and outcome data were collected. In general,
adjuvant radiation was recommended to both atypical and
anaplastic meningioma patients, regardless of gross total
resection (GTR; Simpson grades I–III) or subtotal resection
(STR; Simpson grades IV–V). And the final decision was made
based on the negotiation with the relatives of patients. The details
of postoperative RT were described in our previous work (5).
Tumor pathological subtypes were reconfirmed by at least two
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experienced neuropathologists. Follow-up was conducted
routinely according to the guidelines of Huashan Neurosurgical
Center. Written informed consent was obtained from all patients
involved in our study.

A total of 172 patients with a confirmed diagnosis of HGMwho
met inclusion criteria (141 WHO grade 2 meningiomas and
31 WHO grade 3 meningiomas; Supplementary Table S1). Out
of 172 cases, 87 cases received RT after surgery. Among the
87 patients, 42 (48.3%) were de novo meningiomas, while the
remaining 45 patients presented with recurrent meningioma
following prior surgical resection. And finally, 37 de novo
meningioma samples with adequate quality of DNA concentration
were included for further next-generation sequencing.

Next-Generation Sequencing
Tumor genotyping was performed on formalin-fixed paraffin-
embedded (FFPE) tumor tissue by next-generation sequencing
(NGS) covering 184 genes, including common pathological
relevant genes of meningiomas (Supplementary Table S2)
(13–21, 23). Five DNA samples were excluded for sequencing
due to inadequate quality of concentration. High-throughput
sequencing was performed on Illumina miniseq platform by
KuoRan Biomedical Technology as previously described
(Supplementary Material) (24).

Sanger Sequencing
The TERT promoter mutations were evaluated using Sanger
sequencing. Genomic DNA was obtained from FFPE using the
HiPure FFPE DNA Kit (Magen, D3126-03) following
polymerase chain reaction-based amplification of the target
region (forward primer: GGATTCGCGGGC ACAGAC;
reverse primer: CAGCGCTGCCTGAAA CTC; details on PCR
conditions are available upon request).

Statistical Tests
The specific details of statistical tests are included in the figure
legends. A two-tailed Fisher’s exact test was used to calculate
statistical significance between different groups using a c2 2 × 2
table. Categorical variables were compared with the Fisher’s
exact tests, and continuous variables with the independent-
samples Student’s t-test (data with normal distribution) or
Mann–Whitney U-test (data with skewed distribution).
Continuous data were expressed as the mean ± standard
deviation (SD). Overall survival (OS) and progression-free
survival (PFS) curves were plotted using the Kaplan–Meier
method. Statistical analysis was performed using Statistical
Package for Social Sciences (SPSS, Version 20.0, Chicago, IL,
USA). Data were considered to be significant when p < 0.05.
RESULTS

Prevalence of Somatic Alterations in 37
De Novo High-Grade Meningiomas
We identified 172 patients with a confirmed diagnosis of HGM
who met inclusion criteria (141 WHO grade 2 meningiomas and
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31 WHO grade 3 meningiomas; Supplementary Table S1). Out
of 172 cases, 87 cases received RT after surgery, including
external beam radiation therapy (EBRT), stereotactic
radiosurgery (SRS), and cyber knife (CK). Among the 87
patients, 42 (48.3%) were de novo meningiomas while the
remaining 45 patients presented with recurrent meningioma
following prior surgical resection. Five of the 42 (11.9%)
meningiomas were excluded for sequencing due to inadequate
quality of DNA concentration. Thus, tumor genotyping covering
184 genes was performed on the 37 de novo meningioma cases
(Supplementary Tables S2, S3). In total of the 37 cases, 23 males
(62%) and 14 females (38%) with a median age of 45 years
(range: 34–73) harboring 31 atypical (83.8%), five anaplastic
(13.5%), and one atypical/chordoid coexisting (2.7%)
meningiomas were included. Tumors were located at the
convexity (n = 17, 45.9%), the falx/parasagittal (n = 13, 35.1%),
the skull base (n = 5, 13.5%), or in other locations (n = 2, 5.5%).
Among these patients, 28 (75.7%) were treated with EBRT, six
(16.2%) were treated with SRS, and three cases were treated with
CK (8.1%) (Figure 1).

In order to identify tumor mutations associated with efficacy
of postoperative RT, we determined the association between
recurrent mutations and tumor progression in the cohort of 37
patients (Figure 1). Of the 37 de novo HGMs following RT, 19
cases (51.4%) had tumor progression. Progression individuals
was defined as tumor regrowth within the radiation field based
on the criterion of Response Assessment in Neuro-Oncology
Working Group (RANO) radiologic criteria for meningiomas
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(25). Part of the genomic mutational landscape of 37 patients
with de novo meningioma is displayed in Figure 2. Nine
mutations met our predetermined recurrence frequency
threshold of >20% (Figure 2 and Supplementary Table S2).
Consistent with previous studies, high mutational rates of NF2
(n = 22; 59%) were discovered in this cohort. Additional
common pathological relevant genes of meningiomas, including
AKT1 (n = 3; 8%), CDKN2A (n = 2; 5%), SMO (n = 0; 0%), SUFU
(n = 0; 0%),POLR2A (n = 6; 16%),TRAF7 (n = 1; 3%), and SMARCB1
(n = 2; 5%), were observed as well (Supplementary Table S2). Besides,
the most frequently altered genes including ATRX (n = 13; 35%),
ARID1A (n = 11; 30%),ATM (n = 11; 30%),NF1 (n = 11; 30%),ROS1
(n = 10; 27%),KDM6A (n = 9; 24%), FAT1 (n = 8; 22%), andTERT (n
= 8; 22%) were observed (Figure 2).

TERT Mutations Predict Tumor
Progression of De Novo High-Grade
Meningiomas Following Radiotherapy
Strikingly, only TERT mutations were significantly associated
with tumor progression (n = 8, adjusted p = 0.031), and all these
mutations were present in tumors that progressed after RT
(Figure 3A). Of the TERT mutant cases, 87.5% (7/8) presented
with TERT promoter mutations (62.5% C228T variant and 25%
C250T variant; Supplementary Figure S1), and 12.5% (1/8)
harbored copy number amplification (CN amp.). As many tumor
driver genes are co-occurring or show strong exclusiveness in
their mutation pattern, we next explored the potential different
somatic interactions in the cohort. None of the gene mutations
FIGURE 1 | Study design.
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presents co-occurring or mutually exclusive in HGM cases
(Supplementary Figure S2). Thus, TERT mutations appear to
be the dominant cause of tumor progression among mutations in
this cohort. Furthermore, we found that TERT mutation status
Frontiers in Oncology | www.frontiersin.org 451
(p = 0.003), as well as extent of resection (EOR) (p < 0.001), was
significantly associated with tumor progression by Fisher’s exact
tests (Table 1). Neither tumor location (p = 1.00) nor WHO
grade (p = 1.00) predicted tumor progression after postoperative
FIGURE 2 | Recurrent mutations in de novo high-grade meningioma (HGM) patients with and without progression after adjuvant radiotherapy (RT). Top 9 genes
with most frequent mutations are depicted. Each column corresponds to a single patient. The colors of bars are indicative of the type of mutation, with gray
indicating wild type. Barplot at the top of the figure represents the status a patient has. The vertical plot on the right of the figure represents the frequency of
mutations in each gene in a decreasing manner.
A B

FIGURE 3 | TERT mutations predict tumor progression of de novo high-grade meningiomas (HGMs) following radiotherapy (RT). (A) Association of recurrent
mutations with tumor progression. Fisher’s test was utilized to detect differentially mutated genes on top 9 most frequent mutation genes between two cohorts
(progression vs. non-progression). The point size in dotplot corresponds to the -log10(adj. p-val) value, together with the red color indicates the higher -log10(adj. p-
val) value, and blue indicates the lower value. Horizontal dash line marked the p-value 0.05. (B) Timing of tumor progression. Shown is the time to progression
(colored dots) or last progression-free scan (gray dots) for top 9 most frequent mutation genes in months. The average progression time was depicted in vertical line.
The average time to recurrence of TERT mutant meningiomas was less than other tumors (Wilcoxon rank sum test with continuity correction, W = 491, p = 0.0864).
Density plot of each subgroup’s progression is shown on the right, along with the mean (m), standard deviation (s), and number of progression (n).
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RT. After adjustment for multiple comparisons, these
associations were not significant. Importantly, TERT mutation
cases were more likely to have unfavorable time to recurrence
(TTR) over the entire cohort, with a mean observation time of
47.6 months (Figure 3B). However, no significant differences in
the average time to recurrence between TERT mutant and wild-
type cases were observed (Wilcoxon rank sum test with
continuity correction W = 491, p = 0.0864).

Meningioma with TERT alterations, regardless of WHO
grades or pathological subtypes, had a highly significant risk of
recurrence (26). To exclude the disruption to RT efficacy might
be caused by TERT-related malignant biological behavior, we
thus performed analysis on newly diagnosed HGMs depending
on TERT alterations only in progression group. Of the 19 cases in
the progression group, mitotic index (ki-67%) depending on
TERT alterations did not show any significantly difference
(unpaired t-test, p = 0.051; Supplementary Figure S3A).
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Additionally, TERT alterations of de novo HGMs had no
predictive effect on tumor recurrence in progression group
following postoperative RT (p = 0.074 with log-rank test;
Supplementary Figure S3B).

TERT Mutations Were Associated With
Decreased Progression-Free Survival and
Overall Survival in De Novo High-Grade
Meningiomas After Radiotherapy
With these findings, we next analyzed the effect of TERT
mutation status on PFS in patients with de novo HGMs after
RT. The primary endpoint of PFS, defined as time from surgery
to date of progression, was assessed on the basis of progression of
meningioma after initial surgery on imaging follow-up. The
median PFS of 75 months (range: 7–109 months) was
observed for the entire cohort. Subgroup analysis revealed a
median PFS of 25 months (range: 10–79 months) in TERT
mutant group and 77 months (range: 7–109 months) in TERT
wild-type group. TERT mutants were significantly associated
with decreased PFS in de novo HGM cases that underwent
postoperative RT (p = 0.0114 with log-rank test; Figure 4A).

The relationship between TERT mutations and OS was
analyzed using the log-rank test (Figure 4B). The median OS
of 84 months (range: 13–123 months) was observed for the entire
cohort. Subgroup analysis revealed a median OS of 66 months
(range: 13–123 months) in TERT mutant group and 85 months
(range: 24–109 months) in TERT wild-type group. Patients with
de novo HGMs after RT harboring TERT mutations had worse
OS (p = 0.0562; Figure 4B).
DISCUSSION

In this retrospective study, we investigated genetic predictors
that might inform the potential progressive risk in de novo
HGMs after postoperative RT. We found TERT-alt in HGMs
to be a significant predictor of tumor progression compared to
TERT wild-type cases. Although a merely descriptive finding, our
TABLE 1 | Analysis of progression factors in de novo HGM patients after RT.

Feature Progression Non-progression p-value

Patients, n (%) 19 (51.35) 18 (48.65)
Age, n (%)

<65 13 (68.42) 14 (77.78) 0.71
≥65 6 (31.58) 4 (22.22)

Gender, n (%)
Male 11 (57.89) 12 (66.67) 0.74

Female 8 (42.11) 6 (33.33)
Location, n (%)

Skull base 3 (15.79) 2 (11.11) 1.00
Non-skull base 16 (84.21) 16 (88.89)

WHO grade, n (%)
2 16 (84.21) 16 (88.89) 1.00
3 3 (15.79) 2 (11.11)

EOR, n (%)
GTR 14 (73.68) 1 (5.56) <0.001**
STR 5 (26.32) 17 (94.44)

TERT status, n (%)
TERT (+) 8 (42.11) 0 (0) 0.003*
TERT (-) 11 (57.89) 18 (100)
GTR, gross total resection; HGM, high-grade meningioma; RT, radiotherapy; STR,
subtotal resection; EOR, extent of resection.
*p < 0.05 and **p < 0.001 considered statistically significant.
A B

FIGURE 4 | TERT mutations were associated with decreased progression-free survival (PFS) and overall survival (OS) in de novo high-grade meningiomas (HGMs)
after radiotherapy (RT). Kaplan–Meier curves for (A) PFS and (B) OS in de novo HGMs with or without TERT mutation following RT.
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data have potential implications for the clinical management of
patients with TERT-alt de novo HGMs.

HGMs are rare but aggressive tumors with considerably
poorer prognosis than lower-grade meningiomas. Adjuvant RT
is the only nonsurgical standard of care treatment option for
these tumors (9). However, radiotherapeutic options for
meningioma are diverse, and there are no randomized trials to
identify individuals who are more likely to benefit from adjuvant
RT. Indeed, until recently, the evidence supporting postoperative
RT for meningioma, especially HGMs, was largely limited.
Moreover, no molecular prognostic markers have yet been
established for new diagnosed HGMs following RT. To our
knowledge, this study is the first to investigate predictive
biomarkers that would inform tumor progression in de novo
HGMs after postoperative RT.

Leveraging the next-generation sequencing techniques led to
advances in description of the mutational landscape of
meningiomas (15–17). In line with the previous findings, NF2-
mutant meningiomas represent the largest percentage (59%) of
cases in our study (14, 15). In large-scale genomic studies of
meningioma, HGMs were in some studies exclusively related to
pathogenic variants in NF2, associated with mutations in the
TERT promoter (27). In our study, high mutational rates of
ATRX, ARID1A, ATM, NF1, ROS1, KDM6A, FAT1, and TERT
were observed, indicating that these frequently altered genes
might play a role in HGMs. Of note, other common pathological
relevant genes of meningiomas, including AKT1 (n = 3; 8%),
CDKN2A (n = 2; 5%), SMO (n = 0; 0%), SUFU (n = 0; 0%),
POLR2A (n = 6; 16%), TRAF7 (n = 1; 3%), and SMARCB1 (n = 2;
5%), were detected as well. However, we did not observe
previously described mutational rates of some of these genes
due to limited cases.

Among the 184 sequenced genes, only TERT alterations were
significantly associated with tumor progression (n = 8, adjusted
p = 0.031), and all these mutations were present in tumors that
progressed after RT. TERT-alt comprise, but are not limited to,
promoter mutations, gene translocations, and DNA
amplifications (28). We found 87.5% (7/8) of the TERT mutant
cases presented with TERT promoter mutations (62.5% C228T
variant and 25% C250T variant). As reported, the most common
alterations occur in specific “hotspots” of the promoter (TERTp)
region known as C228T and C250T (29). These C>T transition
mutations lead to maintenance of the telomere length, as binding
of E-twenty six (ETS)-transcription factors is involved in the
upregulation of TERT expression (28, 30).

TERT alterations, specifically TERT promoter mutations,
have been identified in a subset of HGMs with progression
from low-grade meningioma (31–34). In the present study, we
found that TERT-alt was associated with decreased PFS and OS
in de novo HGMs after RT. Besides, our data have shown
decreased time to progression among TERT-alt de novo HGMs
as well. TERT gene is transcriptionally inactive in most non-
neoplastic cells (28). TERT gene alterations (TERT-alt) may
enforce cell immortalization by counteracting telomere
shortening, thus promoting growth (28). Several studies have
provided evidence that TERT-alt mutations are associated with
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rapid recurrence and malignant progression in meningioma (26,
31, 35). In addition, TERTp meningiomas have been found to
have a worse PFS and OS, though not many cases have been
reported (18). Activating TERT gene mutations in the upstream
promoter allows overexpression of this enzyme and is
responsible for immortalization of tumor cells in many cancers
(12). Thus, we have excluded that the disruption to RT efficacy
might be caused by TERT-related malignant biological behavior
in this study. As results, the TERT-alt status and progressive
variables did not show any relevance in progression group.

The Simpson grade of EOR has long been used to guide
clinical expectations after resection of meningiomas (9); our
results support the relevance of EOR in recurrence of HGMs
as well (p < 0.001). The literature widely recognizes the role that
EOR plays in determining HGM prognosis (36, 37). However,
Cox regression analysis failed to identify any factor with
significant association with the progression of de novo HGMs
following RT. Thus, a larger cohort or multicenter clinical trial is
needed to investigate the effect of RT in this subgroup.

In summary, our data identified TERT alterations, especially
TERTp mutation, are associated with tumor progression and poor
outcome of newly diagnosed HGM patients after postoperative RT.
Several limitations of this study warrant consideration. Firstly, our
findings on a discovery series were not substantiated by any
independent validation series due to the limited available samples.
Prospective studies are clearly needed to validate TERT-alt status of
radiation response in de novoHGMs. Another important limitation
in this study is its observational nature, which could have led to
selection bias. It would be useful to repeat these analyses in cohorts
from other institutions in the future.
CONCLUSION

In summary, examining a cohort of de novo HGMs following
adjuvant RT, we find TERT alteration to be strongly associated
with tumor progression and poor outcome of HGM patients
included in this study.
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Supplementary Figure S1 | Pie chart fraction of TERT alterative subtypes
occurring in TERT-alt HGMs.

Supplementary Figure S2 | Heatmap of mutually exclusive or co-occurring set
of genes in the mutation pattern of de novo HGMs following RT. Pairwise Fisher’s
exact tests were performed to detect significant pairs of genes, mutually exclusive
or co-occurring set of genes which colored by brown or green can be detected
using the somaticInteractions function in R/Bioconductor package ‘maftools’.

Supplementary Figure S3 | The TERT-alt status and progressive variables did
not show any relevancy in progression group.
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Purpose: Meningiomas are the most common primary intracranial neoplasms and

clinical symptom appearance depends on their volume and location. This study aimed

to identify factors that influence clinical symptoms and to determine a specific threshold

tumor volume for the prediction of symptomatic progression in patients with convexity,

parasagittal, and falx meningiomas.

Materials and Methods: We retrospectively studied patients with radiologically

suspected convexity, parasagittal, or falx meningiomas at our institution.

Results: The data of three hundred thirty-three patients were analyzed. We further

divided patients into two groups based on clinical symptoms: an asymptomatic group

(250 cases) and a symptomatic group (83 cases). Univariate analysis revealed significant

differences between the groups in terms of sex (p = 0.002), age at the time of

volumetric analysis (p< 0.001), hyperintense lesions on T2-weighted images (p= 0.029),

peritumoral edema (p< 0.001), maximum tumor diameter (p< 0.001), and tumor volume

(p < 0.001). Further multivariate analysis revealed significant differences between the

groups in terms of age at the time of volumetric analysis (p = 0.002), peritumoral edema

(p < 0.001), and tumor volume (p < 0.001). The receiver operating characteristic curve

revealed a threshold tumor volume of 21.1ml for predicting whether a patient would

develop symptoms (sensitivity 0.843, specificity 0.880, an area under the curve 0.919

[95% confidence interval: 0.887–0.951]).

Conclusion: We identified factors predictive of clinical symptoms in patients with

convexity, parasagittal, and falx meningiomas and determined the first-ever threshold

tumor volume for predicting symptomatic progression in such patients.

Keywords: convexity meningioma, falx meningioma, parasagittal meningioma, symptomatic progression, tumor

volume
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INTRODUCTION

Meningiomas are the most common primary intracranial
tumors, accounting for ∼25–38% of all such lesions (1, 2). The
number of incidentally discovered meningiomas has increased
with the widespread use of neuroimaging modalities such
as computed tomography and magnetic resonance imaging
(MRI) (3). In fact, radiological studies have revealed that
neuroimaging could incidentally reveal suspected meningioma
lesions with an incidence ranging from 0.9 to 2.5% in
individuals aged in their middle years and older (4, 5). On
the other hand, meningiomas are often discovered because
of a variety of symptoms, including motor and sensory
deficits, cognitive decline, and epilepsy (6–8). However, the
factors that determine whether a lesion is symptomatic
remain unclear.

Meningiomas are benign neoplasms that can exhibit a variety
of growth patterns (9, 10) and, eventually, 67–75% of them
enlarge (7, 10, 11). In one study in which the median tumor
volume was 35.7ml (range 1.1–133.1ml) and 90% (52 patients)
were symptomatic, tumor volume was statistically significantly
related to the appearance of clinical symptoms (6). In recent
meta-analyses, 4.7–8.1% of patients with incidentally discovered
intracranial meningiomas developed related symptoms at follow-
up visits (11, 12). However, the specific locations of the tumors
were not examined in either report. The location of such a
tumor is important as it is related to the symptoms a patient will
experience (8), as well as the clinical and biological behavior of
the tumor (6, 13, 14).

Convexity, parasagittal, and falx meningiomas account for
almost 50% of all meningiomas (15). In the report in which
the association between tumor volume and clinical symptoms
was observed in intracranial meningiomas, nearly half of the
cases were skull-base meningiomas (6). Convexity, parasagittal,
and falx meningiomas differ from skull-base meningiomas in
that they are located in the supratentorial space and do not
involve cranial nerves. Thus, the tumor volume that causes
clinical symptoms differs between supratentorial and skull-
base meningiomas, and it is important to analyze the tumor
volume that causes clinical symptoms exclusively for convexity,
parasagittal, and falx meningiomas.

The purpose of this retrospective study was to identify
factors that influence clinical symptoms and to determine
a specific threshold tumor volume for the prediction of
symptomatic progression in patients with convexity, parasagittal,
and falx meningiomas.

MATERIALS AND METHODS

Study Design and Patient Selection
We conducted a retrospective case-control study of patients
with primary radiologically suspected convexity, parasagittal,
or falx meningiomas. We collected data from patients whose

Abbreviations: ROC, receiver operating characteristic; OR, odds ratio;

CI, confidence interval; AUC, area under the curve; WHO, World

Health Organization.

first visit was from 1990 to 2020 at our institution. We
excluded patients diagnosed with neurofibromatosis, those for
whom MRI Digital Imaging and Communications in Medicine
(DICOM) data were not available, and those whose symptoms
were unknown due to insufficient medical records of their
first visit. When patients had more than one convexity,
parasagittal, or falx meningioma, we selected the largest one
for analysis. The Osaka University Clinical Research Review
Committee approved the study (approval number 14231) and
waived the need for written informed consent, as all data
were retrospective.

Definition of Symptoms
We determined from their medical records whether patients had
clinical findings, which we defined as clinical symptoms. When
patients exhibited more than one symptom, we selected the one
that mainly interfered with their daily life. We further defined
neurological symptoms as excluding epilepsy or non-specific
symptoms such as headache.

Volumetric Analysis
We measured the volume of each lesion using the latest MRI
DICOM data for asymptomatic patients or the MRI DICOM
data at the time of symptom onset for symptomatic patients. We
used Horos for macOS to perform the measurements (Horos is
a free and open-source code software program that is distributed
free of charge under the LGPL license at Horosproject.org and
sponsored by Nimble Co LLC d/b/a Purview in Annapolis,
MD USA). Using T2-weighed images (T2WIs) or contrast-
enhanced T1 weighted images (T1WIs) of∼5mm slice thickness,
we measured the tumor area in each slice by manually
tracing the tumor boundary. Thereafter, we multiplied the sum
of all the areas by the thickness between slices, including
the gaps.

Tumor Diameter
We used the same MRI DICOM data as for volumetric
analysis to measure tumor diameter. The maximum tumor
diameter was determined using either axial, coronal, or
sagittal images.

Tumor Location, Side, and Area
The lead author (SY) carefully determined the locations of the
lesions via MRI, which was independently confirmed by the
senior author (NKi). We divided tumor location in three ways:
convexity, parasagittal angle, and falx cerebri; right, and left;
frontal, middle, and occipital area. We used “frontal area” for the
anterior one-third, “occipital area” for the posterior one-third,
and “middle area” for the rest.

Interpretation of T2-Weighted Images
We classified lesions according to the radiologic characteristics
on T2WIs. They were classified as either “T2-hyperintense” or
“other” according to the brightness of the lesion. Lesions that
were too heterogenous to classify were assigned to the “other”
group. One case with a maximum diameter of only 1mm
was excluded from analysis because the lesion was too small
to evaluate.

Frontiers in Neurology | www.frontiersin.org 2 November 2021 | Volume 12 | Article 76965657

https://Horosproject.org
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Yamada et al. Symptomatic Tumor Volume of Meningiomas

FIGURE 1 | Flow of patient selection and classification.

Statistical Analysis
All statistical analyses were performed using R 3.6.3 forWindows
(www.R-project.org; R Foundation for Statistical Computing,
Vienna, Austria). Statistical differences for categorical variables
were examined using a two-tailed Fisher’s exact test. Continuous
variables were assessed using the Mann-Whitney U test or
the Kruskal-Wallis test adjusted by Bonferroni correction.
Multivariate logistic regression analysis was performed with
variables that were significant in those univariate analyses. The
thresholds were calculated by receiver operating characteristic
(ROC) analysis using the distance from the upper left-hand
corner (16). Probability values<0.05 were considered significant.

RESULTS

Overall Patient Cohort
Figure 1 illustrates the flow of patient selection. The data of 333
patients (84 male and 249 female) were analyzed. The median
age at volumetric analysis was 70 years (range 23–90 years).
The median tumor volume and the median maximum tumor
diameter were 8.2ml (range 0.1–188.9ml) and 30mm (range
5–100mm), respectively. We further divided patients into two
groups based on clinical symptoms: an asymptomatic group (250
cases) and a symptomatic group (83 cases).

Comparison Between the Asymptomatic
and Symptomatic Groups
Table 1 summarizes the characteristics of each group. Univariate
analysis revealed significant differences between the groups
in terms of sex (p = 0.002), age at the time of volumetric

analysis (p < 0.001), hyperintense lesions on T2WIs (p = 0.029),
peritumoral edema (p < 0.001), maximum tumor diameter
(p < 0.001), and tumor volume (p < 0.001, Figure 2A).
For multivariate analysis, the maximum tumor diameter was
excluded as it is a similar metric to tumor volume (17).
Multivariate analysis revealed significant differences between the
groups in terms of age at the time of volumetric analysis (p =

0.002), peritumoral edema (p < 0.001), and tumor volume (p <

0.001). The odds ratio (OR) for peritumoral edema was 5.94 (95%
confidence interval [CI]: 2.74–12.86).

Thresholds for Predicting Development of
Clinical Symptoms
Patients in the symptomatic group experienced motor deficits
(37 cases), epilepsy (18 cases), gait disorder (seven cases), visual
impairment (seven cases), cognitive decline (six cases), aphasia
(four cases), headaches (two cases), sensory deficits (one case),
and a subcutaneous mass (one case). The ROC curve revealed
a threshold tumor volume of 21.1ml for predicting whether a
patient would develop symptoms, with a sensitivity of 0.843,
a specificity of 0.880, and an area under the curve (AUC) of
0.919 (Figure 2B, 95% CI: 0.887–0.951). In addition, a threshold
maximum tumor diameter of 40mm may also be a reliable
marker for predicting which patients will become symptomatic,
with a sensitivity of 0.819, a specificity of 0.840, and an AUC of
0.893 (95% CI: 0.856–0.930). For 13 patients in the symptomatic
group, we obtained MRI DICOM data when they had been
asymptomatic at their first visit. Of these, the 21.1-ml and 40-
mm threshold correctly predicted the development of symptoms
in seven cases (54%).

Threshold for Predicting Development of
Neurological Symptoms
When focusing only on neurological symptoms (62 cases),
the threshold for tumor volume was also 21.1ml (sensitivity
0.871, specificity 0.880, AUC 0.937 [95% CI: 0.910–0.965]).
The threshold for maximum tumor diameter for prediction of
neurological symptoms was almost the same as that for all
symptoms: 41mm (sensitivity 0.839, specificity 0.856, AUC 0.914
[95% CI: 0.880–0.948]).

Comparison by Age at the Time of
Volumetric Analysis
When divided into three age groups; <65, 65–74, 75≤, the rates
of symptomatic patients were 40.7, 24.6, and 9.9%, and the
ORs for presenting clinical symptoms were 1 (Reference), 0.47
(95% CI: 0.27–0.84), and 0.16 (95% CI: 0.08–0.33), respectively.
In all age groups, the tumor volume was significantly larger
in the symptomatic than in the asymptomatic group (p <

0.001, Table 2). The threshold for predicting patients in which
symptoms would develop was similar: 21.9ml for patients <65
years, 19.0ml for patients 64–74 years, and 21.1ml for patients
≥75 years.

Comparison by Tumor Location
Tumor volume of the asymptomatic and symptomatic group
based on tumor location is shown in Table 3. For all locations,
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TABLE 1 | Characteristics of 333 patients and tumors.

Variable Asymptomatic group

(n = 250)

Symptomatic group

(n = 83)

p-value OR (95% CI)

Univariate Multivariate

Sex (Male/Female) 52/198 32/51 0.002 0.140 1.79 (0.83–3.86)

Age at volumetric analysis (yrs)* 72 (23–90) 63 (31–89) <0.001 0.002 –

Tumor location (Convexity/Parasagittal/Falx) 138/58/54 35/25/23 0.115 – –

Tumor side (Right/Left) 124/126 41/42 1 – –

Tumor area (Frontal/Middle/Occipital) 80/125/45 20/49/14 0.324 – –

MRI T2WI (Hyper/Others)† 162/87 65/18 0.029 0.154 1.82 (0.80–4.16)

Multiple lesions (Yes/No) 22/228 4/79 0.345 – –

Peritumoral edema (Yes/No) 60/190 69/14 <0.001 <0.001 5.94 (2.74–12.86)

Maximum tumor diameter (mm)* 24 (5–78) 52 (18–100) <0.001 – –

Tumor volume (ml)* 5.0 (0.1–148.0) 45.7 (2.8–188.9) <0.001 <0.001 –

CI, confidence interval.

*Median (range).
†Too small to evaluate: n = 1.

FIGURE 2 | (A) Box-and-whisker plots representing tumor volume of an asymptomatic group and symptomatic group. The median tumor volume of the

asymptomatic group and the symptomatic group were 5.0ml and 45.7ml, respectively. P-value for the Mann-Whitney U test: <0.001. (B) Receiver operating

characteristic curve for predicting which patients will become symptomatic via tumor volume. Area under the curve: 0.919 (95% confidence interval: 0.887–0.951).

Threshold for tumor volume: 21.1ml. Sensitivity: 0.843. Specificity: 0.880.

TABLE 2 | Comparison by age at the time of volumetric analysis.

Age at volumetry (yrs) Tumor volume (ml)* p-value AUC (95% CI) Threshold (ml)

Asymptomatic group

(n = 250)

Symptomatic group

(n = 83)

<65 (n = 108) 7.8 (0.3–148.0) 52.8 (2.8–180.0) <0.001 0.875 (0.806–0.944) 21.9

65–74 (n = 114) 4.2 (0.2–117.1) 45.2 (7.9–188.9) <0.001 0.921 (0.872–0.970) 19.0

75≤ (n = 111) 4.3 (0.1–63.6) 40.6 (21.1–103.3) <0.001 0.971 (0.942–0.999) 21.1

*Median (range).

AUC, Area under the curve; CI, confidence interval.

tumor volume was significantly larger in the symptomatic than
in the asymptomatic group (p < 0.001). Falx meningiomas had

a slightly lower threshold for symptomatic progression than
other locations.
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TABLE 3 | Comparison by tumor location.

Tumor location Tumor volume (ml)* p-value AUC (95% CI) Threshold (ml)

Asymptomatic group

(n = 250)

Symptomatic group

(n = 83)

Convexity (n = 173) 4.5 (0.1–117.1) 61.2 (2.8–151.6) <0.001 0.941 (0.897–0.984) 20.5

Parasagittal angle (n = 83) 7.0 (0.5–148.0) 29.4 (6.0–180.0) <0.001 0.868 (0.787–0.950) 18.9

Falx cerebri (n = 77) 4.7 (0.3–129.7) 45.7 (7.9–188.9) <0.001 0.931 (0.876–0.986) 14.0

*Median (range).

AUC, Area under the curve; CI, confidence interval.

Correlation Between Tumor Volume and
Tumor Side/Area
Table 4 displays the difference in tumor volume between the
asymptomatic and symptomatic groups, depending on the side
or area of the tumor. For all areas, the symptomatic group had
significantly larger tumor volume than the asymptomatic group
(p < 0.001). The threshold for predicting patients to develop
clinical symptoms was also around 21.1ml for all areas except the
occipital area of the left hemisphere.

Comparison by WHO Grade
Thirty-three patients in the asymptomatic and 77 in the
symptomatic group received surgical treatment. Of the 110
patients, the meningiomas of 90 (81.8%) were World Health
Organization (WHO) grade I, 10 (9.1%) were WHO grade
II, 3 (2.7%) were WHO grade III, and 7 (6.4%) were
not mentioned in WHO grade. There were no significant
differences between patients with WHO grade I and those
with WHO grade II/III meningiomas, except in the maximum
tumor diameter, which was larger in the latter than in the
former (Table 5).

DISCUSSION

In the present study, we identified factors that are
related to clinical symptoms of patients with convexity,
parasagittal, and falx meningiomas, and, to our knowledge,
we determined the first-ever threshold of tumor volume
for predicting symptomatic progression in such patients.
This may allow clinicians to predict when a growing,
asymptomatic meningioma will become symptomatic.
Currently, observation is the first choice for management
of patients with asymptomatic meningiomas (18); these results
may be useful to determine the necessity of treatment and its
appropriate timing.

In this study, we also determined a threshold maximum
tumor diameter of 40mm for the prediction of symptomatic
progression of patients (sensitivity 0.819, specificity 0.840,
AUC 0.893). However, a tumor volume of 21.1ml was
a more accurate threshold (sensitivity 0.843, specificity
0.880, AUC 0.919). Maximum tumor diameter and tumor
volume are highly correlated (17). However, tumors do not
always grow in the direction of their maximum diameter,

which may be why we discovered tumor volume to be
the more accurate predictive factor. Maximum tumor
diameter is one of the most convenient clinical metrics;
however, our results indicate that the development and
widespread use of a simple method to measure tumor volume
is needed.

Meningiomas manifest in a variety of symptoms (8),
including non-specific symptoms such as headaches and
dizziness (7). Such non-specific symptoms make clinicians
wonder if interventions such as surgery or radiotherapy are
required for the existing meningioma. In this study, we also
calculated thresholds for tumor volume and maximum tumor
diameter to predict the development of neurological symptoms.
However, the thresholds were similar to those for all clinical
symptoms. Therefore, it may be less important for clinicians
to examine whether non-specific symptoms are caused by a
given meningioma.

The hemisphere in which glioblastomas and strokes occur
affects the symptoms that the patient experiences (19, 20);
however, in this study of meningiomas, we detected no
differences between hemispheres. This may be because few
patients presented with cognitive decline (7%) or aphasia
(5%). The low threshold of the tumor volume only in the
occipital area of the left hemisphere may be due to the
small number of symptomatic patients itself. Falx meningiomas
also had a lower threshold for symptomatic progression
than other locations, but as in previous studies (21–23), the
number of cases may not have been sufficient. Therefore,
further large-scale studies are needed to validate our location-
specific findings.

Inmultiple meta-analyses (11, 24), a T2-hyperintense sign was
correlated with radiological progression, and peritumoral edema
was the only imaging metric that correlated with symptomatic
progression, which was confirmed in this study. Since T2WIs
may be appropriate for follow-up of untreated meningiomas
(25), symptom-related radiological indicators that do not require
contrast-enhanced T1WIs are needed.

We should note that this study has several limitations. The
first is the fact that this was a single-center, retrospective
study conducted in Japan. As Japan has the largest number
of MRIs per unit population in the world (26), a larger
proportion of small, asymptomatic meningiomas may be
detected than in other countries. This would have lowered the
thresholds of tumor volume and maximum tumor diameter for
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TABLE 5 | Comparison of WHO grade I and grade II/III meningioma.

Variable WHO grade p-value

I (n = 90) II/III (n = 13)

Sex (Male/Female) 35/55 5/8 1

Age at volumetry (yrs)* 63 (23–83) 67 (41–77) 0.471

Tumor location

(Convexity/Parasagittal/Falx)

42/19/29 7/5/1 0.113

Tumor side (Right/Left) 41/49 7/6 0.767

Tumor area (Frontal/Middle/Occipital) 24/50/16 2/8/3 0.778

MRI T2WI (Hyper/Others) 75/15 8/5 0.125

Multiple lesions (Yes/No) 8/82 0/13 0.592

Peritumoral edema (Yes/No) 65/25 12/1 0.176

Maximum tumor diameter (mm)* 48 (18–82) 63 (22–100) 0.044

Tumor volume (ml)* 37.6 (2.8–188.9) 71.2 (5.0–123.9) 0.111

*Median (range).

WHO, World Health Organization.

predicting symptomatic progression of patients in this study.
The second limitation is the possibility of errors in volumetric
measurements. Volumetric measurement may be inaccurate
especially for small tumors (27), and manual segmentation
may be inconsistent (28). Finally, this study was conducted
on radiologically presumed meningiomas; therefore, 2.9–3.4%
of our study population may actually have had other tumors
(10, 29).

CONCLUSION

In the present study, we identified factors predictive of clinical
symptoms in patients with convexity, parasagittal, and falx
meningiomas and, to our knowledge, determined the first-ever
threshold tumor volume for predicting symptomatic progression
in such patients. These results may be useful in allowing clinicians
to estimate when a growing, asymptomatic meningioma will
develop clinical symptoms, thereby improving management of
patients with the disease.
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Objective: This study aimed to establish optimal surgical strategies via reviewing the
clinical outcomes of various surgical approaches for the pertroclival meningiomas (PCMs).

Methods: This retrospective study enrolled 107 patients with PCMs at the authors’
institution from year 2010 to 2020. Patient demographics, the clinical characteristics,
various operative approaches, major morbidity, post-operative cranial nerve deficits and
tumor progression or recurrence were analyzed.

Results: The subtemporal transtentorial approach (STA), the Kawase approach (KA), the
retrosigmoid approach (RSA) and the anterior sigmoid approach (ASA), namely the
posterior petrosal approach (PPA) were adopted for 17 cases, 22 cases, 31 cases and
34 cases respectively. Total or subtotal resection was achieved in 96 cases (89.7%). The
incidence of new-onset and aggravated cranial nerve dysfunction were 13.1% (14/107)
and 10.4% (15/144), respectively. Furthermore, 14 cases suffered from intracranial
infection, 9 cases had cerebrospinal fluid leakage, and 3 cases sustained intracranial
hematoma (1 case underwent second operation). The mean preoperative and
postoperative Karnofsky Performance Status (KPS) score was 80 (range 60-100) and
78.6 (range 0-100), but this was not statistically significant (P>0.05). After a mean follow-
up of 5.1 years (range 0.3- 10.6 years), tumor progression or recurrence was confirmed in
23 cases. Two cases died from postoperative complications.

Conclusions: For the treatment of PCMs, it is still a challenge to achieve total resection.
With elaborate surgical plans and advanced microsurgical skills, most patients with PCMs
can be rendered tumor resection with satisfactory extent and functional preservation,
despite transient neurological deterioration during early postoperative periods.

Keywords: petroclival, meningioma, surgical approach, skull base, neuronal function
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INTRODUCTION

Petroclival meningiomas (PCMs) refer to meningiomas that
occur on the upper two-thirds of the clivus and medially to the
internal auditory canal (IAC), adjacent to the major
neurovascular structures, including brainstem, basilar artery,
perforating arteries, and III-VII cranial nerves (CN) (1). Since
most PCMs are World Health Organization (WHO) grade I
tumors, the treatment goal should be curative total resection
(TR) during the first operation when the arachnoid membranes
are intact. In terms of the surgical approaches, the subtemporal
transtentorial approach (STA) and the Kawase approach (KA)
have the characteristics of short operative distance, convenient
tumor base resection and less intraoperative bleeding but with
the limitation for large posterior petrosal PCMS; the
retrosigmoid approach (RSA) has the feature of fewer
approach-related complications while the restriction to the
petroclival region; the anterior sigmoid approach (ASA), also
named the posterior petrosal approach (PPA), can facilitate the
exposure of tumors, reduce the traction of the brainstem but
perplexes the neurosurgeons for harder maneuver. Although
there are many surgical approaches for PCMs and the relevant
studies have repeatedly reported, the optimal choice for the
operation is of extreme difficulty (2–5) and no uniform
standard establishing the superiority of one approach over
another is acknowledged currently (6, 7), due to the
anatomical complexity, the multiformity of tumor invasion
and the intricacy of a balance between neurofunctional
preservation and tumor recurrence.

Despite remarkable advances in microsurgical techniques
during the past decades, many recent reports (1) still reveal a low
TR rate and suggest that aggressive extirpation is often associated
with severe morbidity. For this reason, some authors proposed
subtotal resection (STR) followed by radiotherapy in order to
preserve the neurological functions. However, others insist that
aggressive resection using various skull base surgical techniques
should guarantee more favorable outcomes and the control of high-
grade tumors. The surgical treatment of PCMs has always been a
challenge for skull base neurosurgeons due to the deep location,
complex adjacent structures and their scarcity (less than 0.15% of
all intracranial meningiomas) (1). This study aimed to establish
optimal surgical strategies via reviewing the clinical outcomes of
various surgical approaches for PCMs based on our 107 cases.
Frontiers in Oncology | www.frontiersin.org 265
MATERIALS AND METHODS

Patients
The present study was approved by the Ethics Committee of the
First People’s Hospital of Yunnan Province. All procedures
performed in studies that involved human participants were in
accordance with the ethics standards of the Institutional and
National Research Committee, and the 1964 Helsinki
Declaration and its later amendments or comparable ethics
standards. Written consent was obtained from the patients.

This retrospective study enrolled 107 patients from the
Department of Neurosurgery, the First People’s Hospital of
Yunnan Province, from January 2010 and December 2020. All
patients were diagnosed with PCMs based on radiological and
histopathological results. The exclusion criteria were as follows:
(1) patients with a magnetic resonance imaging (MRI) revealing
that the main body of the tumor is located on the inferior clivus or
lateral wall of the IAC; (2) patients with multiple (≥2) intracranial
meningiomas; (3) patients with no successful follow-up.

Clinical and Radiological Evaluation
The demographic and clinical profiles were collected, and the
operative logs were reviewed. The neurological functions were
evaluated preoperatively and 2 weeks after operation using
the Karnofsky Performance Status (KPS) scale, and all patients
underwent perioperative MRI scans. The extent of the resection
was determined based on the intraoperative finding and
enhanced MRI within 72 hours postoperatively. Total resection
was defined as Simpson grade I and II, subtotal resection was
defined as Simpson grade III and IV, and partial resection was
defined as Simpson grade V. According to the classification
system proposed by Kawase et al. (8) in 1996 and Ichimura
et al. (9) in 2008, the PCMs were divided into four groups: upper
clival type, cavernous type, tentorium type, and petrous apex
type. According to the size-based classification criteria proposed
by Sekhar et al. (10), measured on the maximum diameter,
tumors were small (<10 mm), medium (10-24 mm), large (25-44
mm), and giant (≥45 mm).

Surgical Treatment
The surgical resection was performed with the assistance of
electrophysiological monitoring, and the selection of surgical
approaches was shown in Table 1. For petrous apex type PCMs,
TABLE 1 | Selection of surgical approaches based on imaging classification.

Imaging classification Cases (n) Approach (n) TR (n) SR (n) PR (n)

STA KA RSA ASA CA

PAT 16 11 5 0 0 0 16 0 0
TT 38 6 0 19 13 0 15 23 0
CT 19 0 13 5 0 1a 0 10 9
UCT 34 0 4 7 21 2b 26 6 2
SUM 107 17 22 31 34 3 57 39 11
Novem
ber 2021 | Volu
me 11 | Article 7
PAT, petrous apex type; TT, tentorium type; CT, Cavernous type; UCT, upper clivus type; SUM, summation; STA, subtemporal transtentorium approach; KA, Kawase approach; RSA,
retrosigmoid approach; ASA, anterior sigmoid approach; CA, combined posterior and anterior petrosal approach; TR, total resection; SR, subtotal resection; PR, partial resection.
aThe Fisch’s type A approach was used, because the tumor invaded the infratemporal fossa.
bThe combined posterior and anterior petrosal approach was used, because the tumors extensively invaded the cavernous sinus and crossed the midline of the clivus.
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the subtemporal transtentorium approach (STA) was preferred.
However, when the tumor was large, the Kawase approach (KA)
was used. For cavernous type PCMs, KA was the first choice.
However, when the tumor was located in the posterior fossa and
barely invaded the middle fossa, the retrosigmoid approach
(RSA) was used. For upper clivus type PCMs, the anterior
sigmoid sinus approach (ASA) was adopted. However, when
the tumor did not cross the midline of the clivus, the KA or RSA
were selected. For tentorium type PCMs, the STA was used when
the tumor size was small or medium, while the tumor was large
or giant the RSA or ASA should be used depending on whether
the tumor crossed the midline of the clivus.

Follow-Up and Statistical Analysis
The follow-up was implemented on an outpatient basis. Clinical
and radiological examinations were performed. The SPSS 20.0
software (IBM Corp., Armonk, NY, USA) was used for the
statistical analysis. The KPS scores was compared using t-test,
and the progression or recurrence rate was evaluated using a chi-
square test (or a Fisher exact test when necessary). And the
probability (P) values <0.05 were considered statistically significant.
RESULTS

Demographic Characteristics
There were 28 males (26.2%) and 79 females (73.8%), with an
average age of 42.8 years old (range 19-72 years). The clinical
symptoms were as follows: headache in 33 cases (30.8%); CN III,
IV, and/or VI dysfunction (diplopia) in 25 cases (23.4%); CN V
dysfunction (trigeminal neuralgia and/or facial numbness) in 61
cases (57.0%); CN VIII dysfunction (hearing impairment) in 28
cases (26.2%), CN VII dysfunction (facial paralysis) in 11 cases
(10.3%); posterior group cranial nerves dysfunction in 19 cases
(17.8%); ataxia in 24 cases (22.4%), and progressive hemiparesis
in 10 cases (9.3%). In addition, 13 patients (12.1%) were
asymptomatic, who requested surgical operation due to
psychological stress and other factors. The median duration
between onset and surgical treatment were 29 months (range
4-156 months). The mean tumor size was 39.1 mm (range 6.2-
75.9 mm), in which 59 patients (55.1%) had large tumors, 40
cases (37.4%) with giant tumors, 6 cases (5.6%) had medium
tumors, and only 2 patients (1.9%) had small tumors. The mean
follow-up period was 5.1 years (range 0.3-10.6 years). The patient
characteristics and detailed clinical information are shown
in Table 2.

Surgical Approaches and the Extent of
Surgical Resection
STA was used in 17 cases, KA was selected in 22 cases, ASA was
adopted in 34 cases, and RSA was employed in 31 cases. The
combined posterior and anterior petrosal approach was used in
two cases and the Fisch’s type A approach was used in one case.
A total of 57 patients underwent Simpson grade I or II resection
(total resection, Figure 1). Total or subtotal resection was
achieved in 96 patients (89.7%), whereas subtotal and partial
Frontiers in Oncology | www.frontiersin.org 366
resection were achieved in 39 patients and 11 patients
respectively. Details of the surgical approaches and the extent
of removal were shown in Table 1.

Postoperative Histopathology of
the Tumors
Pathology was reported as WHO grade I in 95 cases (88.8%), 9
tumors were reported as WHO grade II (atypical type) and 3 as
WHO grade III (anaplastic type). Among the 95 cases of grade I
meningiomas, the meningothelial subtype (66 cases, 69.5%) was
most common, followed by transitional subtype (17 patients,
17.9%), secretory subtypes (6 cases, 6.3%) and other subtypes
(6 cases, 6.3%). There was no statistical significance between the
WHO grade and degree of tumor resection (P>0.05, Figure 2).

Postoperative Complications and
Functional Outcome
The incidence of new-onset and aggravated cranial nerve
dysfunction were 13.1% (14/107) and 10.4% (15/144),
respectively. The CN IV to VIII dysfunction was common, and
most of them had improved at recent follow-up. Detailed cranial
nerve dysfunctions were shown in Table 3. Other major
postoperative morbidities were intracranial infection (14 cases,
13.1%), cerebrospinal fluid leakage (9 patients, 8.4%),
postoperative hematoma (3 patients, 2.8%), in which 1 case
needed second operation (Figure 3). Two patients with
postoperative hematoma died of pneumonia and multiple organ
failure, respectively. The mean preoperative and postoperative
KPS scores were 80 (range 60-100) and 78.6 (range 0-100),
respectively. This was not statistically significant (t=-0.102,
P=0.922). Furthermore, at their most recent follow-up, 57 cases
(53.3%) were stable with no worsened KPS, and 36 cases (33.6%)
had improved, only 14 patients (13.1%) had aggravated KPS score.

Tumor Progression or Recurrence
During the follow-up, overall progression or recurrence was
confirmed in 23 cases (21.5%). According to the extent of
TABLE 2 | Demographic data for 107 patients with petroclival meningiomas.

Demographic data Value

Mean age (range, yrs) 42.8 (19-72)
Male/female ratio 28:79
Mean preoperative KPS score (range) 80 (60-100)
Mean clinical follow-up (range, yrs) 5.1 (0.3-10.6)
Symptoms & signs at onset (no., %)
Headache 33 (30.8%)
Diplopia 25 (23.4%)
Trigeminal neuralgia and/or facial numbness 61 (57.0%)
Acoustic-facial bundle dysfunction 39 (36.4%)
Posterior cranial nerve dysfunction 19 (17.8%)
Ataxia 24 (22.4%)
Progressive hemiparesis 10 (9.3%)
Asymptomatic and others 13 (12.1%)
Mean tumor size (range, mm) 39.1 (6.2-75.9)
Small (<10 mm) 2 (1.9%)
Medium (10mm≤diameter<25mm) 6 (5.6%)
Large (25mm≤diameter<45mm) 59 (55.1%)
Giant (≥45mm) 40 (37.4%)
November 2021 | Volume 11 |
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tumor resection, the progression or recurrence rate was 72.7%
(8 of 11 patients) in the partial resection group, 28.2% (11 of 39
cases) in the subtotal resection group, and 7% (4 of 57 patients)
in the total resection group. This was statistically significant
among groups (P<0.05, Figure 4). According to the pathological
subtypes, the progression or recurrence rate was 15.8% (15/95
cases), 55.6% (5/9 patients) and 100% in theWHO grade I, II and
III group, respectively. This was statistically significant when
WHO grade I compared with WHO grade II and III
(P<0.05, Figure 5).
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DISCUSSION

PCMs usually adjoin the brainstem and cranial nerves.
Although the surgical techniques have been greatly improved
in recent years, the total resection rate of PCMs remains low
(approximately 30-70%), and the incidence of postoperative
complications is approximately 20-30% (11). Hence surgical
management is still one of the most challenging problems for
skull base neurosurgeons (12–15), and the selection of surgical
approaches for PCMs has become a hot topic (3, 16, 17).
According to the experience of the investigators, petrous apex
type PCMs are often located above the trigeminal nerve, which
is often displaced by the tumor. Therefore, STA gives priority to
surgeons to cut off the tumor base and effectively reduces
bleeding. In the study, a total of 17 patients (11 cases of
petrous apex type and 6 cases of tentorial type) underwent
surgical resection via the STA. It was found that this approach
could facilitate the exposure and complete removal of small-to-
medium petrous apex type and tentorial type PCMs. Cavernous
type PCMs often invade the middle and posterior fossa in a
dumbbell-like fashion. The KA can help anteriorly reach the
anterior clinoid process (18) and posteriorly reach the plane of
the IAC, completely expose the lateral wall of the cavernous
sinus, which facilitates the gross total resection. In the present
study, a total of 22 cases (13 cases of cavernous type, 5 cases of
petrous apex type, and 4 cases of upper clivus type) were treated
FIGURE 2 | The pathological classification among the groups and the
resection degree. ns, no significance.
FIGURE 1 | Imaging classification and selection of surgical approaches for PCMs. Petrous apex type: (A) The preoperative enhanced MRI shows that the
subtemporal transtentorial approach was used; (B) The MRI within postoperative 72 hours shows a Simpson grade I resection. Tentorium type: (C) The preoperative
enhanced MRI shows that the retrosigmoid approach was used; (D) The MRI within postoperative 72 hours shows that the tumor invading the posterior wall of the
cavernous sinus was removed, yielding a Simpson grade II resection. Upper clivus type: (E) The preoperative enhanced MRI shows that the anterior sigmoid
approach was used; (F) The MRI within postoperative 72 hours shows a Simpson grade II resection. Cavernous type: (G) The preoperative enhanced MRI shows
that the Kawase approach was used, and a Simpson grade III resection was achieved.
November 2021 | Volume 11 | Article 761284
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with the KA. The investigators consider the KA to be suitable
for the majority of PCMs, especially the cavernous type tumors
that straddle the middle and posterior fossa. Upper clivus type
PCMs often invade across the midline of the clivus, and the
ASA can reduce the traction of the brainstem (19). In this study,
a total of 34 patients (21 patients with upper clivus type PCM
and 13 patients with tentorium type PCM) were treated with
the ASA. The ASA is preferred for large tumors, especially those
involving the lateral part of the IAC and midline of the clivus (20).
Frontiers in Oncology | www.frontiersin.org 568
For tentorium type PCMs, the tumor base is located at the
tentorium, and the tumor often grows into the posterior cranial
fossa. When the tumor was large to giant, surgical exposure via the
STA is limited, whereas the RSA can serve the tumor exposure. In
addition, through the RSA, the separation of the tumor from the
trigeminal nerve and acoustic and facial nerve was under direct
vision, which can effectively reduce the incidence of postoperative
complications. Moreover, the tentorium can be incised and the
tumor that invades the posterior wall of the cavernous sinus can
FIGURE 3 | The one patient who had postoperative hematoma and needed second operation. (A) The MR scan shows the cavernous type PCMs, and (B‒D) the
CT at 6h postoperatively show a hematoma in the frontal lobe with midline displacement. (E, F) The postoperative CT shows that the hematoma was evacuated.
TABLE 3 | Dysfunctions of the cranial nerves.

Cranial nerve Preoperation 2 weeks after operation Follow-up

Unchanged Aggravated New-onset Improved

III 9 4 1 1 4 5
IV 4 1 2 3 1 3
V 61 17 2 2 42 11
VI 12 6 1 1 5 5
VII 11 3 5 4 3 6
VIII 28 13 3 2 12 15
IX-XII 19 7 1 1 11 2
Sum 144 51 15 14 78 47
November 2021 | Volume
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also be well-exposed. A total of 31 cases (19 cases of tentorium
type, 7 cases of upper clivus type, and 5 cases of cavernous type)
were treated using the RSA.
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In addition, the selection of a specific surgical approach
should be based on the location of the tumor base, tumor size,
degree of invasion, and surgeon’s familiarity with the approach.
If the tumor extensively involved the cavernous sinus and
midline of the clivus, the combined posterior and anterior
petrosal approach should be applied. In our study, two patients
were treated with this combined approach. Additionally, one
patient underwent the Fisch A-type approach due to the tumor
invasion into the infratemporal fossa. Moreover, preoperative
assessment of the venous anatomy for surgical planning is also
essential (21, 22). We recommend that all patients with PCMs
should have MRV or CTV imaging, or/and DSA when it is
necessary, before surgery. For example, if the preoperative results
show that the Labbé vein flows into the superior petrosal sinus or
the patient have a high jugular bulb, the lateral skull base
approach (such as ASA) should be avoided prudently. If the
tumor invades the middle and posterior fossa, the modified ASA
approach is used to protect the superior petrosal sinus (23, 24).
Likewise, if the Labbé vein drains into the transverse sinus at the
anterior part of the temporal lobe, the STA or KA approach is
restricted. If the tumor is small and slightly invades the
cavernous sinus, we can also use STA or KA. In order to avoid
damage to the Labbé vein, we often use mannitol or implant the
lumbar cistern drainage to lower intracranial pressure. In the
meantime, according to the situation of the Labbé vein during
the operation, sharp separation or the removal of part of
temporal lobe can be adopted to increase its mobility.

In this study, total or subtotal resection was achieved in 96 cases
(89.7%). For petrous apex type PCMs, 16 cases (100%) had total
resection. For upper clivus type PCMs, total resection was achieved
in 26 cases (76.5%). For tentorium type PCMs, 15 cases achieved
total resection, and 23 cases (60.5%) subtotal resection. Cavernous
type PCMs was characterized as the tight adhesion between the
tumor and adjacent nerves and vessels in the cavernous sinus. Ten
cases (52.6%) were achieved subtotal resection and 9 cases (47.4%)
merely partial resection.

Another difficulty in the surgical management of PCMs is the
intraoperative protection of cranial nerves (25, 26). A most frequent
complication for any skull base approach is the ever-present risk of
the injury to the CNs. According to the literature, the incidence of
cranial nerve dysfunction after surgery is 20-100% (27–29). In this
study, preoperative cranial nerve dysfunction mainly involved the
III-IX cranial nerves. The incidence of new-onset and aggravated
cranial nerve dysfunction were 13.1% (14/107) and 10.4% (15/144),
respectively. Most neurological disorders were improved during the
follow-up. For intraoperative neurological protection, the
experience of the investigators was as follows: (1) The trigeminal
nerve is located below the superior petrosal sinus, thus the
cauterization of superior petrosal sinus should be given with more
attention. The trochlear nerve is often located in the medial of the
tumor, and the facial nerve and vestibular nerve are located on the
lower lateral side of the tumor, the separation of them from the
tumor should along the arachnoid membrane interface hence. (2) If
the cranial nerves were tightly enclosed, such as III-VI nerves in
cavernous type PCMs, the cranial nerve dysfunction is usually
aggravated postoperatively. Therefore, the goal of surgery has
FIGURE 5 | The progression or recurrence rate among groups on the basis of the
pathological classification. the progression or recurrence rate was 15.8% (15/95
cases), 55.6% (5/9 patients) and 100% in the WHO grade I, II and III group,
respectively. This was statistically significant whenWHO grade I compared with
WHO grade II (Chi-square test, *p < 0.05) and III (Chi-square test, **p < 0.05), but
no significance between grade II and grade III. (Chi-square test, ns, no significance).
FIGURE 4 | The progression or recurrence rate among the groups. The
progression or recurrence rate was 72.7% (8 of 11 cases) in PR group, 28.2%
(11 of 39 cases) in STR group, 7% (4 of 57 cases) in TR group, respectively. The
differences were statistically significant between each two groups (Chi-square test,
*p < 0.05 **p < 0.01, ****p < 0.0001).
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been transferred from the total resection to maximum preservation,
since preserving neurological functions is pivotal to improve
postoperative quality of life. Thus, we recommend incomplete
resection followed by adjuvant radiotherapy for this type PCMs
(3). Serviceable hearing preservation is also very important. The
hearing protection during tumor resection is mainly the protection
of the auditory nerve. The same as for vestibular schwannomas, the
translabyrinthine approach (labyrinthectomy) sacrifices hearing to
achieve greater exposure and total resection, whereas the middle
fossa approach (such as STA and KA) and retrosigmoid approach
offer the possibility of hearing preservation (30). This highly
influences the choice of surgical approaches: if PCM patients have
practical hearing before surgery, the trans-middle cranial fossa
approaches and retrosigmoid sinus approach can be used; if the
patient does not have practical hearing before surgery, the
translabyrinthine approach may be considered based on the
tumor location. However, for PCMs, patients often suffer from
cranial nerve dysfunction in CN V and posterior group cranial
nerves; the vestibulocochlear nerve complex often located caudally,
making it a crucial maneuver to keep an intact arachnoid plane
between the tumor and the surrounding structures. Under the
protection of electrophysiological testing, the in-capsule tumor
decompression should be implemented, and then the sharp
separation between the residual envelope from the surrounding
structures upon the arachnoid interface. The complete arachnoid
interface must be ensured, so that the maximum tumor resection
and hearing preservation can be achieved. In this study, most
patients with preoperative hearing impairment had an
improvement significantly at follow-up. Therefore, we claim that
meticulous techniques and the knowledge of microsurgical anatomy
shall lead to feasible hearing preservation with maximum tumor
removal under contemporary circumstances.

With respect to the other postoperative complications, there
were 14 cases suffering intracranial infection, 9 cases had
cerebrospinal fluid leakage, and 3 cases with postoperative
hematoma (1 case needed second operation). And there were two
deaths because of pneumonia and multiple organ failure after
postoperative hematoma. It is clear that modern cranial base
techniques and resection skills can significantly reduce the
complications. Despite transient neurological deterioration that
may occurred during early postoperative periods after total
resection. In this group, the incidence of new-onset and
aggravated cranial nerve dysfunction were 13.1% (14/107) and
10.4% (15/144), respectively. Though the mean preoperative
and postoperative KPS scores were 80 (range 60-100 points) and
78.6 (range 0-100 points) respectively, this was not statistically
significant (t=-0.102, P=0.922). Furthermore, at their most recent
follow-up, 57 cases (53.3%) were stable with no worsened KPS, 36
cases (33.6%) had improved, only 14 patients (13.1%) had
aggravated KPS score. In addition, the progression or recurrence
rate was statistically significant among TR, STR and PR groups
(P<0.05) and there was no statistically significance between the
WHO grade and degree of tumor resection (P<0.05). Thus, we
suggest total resection appears to be advantageous for various skull
base approaches on PCMs. This is consistent with Almefty et al. (1)
who concluded that multiple skull base approaches to PCMs not
Frontiers in Oncology | www.frontiersin.org 770
only facilitate an improved chance of total resection, but also
decrease the risk of morbidity. In our study, there was a
statistically significance of the progression or recurrence rate
when WHO grade I compared with WHO grade II and III, but it
was insignificant between WHO grade II and III, which might be
due to the invasive nature of grade II and III tumors, or simply the
bias caused by the small amount of the two groups and the
shortness of follow-up time.
CONCLUSIONS

In conclusion, resection of PCMs remains a challenge. The optimal
surgical approach depends on the size, extension of the tumor and
the anatomical relationship between the tumor and the cranial
nerves. RSA and petrosal approaches were the most commonly
used. With elaborate surgical plans and advanced microsurgical
skills, most patients with PCMs can be rendered tumor resection
with satisfactory extent and functional preservation, despite transient
neurological deterioration during early postoperative periods.
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Background: Trapped temporal horn (TTH) is a localized hydrocephalus that can be
treated with cerebrospinal fluid diversion. Refined temporal-to-frontal horn shunt (RTFHS)
through the parieto-occipital approach is rarely reported in the literature and its
effectiveness remains unclear. The aim of the present study is to investigate the efficacy
and outcome of RTFHS for treatment of TTH.

Materials and Methods: We consecutively enrolled 10 patients who underwent RTFHS
for TTH after surgical resection of peri- or intraventricular tumors from February 2018 to
March 2021. Clinical, radiological, and follow-up data were collected and analyzed. The
most common underlying pathology was meningioma (n=4), followed by central
neurocytoma (n=3), thalamic glioblastoma (n=2), and anaplastic ependymoma (n=1).

Results: The mean Karnofsky performance scale (KPS) score and TTH volume at onset
were 54.0 ± 15.1 (range 40-80) and 71.3 ± 33.2cm3 (range 31.7-118.6cm3), respectively.
All patients (10/10, 100.0%) presented with periventricular brain edema (PVBE), while
midline shift was observed in 9 patients (9/10, 90.0%). RTFHSs were implanted using
valveless shunting catheters. No patients developed acute intracranial hemorrhage or new
neurological deficit postoperatively. During the follow-up of 17.2 ± 13.7 months (range
3-39 months), all patients showed clinical and radiological improvement. The mean KPS
score at the last follow-up was significantly increased to 88.0 ± 10.3 (range 70-100,
p<0.0001). RTFHS resulted in significant complete remission in PVBE andmidline shift in 8
(80.0%, p=0.0007) and 9 (100.0%, p=0.0001) patients, respectively. As the postoperative
follow-up duration prolonged, the mean TTH volume decreased in a consistent, linear
trend (p<0.0001). At last follow-up, the mean TTH volume was significantly reduced to
15.4 ± 11.5 cm3 (range 5.6-44.1 cm3, p=0.0003), resulting in a mean relative reduction of
77.2 ± 13.1% compared with the volume of TTH at onset. Over drainage was not
November 2021 | Volume 11 | Article 781396172
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observed during the follow-up. No patient suffered from proximal or distal shunt
obstruction or shunt related infection, and the revision rate was 0%.

Conclusion: RTFHS seems to be safe and effective for the treatment of TTH with
favorable outcomes. Advantages of this technique could be technically less complex and
invasive, cost-effective, avoidance of various intraperitoneal complications, and
maintaining a near-physiological CSF pathway.
Keywords: hydrocephalus, trapped temporal horn, surgical treatment, temporal to-frontal horn shunt, outcome,
intraventricular tumor
INTRODUCTION

Trapped temporal horn (TTH) can be a complication after
surgery of lesion within or adjacent to the lateral ventricular
trigone (1–3). The obstruction of trigone outlet with continuous
CSF production in a relatively closed fluid space lead to dilatation
of the temporal horn (4).

As a localized hydrocephalus, TTH can be managed with CSF
shunting to extracranial compartments, most commonly the
peritoneal cavity (5). However, the conventional ventriculo-
peritoneal shunt (VPS) is not ideal with high revision rates on
long-term follow-up (6–12). Temporal-to-frontal horn shunt
(TFHS) was firstly reported by Hervey-Jumper et al. in 2010 as a
feasible strategy for TTH (2). Shunting the CSF from the temporal
horn to the frontal horn could mimic the physiological conditions
with the added advantages of avoiding intraperitoneal complications
and spread of malignant tumor cells. Nevertheless, the described
entry point into the temporal horn through the squamous temporal
bone carries the risk of injuring the sylvian veins and the middle
cerebral artery and its branches (2, 13). Frazier’s point, located 6 cm
superior to the inion and 3 cm lateral from the midline, is a safe and
established anatomic landmark for placing a frontal catheter through
parieto-occipital approach in a VPS. Therefore, penetrating the
temporal horn through the Frazier’s point could theoretically
afford a safer trajectory than through the squamous temporal
bone. However, few reports involving this technique are available
in the literature and its effectiveness remains unclear.

The freehand technique for frontal catheter insertion is basedon
fixed anatomical landmarks and does not take individual variation,
such as midline shift and distorted ventricle, into consideration.
Neuro-navigation has been applied and improved the accuracy of
catheter insertion. However, this technique requiresmore time and
resources (14). A patient-tailored approach based on the use of
augmented-reality techniques can address this shortcoming. The
Sina neurosurgical assist (Sina), a precise and simple Android
application in smartphone, has been reported and utilized for
intraoperative neurosurgical planning aid (15).

The aim of the present study is to describe the technique of
refined temporal-to-frontal horn shunt (RTFHS) through the
parieto-occipital approach with assistance of Sina application
orn; TFHS, temporal-to-frontal horn
horn shunt; VPS, ventriculo-peritoneal
; KPS, Karnofsky performance scale;
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and report the preliminary experiences on the efficacy and
outcome of RTFHS for the treatment of TTH.
METHODS

Patient Population and Data Collection
We retrospectively analyzed the clinical records of 10 consecutive
patients who underwent RTFHS for TTH after surgery of peri- or
intraventricular tumors between February 2018 and March 2021 at
our institution. Medical records and radiological findings were
reviewed. The underlying pathology included meningioma in 4
cases, central neurocytoma in 3 cases, thalamic glioblastoma in 2
cases, and anaplastic ependymoma in 1 case. The neurological status
was evaluated with Karnofsky performance scale (KPS). CT and/or
MRI were employed for diagnosis of TTH preoperatively and to
monitor TTH evolution in the following days. The TTH volume
index was calculated according to the formula for the volume of a
spheroid: 4/3 × p × (length/2) × (width/2) × (height/2). Reduction
of the TTH volume, and periventricular brain edema (PVBE) were
defined and calculated as reported in the previous study (5). This
study was approved by the Research Ethics Board of Beijing Tiantan
Hospital, CapitalMedical University.Written informed consent was
obtained from all patients.

Surgical Procedure
Schematic diagram of RTFHS technique is illustrated in
Figure 1. The patient position, skin incision, and catheter
localization are shown in Figure 2. The patient is placed in the
supine position with head turned opposite the side of the affected
temporal horn. The head should be rotated 60° to 70°, as is
illustrated in Figure 2A (superior view), 2B (rostral view), and
2C (left view). The key anatomic landmarks for placing a frontal
and temporal catheter include the medial canthus, the tragus,
and the zygomatic process. Two burr holes are created. The
proximal catheter (Medtronic, Inc., Minneapolis, Minnesota) is
placed in the temporal horn from a parieto-occipital approach
(Frazier’s point, located 3 cm lateral from the midline and 6 cm
superior to the inion) and the target point is the zygomatic
process of the ipsilateral face (white arrow in Figure 2A). Then,
the catheter passes the planned trajectory with a depth of
approximately 10.5 cm as measured from the level of the dura.
The catheter tip rests near the front wall of temporal horn, away
from the rich choroid plexus of trigone. The distal catheter is
November 2021 | Volume 11 | Article 781396
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inserted into the frontal horn through an usual frontal approach
(Kocher’s point, located 2.5 cm anterior to the coronal suture and
2.5 cm lateral from the midline). The trajectory is toward the
medial canthus of the ipsilateral eye on the coronal plane and a
point 1 cm anterior to the tragus on the sagittal plane. The
catheter advances for a depth of 5 cm and lies in front of the
foramen of Monro. A middle skin incision (white arrow in
Figure 2B) was made for subcutaneous connection of the
proximal and distal catheters by a straight connector without a
programmable anti-siphon valve. The ideal catheter tip
localization in the frontal and temporal horn were showed in
Figures 2F, G, respectively. The orientation of catheter in the
temporal horn was shown in Figure 2H.

In some cases, the TTH may presents as giant mass
(Figure 2D), leading to severe PVBE and midline shift
(Figure 2E). The displaced, distorted, and small frontal horn
makes it difficult to place a frontal catheter through a freehand
technique. Then, the Sina neurosurgical assist (Sina) application
was introduced to provide guidance and continuous monitoring
during insertion of the frontal catheter. The Sina application was
used according to the method described by Eftekhar B (15).
Briefly, the appropriate axial and coronary CT or MRI slices are
selected at the level of the foramen of Monro. Photographs of
these images are taken in portrait mode. With the application
assist, the orientation of the puncture was marked with electrode
stickers (Figure 2A). The unscrubbed assistant overlaps the
FIGURE 2 | (A) Patient position in superior view (red arrow, landmarks of medial canthus and tragus; white arrow, landmark of zygomatic process).
(B) Patient position in rostral view (red arrow, skin incision for frontal burr hole; white arrow, skin incision for subcutaneous connection of the temporal and
frontal catheters). (C) Patient position in left view (red arrow, skin incision for occipito-parietal burr hole). (D) CT scan showed severe dilation of the left
temporal horn with compression of the brainstem. (E) CT scan showed prominent midline shift, PVBE, and displaced frontal horn (red arrows). (F, G) CT
scan showed the suggested localization of catheter tips in the frontal and temporal horns (red arrows). (H): CT scan showed the trajectory of temporal
catheter (red arrow).
FIGURE 1 | Schematic diagram showing the RTFHS technique, shunting
CSF from temporal horn to frontal horn.
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coronal radiological image onto the real-time view of the
patient’s head. The device is held by an assistant who aligns
the images and provides information about the relative position
of the target and frontal catheter to the surgeon.

Statistical Analysis
The demographics and clinical characteristics were described in
terms of means ( ± SD) and frequencies. Fisher’s exact test and
Wilcoxon matched-pairs signed ranks test was used to assess the
differences of clinical and radiological data between TTH at onset
and at last follow-up. The statistical software SPSS 13.0 (SPSS for
Windows, version 13.0 [SPSS Inc., Chicago, Illinois]) was used.
Probability values were reported as 2 sided, with statistical
significance defined as P<0.05.
RESULTS

Baseline Characteristics
There were 4 male and 6 female with a mean age of 40.0 ± 22.1
years. The mean time interval from tumor resection to TTH
onset was 5.2 ± 6.6 months (range 8 days-19 months). Symptoms
of intracranial hypertension was the most common presentation
(60.0%). The mean KPS score at onset was 54.0 ± 15.1 (range 40-
80). Eight TTHs (80.0%) were located in the left hemisphere and
2 (20.0%) in the right. Moderate and severe PVBE were
presented in 3 (30.0%) and 7 (70.0%) patients, respectively.
Midline shift was observed in 9 cases (90.0%), and the mean
distance of midline shift was 6.2 ± 4.1 mm (range 0-11mm). The
Frontiers in Oncology | www.frontiersin.org 475
mean TTH volume at onset was 71.3 ± 33.2cm3 (range 31.7-
118.6cm3). The clinical data are summarized in Table 1.

Surgical Complications and Outcomes
No patients developed acute intracranial hemorrhage or new
neurological deficit postoperatively. During the follow-up of 17.2
± 13.7months (range 3-39months), all patients showedclinical and
radiological improvement. The mean KPS score at the last follow-
up was 88.0 ± 10.3 (range 70-100). All patients demonstrated
immediate and further radiographic resolution after RTFHS
(Figure 3A). The mean TTH volume at 2 weeks, 3 months, and
the last follow-up was 34.5 ± 22.4 cm3 (range 3.3-73.2 cm3), 19.8 ±
14.8cm3 (range 5.6-53.0 cm3), and 15.4 ± 11.5 cm3 (range 5.6-44.1
cm3), respectively (Figure 3B). The mean volume reduction at
2 weeks, 3 months, and the last follow-up was 51.4 ± 26.9% (range
18.0-91.9%), 69.6 ± 19.6% (range 40.6-91.4%), and 77.2 ± 13.1%
(range 50.6-91.3%), respectively (Figure 3C). PVBE complete
resolution and return of the midline to a normal position were
observed in 8 cases (80.0%, 8/10) and 9 cases (100.0%, 9/9),
respectively. Over drainage was not observed during the follow-
up. The revision rate was 0%; in no case was a proximal or distal
shunt obstruction or shunt related infection encountered.

Differences Between the Preoperative
and Postoperative Data
ThemeanKPS score was significantly increased after RTFHS (54.0 ±
15.1 at onset vs 88.0 ± 10.3 at the last follow-up, p=0.0057).
Radiologically, RTFHS resulted in a significant complete remission
in PVBE (p=0.0007) and midline shift (p=0.0001). In addition, the
TABLE 1 | Baseline characteristics of patients with trapped temporal horn who were treated with refined temporal-to-frontal horn shunta.

Case
No.

Sex/
age

(years)

Underlying
pathology

Presentation PVBE FU
(months)

Midline
shift
(mm)

TTH
volume at

onset
(cm3)

Mean volume
reduction at 2
weeks (%)

TTH
volume at
last FU
(cm3)

Mean volume
reduction at
last FU (%)

KPS before
shunt/at
last FU

1 M/30 Central
neurocytoma

ICH, seizure severe 39 6 114.6 60.4 14.2 87.6 50/90

2 M/17 Central
neurocytoma

Blurred vision moderate 38 3 68.6 18 9.6 86 70/100

3 F/25 Central
neurocytoma

Memory
disturbance, right
limb weakness

severe 24 8 91.2 72.2 14.5 84.1 60/100

4 F/64 Thalamic
glioblastoma

ICH, herniation,
aphasia

severe 20 10 84.8 35.2 25 70.5 50/70

5 F/38 Meningioma Vertigo, memory
disturbance

moderate 22 0 34 22.2 9.8 71 70/90

6 M/17 Anaplastic
ependymoma

ICH severe 11 10 118.6 73 10.3 91.4 40/90

7 M/71 Thalamic
glioblastoma

ICH, herniation severe 5 10 40.4 91.9 5.6 86.2 40/70

8 F/16 Meningioma Memory
disturbance

moderate 7 2 89.2 18 44.1 50.6 80/90

9 F/57 Meningioma ICH, herniation,
aphasia, right limb
weakness

severe 3 11 31.7 74.8 5.7 82 40/90

10 F/65 Meningioma ICH, memory
disturbance;
mental symptoms

severe 3 2 39.9 48 15 62.4 40/90
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aTTH, trapped temporal horn; PVBE, periventricular brain edema; FU, follow-up; ICH, intracranial hypertension; KPS, Karnofsky Performance Scale.
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meanTTHvolume at last follow-upwas significantly reduced (71.3±
33.2cm3 at onset vs 15.4 ± 11.5 cm3 at last follow-up, p=0.002). As the
postoperative follow-up duration prolonged, the mean TTH volume
decreased in a consistent, linear trend (Figure 3B, p<0.0001).

Illustrative Cases
Case 6
This 17-year-old male underwent craniotomy for resection of
anaplastic ependymoma in the left lateral ventricular trigone.
Eight days following surgery, he developed symptoms of
intracranial hypertension. A CT scan revealed a giant TTH with
prominent PVBE and mildline shift (Figures 4A, B). RTFHS was
performed. Postoperatively, the patient’s symptoms resolved. A
series of CT scan showed gradual resolution of PVBE and
immediate and further reduction of TTH volume at the level of
midbrain (upper panel) and Foremen of Monro (lower panel)
(Figures 4C–J). The volume reduction at Days 3, Day 7, and 4
months were 60.8%, 73.0%, and 91.3%, respectively.

DISCUSSION

The Current Difficulties in Treating the TTH
TTH is a rare entity and only a few studies with a limited number of
patients have studied the surgical intervention for it. Surgical
Frontiers in Oncology | www.frontiersin.org 576
treatment options are diversely described in the literature, ranging
from microsurgery via craniotomy to CSF diversion to
neuroendoscopic techniques (2, 4, 16–20). To date, the optimal
surgical modality is yet to be definitively determined. Some patients
might even require multiple operations until the situation is well
controlled. Microsurgical fenestration through craniotomy enables
to open the scarred trigone and remove the ventricular septation
(4, 5). Furthermore, simultaneous choroid plexectomy reduced
the production of CSF from the temporal horn. Nevertheless,
this technique is traumatic and carry the risk of injury to the
surrounding critical structures. Endoscopic fenestration of the
choroidal fissure has been described; however, it may sometimes
limited by technically challenging, surgeon experience, and
unknown long-term patency of the stoma (18, 19). Besides, this
technique should takes the individual anatomical variation into
account (19). Although VPS remains to be the mainstay of CSF
diversion for treatment of TTH, there are risks specific to VPS,
including intraperitoneal complications, malfunction, infection, and
dependence in the long-term follow-up (1, 21).

The Novelty, Safety, and Feasibility
of RTFHS
The efficacy of TFHS have been firstly illustrated by Hervey-
Jumper et al. in 2010 as a report of 3 cases (2). They advocated
A

B C

FIGURE 3 | (A) The volume curve of the TTH from each patient during the follow-up. (B, C) The mean TTH volume and the mean reduction of TTH volume before
shunt, at 2 weeks, at 3 months, and at last follow-up.
November 2021 | Volume 11 | Article 781396

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


Ren et al. Refined Temporal-to-Frontal Horn Shunt
that this technique could be considered in patients with
neurological symptoms resulting from TTH secondary to peri-
or intraventricular malignant tumors in which seeding of distant
sites by CSF diversion is a concern. With regard to the entry
point into the enlarged temporal horn, a bur hole on the
squamous temporal bone was suggested in this study (2).
However, the described perpendicular or lateral approach
harbored the risk of damaging the sylvian veins and the
middle cerebral artery and its branches (2). Therefore, the
safety and feasibility of TFHS for a greater number of patients
are still unclear. In addition, the overshooting catheter might
result in injury to the midbrain and even some critical structures
in the surrounding cisternal system, such as basilar artery,
oculomotor nerve, posterior communicating artery, and
anterior choroidal artery (13). Furthermore, it cannot ensure
the catheter permanently long enough within the temporal horn,
especially for a decompressed TTH following shunt. Frazier’s
point has been established as a common and safe anatomic
landmark for placing a frontal catheter through parieto-occipital
approach in VPS. Then, we proposed the RTFHS by penetrating
the temporal horn through the Frazier’s point. The occipito-
parietal approach paved a safe trajectory and enabled the catheter
away from the sylvian vessels, midbrain, and some other critical
structures. Moreover, a longer shunt path in the temporal horn
and keeping the catheter tip away from the rich trigonal choroid
plexus prevented catheter displacement and obstruction. No
patients experienced acute intracranial hemorrhage or new
neurological deficit associated with RTFHS in this case series.
These results support the safety of RTFHS.
Frontiers in Oncology | www.frontiersin.org 677
Another critical stage of RTFHS procedure is the insertion of
the distal catheter. In our series, the mean TTH volume at onset
was 71.3 ± 33.2cm3 and more than half of the cases presented
with severe PVBE. The giant TTH with brain edema inevitably
led to midline shift and displaced ventricle. As such, placing a
frontal catheter through a freehand technique can be challenging.
Although stereotactic navigation and image guidance ensure a
more accurate placement of the ventricular catheter, they impose
a longer duration of plan and surgery, require more operating
room resources utilization, and increase the patients’ health care
costs. Then, Sina application, a precise and available software in
smartphone, was used as a simple intraoperative neurosurgical
planning aid in placement of catheter. We did not experience
difficulty in placing a frontal catheter in cases with severe midline
shift or distorted ventricle. Sina application-assisted Kocher’s
point puncture is used to perfectly locate the catheter, taking the
place of neuro-navigation. This application not only offers a
simple, realistic, and available manner in the placement of shunt,
but also demonstrates high degrees of achieved accuracy. In our
series, midline shift was observed in 9 cases (90.0%), 4 of which
demonstrated a severe degree. Nevertheless, successful penetration
of the frontal horn was achieved in all cases and the postoperative
imaging confirmed the distal end in position.

The present study included a much larger number of cases
treated with TFHS than prior studies. Clinical improvement was
achieved immediately after shunt insertion. TTH volume, PVBE,
and midline shift were substantially improved at the last follow-
up. No patients suffered from proximal or distal shunt
obstruction or shunt related infection during the follow-up.
FIGURE 4 | Case 6. CT scan showed immediate and further reduction of TTH volume at the level of midbrain (upper panel) and Foremen of Monro (lower panel).
The volume and morphometric changes of TTH were shown before RTFHS (A, B), at Day 0 (C, D), Day 3 (E, F), Day 7 (G, H), and 4 months (I, J).
November 2021 | Volume 11 | Article 781396
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Our experience demonstrates that the refined and modified
technique can be a safe, effective, and durable CSF diversionary
procedure. Further prospective multicenter study with more
cases and extended follow-up will be necessary to validate this
technical approach.

Advantages of RTFHS Compared With
Conventional VPS
The RTFHS has several advantages over the conventional VPS.
First, the shunt system in RTFHS is shorter in length and
confined to the skull, which makes the operation technically
less complex and invasive and minimizes the risk of mechanical
failure and infection. Second, siphoning phenomenon and
overdrainage always occur in patients with VPS and have not
been eliminated despite with the use of antisiphoning devices
(6–9). RTFHS decreases the pressure gradient, avoids shunt
siphoning, and prevents overdrainage, maintaining a natural
and near-physiological CSF pathway. At the last follow-up, no
cases presented with overdrainage in our series. Moreover,
without having to use antisiphoning device and programmable
valve, RTFHS can also significantly decreases the cost of implant.
Third, the peritoneum is the cause for VPS revision in many
cases on the long-term follow-up. RTFHS obviates distal catheter
occlusion and various intraperitoneal complications. In addition,
there are high risks for adhesions and surgical bowel perforation
in patients with multiple previous abdominal surgeries or with a
previous abdominal shunt infection. RTFHS can be an effective
alternative in treating these patients. Finally, in cases of TTH
caused by primary peri- or intraventricular malignant tumors,
RTFHS prevents spreading malignant tumor cells to distant sites.

El-Shafei et al. (22) pioneered the technique of retrograde
ventriculosinus shunt for treatment of hydrocephalus by shunting
the CSF to the superior sagittal sinus against the direction of blood
flow.A system reviewbyToma et al. (23)with a total of 265patients
treated with ventriculosinus shunt demonstrated that this
technique is safe and feasible, and do not increase the risk of sinus
thrombosis, air embolism, uncontrollable intraoperative bleeding,
or shunt-associated nephritis. There are several similarities and
advantages between the RTFHS and retrograde ventriculosinus
shunt since both of them divert CSF back to the intracranial
compartment. In our opinion, the temporal horn to sagittal sinus
shunt, which is developed and evolved from these two techniques,
might be a feasible alternative for treatment of TTH sometimes
when a RTFHS is not available. To date, the temporal horn to
sagittal sinus shunt has not been reported in the literature. This
procedure would be a choice and attempt in selected patients in our
future practice.

Limitations
This was a retrospective review of a rare series of TTH cases that was
treated by RTFHS. Although the morphometric changes including
TTH volume, PVBE, and midline shift were evaluated, there were
some important CSF hydrodynamic parameters that were not
investigated due to the retrospective nature of the study. These
hydrodynamic parameters can help to gain more insight into the
pathophysiology of non-communicating hydrocephalus patients. In
recent studies, 3D fluid-structure interaction modeling was utilized
Frontiers in Oncology | www.frontiersin.org 778
to examine the correlation between CSF hydrodynamic changes and
non-communicating hydrocephalus patients’ clinical symptoms
before and after shunting (24, 25). The ventricular system volume
and maximum CSF pressure were found to be more effective and
accurate than the other parameters in evaluating the patients’
conditions. Future prospective investigation assessing the
hydrodynamic parameters changes of the CSF flow during the
treatment process of TTH is warranted. In addition, this series
included a small and uncontrolled patient group, which provided
limited statistical analysis and comparison between different
treatment options. A thorough understanding of the RTFHS
technique requires a prospective multicenter study with great
number of patients in the future.

CONCLUSION

RTFHS seems to be safe and effective for the treatment of TTH
with favorable outcomes. RTFHS might be a potential alternative
to traditional VPS for patient with TTH. Advantages of this
technique could be technically less complex and invasive, cost-
effective, avoidance of various intraperitoneal complications, and
maintaining a natural and near-physiological CSF pathway.
Multicenter prospective study with a great number of patients
is necessary to validate the potential benefits of this technique so
that it can be widely recommended.
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Background and Purpose: Consensus regarding the need for adjuvant radiotherapy
(RT) in patients with atypical meningiomas (AMs) is lacking. We compared the effects of
adjuvant RT after surgery, gross total resection (GTR), and subtotal resection (STR) on
progression-free survival (PFS) and overall survival (OS) in patients with AMs, respectively.

Methods: We performed a systematic review and meta-analysis of the literature
published in PubMed, Embase, and the Cochrane Library from inception to February 1,
2021, to identify articles comparing the PFS and OS of patients receiving postoperative RT
after surgery, GTR and STR.

Results: We identified 2307 unique studies; 24 articles including 3078 patients met the
inclusion criteria. The sensitivity analysis results showed that for patients undergoing
undifferentiated surgical resection, adjuvant RT reduced tumor recurrence (HR=0.70,
p<0.0001) with no significant effect on survival (HR=0.89, p=0.49). Postoperative RT
significantly increased PFS (HR=0.69, p=0.01) and OS (HR=0.55, p=0.007) in patients
undergoing GTR. The same improvement was observed in patients undergoing STR plus
RT (PFS: HR=0.41, p<0.00001; OS: HR=0.47, p=0.01). A subgroup analysis of RT in
patients undergoing GTR showed no change in PFS in patients undergoing Simpson
grade I and II resection (HR=1.82, p=0.22) but significant improvement in patients
undergoing Simpson grade III resection (HR=0.64, p=0.02).

Conclusion: Regardless of whether GTR or STR was performed, postoperative RT
improved PFS and OS to varying degrees. Especially for patients undergoing Simpson
grade III or IV resection, postoperative RT confers the benefits for recurrence and survival.

Keywords: atypical meningioma, adjuvant radiotherapy, meta-analysis, gross total resection, subtotal resection,
progression-free survival, overall survival
INTRODUCTION

Meningiomas are the most common primary tumors of the brain, representing more than one-third
of all intracranial tumors (1). According to the most recent WHO definition, meningioma should be
classified according to 3 histological grades, with benign meningioma (BM) classified as grade I,
atypical meningioma (AM) as grade II, and malignant meningioma (MM) as grade III (2). Atypical
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meningiomas (AMs) accounts for about 15-20% of all
meningiomas, and associated with a higher risk of recurrence
and a worse prognosis than benign meningiomas (3, 4). Maximal
safe surgical resection is currently the preferred treatment for
atypical meningiomas, but there is no clear consensus on the use
of adjuvant radiotherapy (RT) in these patients (5). There are
two points to consider, namely, whether adjuvant radiation
therapy can significantly improve the patient’s prognosis and
whether the side effects of adjuvant radiation therapy can offset
the benefits (2, 6).

Although the effect of postoperative RT on AMs has been
analyzed in many reports, the results were inconsistent.
Therefore, it is necessary to perform a meta-analysis to
evaluate the efficacy of surgical resection with RT on survival
outcomes, including overall survival (OS) and progression-free
survival (PFS), in patients suffering from AMs.
METHODS

Search Strategy
We comprehensively searched eligible studies using several
electronic databases, including the PubMed, Embase, and
Cochrane databases and followed PRISMA guidelines. Search
terms included a strategic combination of ‘atypical’ AND
‘meningioma ’ , or ‘atypical meningioma ’ or ‘grade II
meningioma’. All papers published until February 1, 2021 were
included. The titles and abstracts of each article searched were
reviewed to exclude any apparently unrelated research. The full
texts of the remaining articles were read to determine whether
they contained information on the subject under review.

Study Selection
Two investigators independently reviewed each eligible study,
with a consensus being reached by the third investigator when
there was a disagreement between the two investigators. Articles
that satisfied the following criteria were included: (1) cohort
studies or randomized controlled trials, (2) patients with atypical
meningioma verified by pathology, (3) studies that investigated
different treatment modalities, including GTR and STR plus RT,
and (4) OS and/or PFS data that were provided or allowed for the
calculation of hazard ratios (HRs) with corresponding 95%
confidence intervals (CIs). Studies were excluded based on any
of the following criteria: (1) reviews, letters, case reports, and
database-based studies; (2) studies with a sample size of less than
20; (3) non-English studies, studies with duplicate data; and
(4) studies that lacked key information for calculation. The
definitions of GTR and STR were based on the description in
the original article. In general, GTR was defined as a Simpson
Grade I or II tumor resection, or Simpson Grade I, II or III tumor
resection, and STR was defined as a Simpson Grade IV tumor
resection. In addition, to further clarify the potential impact of
GTR plus RT on AM under real-world conditions, a subgroup
analysis of the GTR group was performed according to
Simpson’s classification. Radiotherapy was considered to
include both conventional radiotherapy and stereotactic
radiosurgery (SRS).
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Quality Assessment
Two investigators independently assessed the quality of each
eligible study using the Newcastle-Ottawa Scale (7). Three
aspects were generally assessed: population selection, study
comparability, and reporting of the outcome, with a score
ranging from 0 to 9. Studies with a score greater than six were
considered to be of high quality.

Statistical Analysis
All the comparisons were based on data from cohort studies. The
endpoints of interest in the analyses were OS and PFS. A hazard
ratio (HR) with a 95% CI was used to evaluate the association of
postoperative radiotherapy. The lnHRs were considered to obey
a normal distribution. We extracted the HRs and corresponding
95% CIs of the multivariate analysis explicitly given in these
articles; otherwise, the HRs and 95% CIs of the univariate
analysis were utilized. If the above value was not provided in
the paper, the Kaplan-Meier survival curve in the paper was used
to transform the Figure into a data sheet and used the log rank
test to obtain the lnHR, 95% CI and SE (8). The I2 statistic and
Cochrane Q test were used to analyze between-study
heterogeneity (9). Data analyses were performed using Review
Manager software version 5.3 (The Cochrane Collaboration
Oxford, United Kingdom). When I2 < 50% or a P value > 0.10
was identified, indicating homogeneity among studies, we used
the fixed-effects model; otherwise, a random-effects model was
adopted. Publication bias was determined using the funnel
graph. We performed a sensitivity analysis by omitting each
study in turn. A P value of <0.05 indicated a statistically
significant difference.
RESULTS

Literature Selection, Quality Evaluation,
and Demographics
The process of literature screening based on the inclusion and
exclusion criteria is depicted in Figure 1. The initial search
yielded 2307 results. Of these, 775 studies were excluded because
they were duplicates. After scanning the titles and abstracts, 85
studies were retained for further analysis. Finally, after a full-text
screening, a total of 24 were eligible for inclusion in the meta-
analysis. The quality of 24 comparative studies with a total of
3078 patients is summarized in Supplementary Table 1, and the
results of our systematic analysis of patients with AMs
undergoing postoperative RT are detailed in Table 1. The
mean age was 57.17 years, and the male to female ratio was
1:1.26. The mean RT dose was 56.42 Gy and mean follow-up was
55.7 months.

Results of the Meta-Analysis
Meta-Analysis of PFS and OS Between Surgery+RT
and Surgery
In the analysis of PFS and OS in atypical meningioma patients
treated with surgery and RT or surgery alone, 19 and 7 studies
were included, respectively, and the results are shown in
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Figure 2. For PFS, the P value of the Q statistic and the Higgins I2

statistic for heterogeneity were 0.00001 and 87%, respectively.
Similarly, for OS, the P value and I2 were 0.004 and 68%,
respectively. This result indicated that both studies were
heterogeneous, so we applied a random-effects model. Benefits
of RT were found in both the PFS and OS analyses (PFS: HR =
0.71, 95% CI: 0.47-1.08, P = 0.11, and OS: HR = 0.52, 95% CI:
0.27-1.00, P = 0.05). The publication bias of the PFS and OS
analyses is shown as a funnel graph in Figure 3. The results show
that both of them have significant publication bias. A significant
improvement in publication bias was observed after 6 and 2
articles were removed by the sensitivity analysis (Figure 4). The
Higgins I2 statistics for heterogeneity were 18% (p = 0.26) and
0% (p = 0.53), respectively, which indicates that the remaining
studies are homogeneous. Thus, the fixed-effect model is used to
present the results in Figure 5. The improve of adjuvant RT on
prognosis remained (PFS: HR = 0.70, 95% CI: 0.59-0.82, P <
0.0001, and OS: HR = 0.89,95% CI: 0.64-1.24, P = 0.49).
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Meta-Analysis of PFS and OS Between GTR With RT
and GTR
In the analyses of PFS and OS in AM patients treated with
GTR+RT and GTR, 16 and 8 studies were included, respectively,
which are shown in Figure 2. In the PFS analysis, the P value of
the Q statistic and the Higgins I2 statistic for heterogeneity were
0.00001 and 83%, respectively. In the OS analysis, the P value and
I2 were 0.47 and 0%, respectively. This result indicated that the
former was heterogeneous and the latter was homoplasmic, so
we applied a random-effects model and fixed-effects model,
respectively. Benefits of RT were found in both the PFS and
OS analyses (PFS: HR = 0.73, 95% CI: 0.39-1.34, P = 0.31, and
OS: HR = 0.55, 95% CI: 0.36-0.85, P = 0.007). As shown in the
funnel diagram in Figure 3, significant publication bias was
observed in the PFS results. After the removal of 5 studies, the
bias was improved (I2 = 38%, P = 0.01), and a fixed-effects model
was used to present the results (Figures 4, 5). The results of the
sensitivity analysis indicated that adjuvant RT also significantly
FIGURE 1 | The flow diagram of the selection process as per PRISMA.
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reduced the recurrence rate in patients with GTR (PFS: HR =
0.69, 95% CI: 0.52-0.92, P = 0.01).

Meta-Analysis of PFS and OS Between STR With RT
and STR Alone
In the analyses of PFS and OS in AM patients treated with STR
+RT and STR alone, 11 and 3 studies were included, respectively,
Frontiers in Oncology | www.frontiersin.org 483
and the results are shown in Figure 2. In the PFS analysis, the P
value of the Q statistic and the Higgins I2 statistic for
heterogeneity were 0.001 and 66%, respectively. This implies
the existence of heterogeneity, so we applied a random-effects
model. In contrast, the fixed-effect model was chosen for the OS
analysis because of homogeneity (I2 = 0% and p=0.37). Benefits
of RT were found in both the PFS and OS analyses (PFS: HR =
TABLE 1 | Demographics.

Author &
year

Study
duration
(standard)

Design Country Sample
size

Male:
Female

Median
age

Median follow-
up (months)

Median
dose (Gy)

HR

Surgery+RT
vs Surgery

GTR+RT vs
GTR

STR+RT vs
STR

PFS OS PFS OS PFS OS

Jo (10) 1997-2008
(2000)

Retrospective Korea 35 18:17 40 56 NR 0.626 NR NR NR 0.204 NR

Mair (11) 2001-2010
(2000)

Retrospective UK 114 55:59 57 NR 51.8 0.831 NR NR NR NR NR

Komotar (12) 1992-2011
(2000)

Retrospective US 45 20:25 56.1 44.1 59.4 NR NR 0.236 NR NR NR

Hammouche
(13)

1996-2009
(2007)

Retrospective UK 79 43:36 58 50 56.2 0.960 NR NR NR NR NR

Aizer (14) 1997-2011
(NR)

Retrospective US 91 41:50 57 58.8 60 0.240 0.210 0.250 0.247 NR NR

Wang (15) 2001-2009
(2007)

Retrospective China 28 13:15 56.8 57.4 57 NR NR 0.029 0.354 NR NR

Zhao (16) 2001-2011
(2000)

Retrospective China 89 42:47 53.3 25 NR 0.722 1.111 NR NR NR NR

Champeaux
(17)

2007-2015
(2007)

Retrospective UK 194 93:101 54.2 52.8 NR 3.820 1.050 NR NR NR NR

Jenkinson
(18)

2001-2010
(2007)

Retrospective UK, Italy,
Ireland,

133 68:65 62 57.4 60 NR NR 0.842 0.926 NR NR

Endo (19) 2000-2013
(2007)

Retrospective Japan 45 25:20 58.7 81 50 1.200 NR NR NR NR NR

Bagshaw
(20)

1991-2014
(2007)

Retrospective US 63 29:33 53 42 54 0.388 NR 0.026 NR NR NR

Graffeo (21) 1988-2011
(2016)

Retrospective US 69 25:44 60 95 54 NR NR 1.781 0.492 NR NR

Phonwijit (22) 2004-2014
(2007)

Retrospective Thailand 126 42:84 55 52 NR 0.402 NR NR NR NR NR

Dohm (23) 1993-2014
(2007)

Retrospective US 83 32:51 63.6 36.9 55.7 0.430 0.523 0.657 NR 0.193 NR

Masalha (24) 2001-2015
(2016)

Retrospective Germany 161 76:85 70 62.4 NR 0.860 NR NR NR NR NR

Shakir (25) 1992-2013
(2007)

Retrospective Canada 70 32:38 62 67 54 0.046 NR 0.017 NR 0.081 NR

Chen (26) 1993-2014
(2000/2007)

Retrospective US 182 71:111 57 52.8 59.4 0.150 NR 0.010 0.494 0.180 0.642

Li (27) 2008-2015
(2007)

Retrospective China 302 136:166 51 41.6 NR 0.662 0.096 0.811 0.036 0.470 0.401

Zhu (28) 2005-2008
(2000)

Retrospective China 99 48:51 NR 76.5 NR NR NR 0.695 0.646 0.238 0.223

Streckert (4) 1991-2018
(2016)

Retrospective Germany 138 74:64 62 62 59.4 3.409 NR 4.340 NR 1.670 NR

Wang (29) 2009-2018
(2007/2016)

Retrospective China 263 99:164 52 41 56 0.629 0.026 0.966 0.026 0.246 NR

Keric (30) 2007-2017
(2007)

Retrospective Germany 258 117:141 60 31 NR 0.788 NR 2.776 NR 0.724 NR

Lee (5) 2000-2015
(2000/2007)

Retrospective US 230 93:137 56.6 82.8 59.4 0.210 0.987 0.451 NR 0.471 NR

Garcia-
Segura (31)

1995-2015
(2007)

Retrospective US 181 72:109 59.6 NR NR 4.352 NR 6.328 NR 1.793 NR
D
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0.42, 95% CI: 0.25-0.71, P = 0.001, and OS: R = 0.47, 95% CI:
0.27-0.83, P = 0.01). A funnel plot (Figure 3) confirmed the
existence of publication bias in the PFS results, which was
significantly improved after Garcia-Segura’s study (31) were
Frontiers in Oncology | www.frontiersin.org 584
removed by the sensitivity analysis (I2 = 39%, p=0.1), so a
fixed-effects model was used to present the results (Figures 4,
5). The PFS was still significantly improved after the sensitivity
analysis (PFS: HR = 0.41, 95% CI: 0.30-0.55, P < 0.00001).
A

B

C

D

E

F

FIGURE 2 | Meta-analysis. Surgery+RT vs Surgery, PFS (A). Surgery+RT vs Surgery, OS (B). GTR+RT vs GTR, PFS (C). GTR+RT vs GTR, OS (D). STR+RT vs
STR, PFS (E). STR+RT vs STR, OS (F).
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DISCUSSION

According to the latest EANO guidelines, maximum surgical
resection with guaranteed safety is currently recognized as the
preferred treatment for atypical meningioma (32). However, to
date, there are no clear conclusions regarding whether
postoperative radiotherapy is needed in patients with AMs
(32). We performed the largest systematic review to date and
extracted Hazard Ratio (HR) data with higher evidence level to
compare the impact of STR and GTR on OS and/or PFS in AM
patients with a rigorous assessment of the quality of the existing
evidence. At the same time, we are the first to perform a
subgroup analysis of different Simpson excision grade methods
for GTR. Therefore, our results and conclusions have higher
reference value.

Surgery With RT and Surgery Alone
Much of the literature does not provide detailed data on GTR
and STR but rather combines them into a single analysis. We are
the first study to perform a meta-analysis with these data.
Because of the large amount of related literature and a large
sample size, this part of the analysis also has some value. Of the
19 articles including PFS, 15 reported HR < 1 for RT, of which 7
showed significant statistical significance, while only 4 reported
the opposite results. Similarly, 5 of 7 studies examined the
positive effects of RT on OS. After the sensitivity analysis,
postoperative RT was associated with a 30% reduction in
recurrence (p<0.0001) and an 11% reduction in mortality
(p=0.49) compared with surgery alone, especially for the
former, indicating that postoperative RT was associated with a
significant improvement in PFS. Therefore, it is considered
Frontiers in Oncology | www.frontiersin.org 685
reasonable to consider postoperative RT for patients when the
extent of surgical resection cannot be determined.

GTR With RT and GTR Alone
The debate over whether postoperative RT should be routinely
performed in patients with GTR is most intense. Some people
suggest that because of the thoroughness of resection, patients
with GTR have fewer tumor recurrence events and longer survival
times than patients with STR, so no postoperative RT is required
(11, 29). A meta-analysis by Hasan et al. (33) focused specifically
on the potential benefits of adjuvant RT after the complete
removal of atypical meningiomas, with no clear benefits
reported in terms of local control or 5-year survival. Even in
Garcia-Segura’s cohort, adjuvant RT was associated with worse
PFS and OS (31). However, in a prospective phase II study
involving 15 centers in seven countries (34), as the highest level
of inclusion in the literature, the data showed that the 3-year PFS
for AM patients undergoing complete resection was greater than
70% when treated with high-dose (60 Gy) RT. In our analysis,
postoperative RT was negatively correlated with recurrence and
mortality across all the literature. For OS, the HR after GTR + RT
in all studies was < 1, but for PFS, the heterogeneity among the
articles was greater. The heterogeneity may be due to differences in
the definitions of GTR and STR and differences in treatment
protocols or techniques in different studies. After the deletion of 5
articles in the sensitivity analysis, there was less residual
heterogeneity. Studies have shown that RT after GTR could
significantly reduce the rate of recurrence. As one of the
highlights, we are the first to perform a subgroup analysis of
GTR. Five of these studies defined GTR as Simpson grade I or II
tumor resection (Figure 6), while six studies included grade III
A

D E

B C

F

FIGURE 3 | Funnel plot. Surgery+RT vs Surgery, PFS (A). Surgery+RT vs Surgery, OS (B). GTR+RT vs GTR, PFS (C). GTR+RT vs GTR, OS (D). STR+RT vs STR,
PFS (E). STR+RT vs STR, OS (F).
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resection. There was no significant effect on the recurrence rate in
patients with RT after GTR defined as Simpson grade I or II tumor
resection (HR=1.82, p=0.22), while PFS may be significantly
prolonged with postoperative adjuvant RT in GTR, including
grade III resection (HR=0.64, p=0.02). However, the findings
related to the former should be interpreted with caution because
of the small sample size, high heterogeneity (I2 = 89%) and lack of
statistical significance (p=0.22).We suggest that grade III resection
should not be attributed to GTR but should be treated as STR
based on a combination of surgical records and postoperative MRI
examination. According to our clinical experience, tumors in sites
such as the cavernous sinus, the paraclinoid process, and the
petroclival region may adhere to important structures such as the
Frontiers in Oncology | www.frontiersin.org 786
internal carotid artery, the basilar artery, and the brain stem.
Although postoperativeMRI and other imaging studies have failed
to detect residual tumors, the presence of residual parenchyma is
noted in the surgical record, and postoperative RT is
recommended, especially in view of OS improvement. In
summary, we believe that for patients with GTR, postoperative
RT should be given appropriately, but tumor recurrence should be
closely monitored, especially in Simpson grade I or II resection
patients. In addition, the ROAM/EORTC 1308 trial
(ISRCTN71502099), a multicenter, phase III, randomized
controlled trial, has been developed to better answer whether
early adjuvant radiotherapy for patients who have undergone GTR
of AMs reduces recurrences compared with monitoring (35).
A

B

C

D

FIGURE 4 | Meta-analysis after sensitivity analysis. Surgery+RT vs Surgery, PFS (A). Surgery+RT vs Surgery, OS (B). GTR+RT vs GTR, PFS (C). STR+RT vs STR,
PFS (D).
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STR With RT and STR Alone
It is generally accepted that patients with STR should be treated
with postoperative radiation due to residual tumors after
surgery (26), especially for PFS benefits (36). In Pant’s study
cohort, 97% of patients who received radiation immediately
after the initial resection had a recurrence rate, compared with
15% of patients who did not receive radiation (36). However, in
Streckert’s study, none of the analyzed radiological features
Frontiers in Oncology | www.frontiersin.org 887
were correlated with survival (4). Garcia-Segura et al. even
found that STR with RT significantly predicted tumor
recurrence (31). Our results after sensitivity analysis
confirmed that STR with postoperative RT reduced
recurrence by 59% and mortality by 53%, both of which were
statistically significant. To this end, we recommend that all STR
patients undergo postoperative RT under appropriate
conditions to extend PFS and OS.
A

B

FIGURE 6 | Subgroup analysis. GTR+RT vs GTR, PFS, GTR= Simpson Grade I or II tumor resection (A). GTR+RT vs GTR, PFS, GTR= Simpson Grade I, II or III
tumor resection (B).
A
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B

FIGURE 5 | Funnel plot after sensitivity analysis. Surgery+RT vs Surgery, PFS (A). Surgery+RT vs Surgery, OS (B). GTR+RT vs GTR, PFS (C). STR+RT vs STR, PFS (D).
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Radiotherapy Toxicity
There may be some side effects from radiotherapy, which must be
considered for postoperative RT (37). The Common Terminology
Criteria for Adverse Effects grading scale (version 4) has been used
to observe and describe toxicity from RT and is usually classified
into 4 levels. Levels 1 and 2 are more common, while level 4 is
extremely rare. The relevant statistics are shown in Table 2. In
Shakir’s study, grade 1 or 2 toxicities were noted in 8 patients
(radiotherapy-attributed toxicity rate was 20%) and included
headache (4 patients), dizziness (3 patients) and paresthesia (1
patient). These toxicities were self-limiting and managed with
short-course corticotherapy (25). In Chen’s and Dohma’s study
cohorts, there were 5 (12%) and 8 (15%) cases with grade 2+
adverse effects of RT, respectively, and 1 case with grade 4 toxicity.
The former suffered from cerebral hemorrhage and died, while the
latter developed medically intractable epileptic seizures and had to
be hospitalized (23, 26). According to our analysis, we suggest that
although the possible side effects are not negligible, there are
overall benefits to postoperative RT relative to significant
improvements in recurrence and survival. Close observation,
follow-up and evaluation of adverse reactions to real-time
adjustment of regimens, and active symptomatic treatment
should be performed in conjunction with postoperative RT.

Assessment of Heterogeneity
There is significant clinical and methodological heterogeneity in
our systematic review, which can be evidenced by the wide range
of patient numbers, ages, follow-up times, radiation doses,
modes of radiotherapy and definitions of GTR and STR
classifications. The only known prognostic factor for AM is the
extent of resection; however, age (38), tumor volume, and Mib-1
(29) have been associated with PFS and OS in a number of single
institution studies. With regard to some of the more
heterogeneous results we have obtained, we suspect that the
possible reasons are the different definitions of GTR and STR in
different studies, and the application time and methods of
radiation therapy after surgery were inconsistent. In summary,
we used a random-effects model for heterogeneity > 50 and
carried out sensitivity analyses and subsection analyses.

Limitations
The WHO classification definition of AMs changed in 2000,
2007 and 2016. All the studies included were retrospective cohort
studies. Therefore, more prospective and long-term follow-up
studies are needed to better verify the impact of RT on prognosis.
The large sample size also brings some heterogeneity. Finally, the
Frontiers in Oncology | www.frontiersin.org 988
exclusion of non-English literature may leading to potential
language bias.
CONCLUSION

Maximum surgical resection with guaranteed safety is currently
recognized as the preferred treatment for AM, but whether to
perform postoperative RT remains a controversial issue. To the
best of our knowledge, the present study is the largest meta-
analysis on this topic using high-evidence-level HR data and
reveals the benefits of postoperative RT assistance in patients
with AMs, especially for OS. Regardless of whether GTR or STR is
performed, postoperative RT was found to effectively increase PFS
and OS to varying degrees. Especially for patients undergoing
Simpson grade III or IV resection, postoperative RT confers the
benefits for recurrence and survival. Moreover, long-term
surveillance should be tailored based on the Simpson grade of
AMs. Clinical trials such as ROAM will investigate further.
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TABLE 2 | Toxicity of postoperative adjuvant RT.

Study RT Toxicity (%) Description

Bagshaw et al.
(20)

14 Grade 2 or 3 toxicities

Graffeo et al. (21) 12.5
Dohm et al. (23) 15 Grade 3 or 4 toxicities (radiation necrosis, cognitive disturbances, peripheral neuropathy, seizures, aphasia, optic nerve disorders)
Shakri et al. (25) 20 Grade 1 or 2 toxicities (headache, dizziness, aparesthesia)
Chen et al. (26) 14 Grade 2+ toxicities (radiation necrosis, lower-extremity paresis, short-term visual blurring, transient radiation-induced

encephalopathy)
Intracranial hemorrhage
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Background: Meningiomas are the most common primary intracranial tumors in adults.
According to the 2021 World Health Organization (WHO) classification of central nervous
system tumors, approximately 80% of meningiomas are WHO grade 1, that is,
histopathologically benign, whereas about 20% are WHO grade 2 or grade 3, showing
signs of atypia or malignancy. The dysregulation of N6-methylation (m6A) regulators is
associated with disorders of diverse critical biological processes in human cancer. This
study aimed to explore whether m6A regulator expression was associated with
meningioma molecular subtypes and immune infiltration.

Methods: We evaluated the m6A modification patterns of 160 meningioma samples
based on 19 m6A regulators and correlated them with immune infiltration characteristics.
Novel molecular subtypes were defined based on prognostic hub gene expression.

Results: Two meningioma clusters were identified based on the expression of 19 m6A
regulators. In cluster 1, 607 differentially expressed genes (DEGs) were upregulated and
519 were downregulated. A total of 1,126 DEGs comprised three gene expression
modules characterized by turquoise, blue, and gray. Functional annotation suggested that
the turquoise module was involved in Wnt-related and other important cancer-related
pathways. We identified 32 hub genes in this module by constructing a protein–protein
interaction network. The meningioma samples were divided into two molecular subtypes.
EPN1, EXOSC4, H2AX, and MZT2B not only showed significant differences between
meningioma molecular subtypes but also had the potential to be the marker genes of
specific meningioma subtypes.

Conclusion: m6A regulator gene expression may be a novel prognostic marker
in meningioma.

Keywords: meningioma, immune infiltration, m6A, WGCNA, molecular subtype
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INTRODUCTION

Meningiomas arise from arachnoid cap cells attached to the
inner layer of the dura, which covers the spinal cord and brain.
They represent about 37.6% of primary central nervous system
tumors, making them the most common histological types of
intracranial tumor, with an incidence of 8.83 per 100,000 (1).
They primarily occur in elderly individuals, with increased
incidence in individuals older than 65 years (1). The incidence
of meningiomas has also increased among adolescents and
young adults; these tumors now represent about 16% of all
intracranial tumors in people aged 15–39 years (2).
Meningiomas preferentially affect women, with a female-to-
male ratio between 2:1 and 3.5:1 (3–5). According to the 2021
World Health Organization (WHO) classification of central
nervous system tumors, approximately 80% of cases are WHO
grade 1 meningiomas with benign histology, whereas about 20%
of cases are WHO grade 2 and 3 meningiomas showing signs of
increased malignancy at histology (6).

RNA methylation, including 5-methylcytosine (m5C), N6-
methyladenosine (m6A), and N1-methyladenosine (m1A), has
become a common phenomenon and a critical regulating factor
for transcript expression in different types of cancer (7, 8). N6-
methylation (m6A), methylated at the N6 position of adenosine,
has been regarded as the most pervasive, abundant, and
conserved internal transcriptional modification within
eukaryotic messenger RNAs (mRNAs), microRNAs (miRNAs),
and long non-coding RNAs (lncRNAs) (9, 10). The deposition of
m6A is encoded by a methyltransferase complex involving three
homologous factors: methyltransferases (termed as “writers”),
demethylases (termed as “erasers”), and recognition from m6A-
binding proteins (termed as “readers”) (11). The m6A
dysregulation, caused by dysregulated expression and genetic
changes in m6A regulators, is related to the disorders of multiple
critical biological processes in human cancer (12, 13). Qi et al.
reported that the self-renewal and tumorigenesis of glioma stem
cells (GSCs) were regulated by m6A RNA methylation, and an
m6A mRNA demethylase FTO inhibitor could suppress the
progression of GSC-initiated tumor (14). Yang et al.
demonstrated that FTO played an important role in promoting
melanoma tumorigenesis and anti-PD-1 resistance, and the
combination of FTO inhibitors with anti-PD-1 blockers could
reduce the resistance to immunotherapy in melanoma (15). Miao
et al. revealed that m6A methyltransferase METTL3 promoted
osteosarcoma cell progression by regulating the m6A level of
LEF1 and activating the Wnt/b-catenin signaling pathway (16).
Besides, Vengoechea J. et al. observed that IGF2BP1, one of the
m6A regulators, could increase the malignant potential of
meningiomas by enhancing cell adhesion (17). Hwang M. et al.
identified significantly higher expression of HNRNPA2B1 in
benign meningioma compared to normal brain tissue (18).

Numerous studies revealed that the tumor microenvironment
(TME) was fundamental for tumor survival, growth, and
progression. The immune part of TME contained tumor-
associated macrophages, tumor-associated neutrophils, dendritic
cells, myeloid-derived suppressor cells (MDSCs), and Tie2-
expressing monocytes comprising tumor-associated myeloid
Frontiers in Oncology | www.frontiersin.org 292
cells (19). Patients with meningiomas exhibit signs of peripheral
immunosuppression, including increased PD-L1 on myeloid cells
and elevated MDSC abundance proportional to tumor grade (20).
The accumulation of mast cells in meningiomas could contribute
to the aggressiveness of tumors (21). Chen et al. revealed that the
proportions of tumor-infiltrating immune cells were associated
with the prognosis for patients with meningioma (22). Overall,
tumor cells elicited multiple biological behavioral changes through
direct and indirect interactions with immune cells, such as
inducing proliferation and angiogenesis, inhibiting apoptosis,
avoiding hypoxia, and inducing immune tolerance (23–26).
Therefore, a deeper understanding of the immune infiltration of
meningiomas could help parse the TME landscape and finding
promising biomarkers for immunotherapy. However, whether
immune infiltration in meningiomas is regulated through the
modification of m6A patterns is still unknown. To address this
question, we established a meningioma classification based on
m6A regulator gene expression and evaluated the associations of
m6A-deduced subtypes with immune infiltration in meningioma.
MATERIALS AND METHODS

Meningioma Dataset Resource
and Processing
The Gene Expression Omnibus (GEO) database, restoring high-
throughput gene expression data and hybridization arrays, chips,
and microarrays, allows an easy access to gene expression data of
human cancer. Public gene expression data and related clinical
annotation data were obtained from the GEO database.
GSE136661 and GSE43290 were gathered in the present study
for further analysis (Table 1) (27, 28). The expression dataset
GSE136661 with 160 meningioma samples from the Illumina
HiSeq 4000 platform and GSE43290 with 47 meningioma
samples and 4 normal meningeal samples from the Affymetrix
Human Genome U133A Array platform were downloaded from
the GEO database. Multiple probes corresponding to a gene were
retained and shown as the median of the gene expression level,
while probes corresponding to multiple genes were eliminated.
The clinical information was also extracted from GEO raw data.

m6A Regulator Data Retrieval From
GEO Datasets
According to Zhang et al., 21 m6A regulators were extracted
from 5 integrated GEO datasets, including 8 writers (METTL3,
METTL14, RBM15, RBM15B, WTAP, KIAA1429, CBLL1, and
ZC3H13), 2 erasers (ALKBH5 and FTO), and 11 readers
(YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3,
IGF2BP1, HNRNPA2B1, HNRNPC, FMR1, LRPPRC, and
ELAVL1) (29). After intersecting with the GSE136661 dataset,
TABLE 1 | Meningioma gene expression data from GEO database.

Dataset ID Platform Samples

GSE136661 GPL20301 160
GSE43290 GPL96 51
D
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19 m6A regulators were included for further analysis, except for
RBM15B and KIAA1429.

Differentially Expressed Genes Screening
Data analysis was performed using the limma package and t test.
Fold change > 2.0 or <0.5 and P <0.05 were defined as cutoffs to
screen for differentially expressed genes (DEGs) between
different m6A clusters.

Immune Cell Infiltration Analysis
CIBERSORT (https://cibersort.stanford.edu/index.php) was
employed to characterize cell composition based on the gene
expression profiles of complex tissues (30). A white blood cell
gene matrix (LM22) consisting of 547 genes was used to identify
22 immune cell types, including myeloid subsets, natural killer
cells, plasma cells, naive and memory B cells, and T cells.
CIBERSORT was combined with the LM22 eigenmatrix to
estimate the proportions of 22 immune cell phenotypes in
different m6A cluster 1 and m6A cluster 2.

Weighted Gene Co-Expression Network
Construction and Hub Gene Screening
The expressionprofile of the aforementionedDEGswasobtained to
establish a gene co-expression network by the weighted gene co-
expression network analysis (WGCNA) package in R (Version
4.1.0). The threshold power of b was used for constructing co-
expression modules based on size independence and average
connectivity of modules. We built a scale-free topology by
underlining the strong correlations and attenuating the weak
correlations with the soft threshold power of b = 3 (scale-free
R2 = 0.85). Then, the topological overlap matrix was calculated
based on adjacency matrices. We applied the dynamic tree cut
algorithm to classify genes according to their expression patterns
and merged gene modules (at least 30 genes were included). The
module eigengene (ME) was calculated as a summary profile for all
genes in a module. These modules were merged into three major
modules (blue, gray, and turquoise) by clustering analysis. We
calculated thePearson correlation coefficient of these threemodules
and m6A cluster characteristics and selected the most correlated
module for further analysis. Gene significance (GS) was employed
as the correlation coefficient between transcriptome expression and
module traits. Module significance was defined as the correlation
coefficient between themodule and the traits. Modulemembership
(MM) was defined by the correlation coefficient of the ME and
transcriptome data. Genes with a GS >0.60 and MM >0.80 were
selected as each module’s candidate hub genes. STRING is a
database of known and predicted protein–protein interactions.
The interactions include direct (physical) and indirect
(functional) associations; they stem from computational
prediction, from knowledge transfer between organisms, and
from interactions aggregated from other (primary) databases.
(30476243) A protein–protein interaction (PPI) network
contained all candidate hub genes obtained from the STRING
database. Nodes with 10 or more edges in the PPI network were
selected to intersectwith themodule’s candidate hub genes, and the
key hub genes were finally identified.
Frontiers in Oncology | www.frontiersin.org 393
Functional Enrichment Analysis
The functional enrichment analysis of DEGs was performed to
identify Gene Ontology categories by their biological processes,
molecular functions (MF), and cellular components and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses using the DAVID tool (https://david.ncifcrf.gov/tools.
jsp) (31).

Unsupervised Clustering for Meningioma
m6A Clusters and Molecular Subtypes
Meningioma m6A clusters and molecular subtypes were
determined according to the expression profile of m6A
regulators and hub genes, respectively. The best K value
(number of categories) was determined by finding the optimal
sum of the squared error (SSE). The meningioma samples were
divided into different subtypes by unsupervised clustering
K-means and t-Distributed Stochastic Neighbor Embedding
(t-SNE) descending dimension method. Significant DEGs,
which might potentially become the marker genes of
meningioma, were identified between different molecular
subtypes using the Kruskal−Wallis test (P < 0.05).

Statistics Analysis
The expression levels of DEGs higher and lower than the median
value were considered high and low expression levels,
respectively. The Kruskal–Wallis test was used to conduct
different comparisons of three or more groups. All statistical P
values were two-sided, with P <0.05 indicating statistically
significance. All data processing was done in R software
(Version 4.1.0).
RESULTS

A total of 19 m6A regulators were identified in the present study,
including 6 writers, 2 erasers, and 11 readers. The genes of these
regulators were distributed widely on multiple human
chromosomes (Figure 1A). Several m6A regulators were co-
expressed, including (a) HNRNPA2B1 and YTHDC2, (b)
LRPPRC, CBLL1, and FMR1, (c) FTO, YTHDC1, RMB15,
ELAVL1, HNRNPC, and ALKBH5, and (d) YTHDF2 and
WTAP (Figure 1C). K-means unsupervised clustering based
on the expression of the 19 m6A regulators segregated
meningioma samples into 2 clusters (Figure 1B and
Supplementary Figures 1A, B). PCA showed that these two
different m6A clusters could be well separated (Supplementary
Figure 1C). Eight m6A regulators were differentially expressed
between both clusters, including WTAP, ALKBH5, ELAVL1,
FTO, YTHDC1, YTHDC2, HNRNPA2B1, and METTL3 (P <
0.05, Figure 1D). Employing CIBERSORT to estimate immune
infiltration in both clusters suggested different numbers of
plasma B cells, resting mast cells, and neutrophils in the two
m6A clusters (P < 0.05, Figure 1E). As for some major
inflammatory reaction−related genes, we found that the
expression of IL-15 and IL-18 was also significantly different
between the two distinct m6A clusters (P < 0.05, Figure 1F).
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Next, we performed weighted gene co-expression network
analyses to better characterize the biological traits of both
clusters. A total of 1,126 DEGs were used for the construction
of weighted gene co-expression networks. A soft threshold
power of b = 3 was used to construct co-expression modules
(Supplementary Figures 2A, B). Three modules were
identified and designated as the blue, gray, and turquoise
modules, comprising 137, 179, and 810 genes, respectively
(Supplementary Figure 2C). WGCNA was then applied to
explore the module-trait relationships of different modules and
m6A clusters, and the turquoise module was identified as a hub
Frontiers in Oncology | www.frontiersin.org 494
gene set for explaining the difference between both clusters
(Supplementary Figure 2D). Gene set enrichment analysis of
the 810 genes in the turquoise module identified Notch and
Wnt signaling as the key differentially expressed oncogenic
pathways in either cluster (Figures 2A–D).

We chose a combined approach by (i) employing the
STRING tool for functional interaction analyses to identify key
network nodes (Supplementary Figure 3A) and (ii) calculating
the Pearson correlation coefficient of the turquoise module and
m6A cluster characteristics to define hub genes and further
characterize each m6A cluster (Supplementary Figure 3B).
A B

D

E

F

C

FIGURE 1 | (A) Location of 19 m6A regulators on 23 chromosomes using GSE136661 cohort. (B) Clustering of meningioma samples. (C) Correlations between among
19 m6A regulators in the GSE136661 cohort using Spearman analysis. Negative correlation was marked with blue and positive correlation with red. (D) Heatmap of the
expression of 19 m6A regulators in two distinct m6A clusters. (E) Heatmap of immune cell infiltration in two distinct m6A clusters. (F) Heatmap of the expression of
inflammatory reaction-related genes in two distinct m6A clusters (*P < 0.05; ***P < 0.005; ****P < 0.001).
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After intersecting these two results, 32 key hub genes were
identified (Supplementary Figure 3C). These key hub genes
comprised ACOT2, ALDH16A1, ALKBH7, BAD, C1orf122,
C6orf226, CTSD, DNPH1, EPN1, EXOSC4, FAAP20, FAM207A,
FZD2, H2AX, LINC00863, LTBP3, MAP1S, MEMO1, MFSD3,
MZT2B, NME3, NT5C, PGLS, RPL13, RPL21P28, RPS15,
SCAND1, STUB1, TIGD5, UBE2S, WDR18, and ZNF358. All of
these 32 hub genes had lower expression in cluster 1 and higher
expression in cluster 2 (P < 0.05, Figure 3A). Moreover, 8 hub
genes were associated with WHO grade (Figure 3B) and 20 were
associated with age (Figure 3C), but no gene was related to the
sex of patients with meningioma.

Besides, we also analyzed the association of key hub genes
with normal meningeal tissues and meningiomas. Further, 18 out
of 32 key hub genes were included in the GSE43290 dataset, and
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11 key hub genes (CTSD, DNPH1, EPN1, EXOSC4, FZD2,H2AX,
MAP1S, MZT2B, RPS15, STUB1, and WDR18) showed
significantly different expression between normal meningeal
tissues and meningiomas (P < 0.05, Figure 4A).

Based on the expression profile of these 32 key genes, we
divided the meningioma samples into two clusters by K-means
unsupervised clustering (Supplementary Figures 4A, B).
Based on the heatmap drawn by R language, the
combination of these 32 key hub genes could help
distinguish the meningioma dataset into two subtypes,
indicating that these 32 key hub genes were critical for
meningioma molecular subtypes (Figure 4B). Furthermore,
we analyzed the expression of these 32 key hub genes and
discovered that all these 32 key hub genes had significantly
different expression levels between two different molecular
A B

C D

FIGURE 2 | (A–C) Gene Ontology terms in the biological process, cellular component, and molecular function categories. (D) Enrichment plot conducted via KEGG analysis.
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subtypes. Also, all of them had lower expression in subtype 1
and higher expression in subtype 2, which uncovered that
these key hub genes might function as the marker genes of
different meningioma molecular subtypes (Figure 4C).

For a better understanding of the association of m6A clusters
and molecular subtypes with the sex, age, and WHO grade of
patients with meningioma, we conducted a correlation analysis
and found that every WHO grade was composed of two m6A
clusters and two molecular subtypes, and the age of patients was
most likely between 30 and 70 years (Figure 5).
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DISCUSSION

Increasing evidence revealed that m6A modification played an
important role in regulating tumor immunity and shaping TME
through interaction with various m6A regulators. However, most
research focused on a single m6A regulator, and the integrated
roles of multiple m6A regulators were not comprehensively
understood, especially for meningioma.

The present study investigated the association of meningioma
with multiple m6A regulators, established meningioma
A

B

C

FIGURE 3 | (A) Expression of 32 key hub genes in two distinct m6A clusters. (B) Expression of 32 key hub genes in different meningioma WHO grades (Grade 1 vs
Grade 2–3). (C) Expression of 32 key hub genes at different ages of patients with meningioma (<70 years old vs ≥70 years old). (*P < 0.05; **P < 0.01; ***P < 0.005;
****P < 0.001).
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classification based on m6A regulator gene expression, and
evaluated its merit with immune infiltration in meningioma.
Based on 19 m6A regulators, we constructed and segregated
meningiomas into two clusters. We found that the genes of 19
m6A regulators distributed widely on multiple human
Frontiers in Oncology | www.frontiersin.org 797
chromosomes and different m6A regulators [e.g., (a)
HNRNPA2B1 and YTHDC2; (b) LRPPRC, CBLL1, and FMR1;
(c) FTO, YTHDC1, RMB15, ELAVL1, HNRNPC, and ALKBH5;
and (d) YTHDF2 and WTAP] might have common effects. As
for the difference between two distinct m6A clusters, we revealed
A

B

C

FIGURE 4 | (A) Expression of 18 key hub genes between normal meningeal tissues and meningioma tissues. (B) Heatmap of the expression of 32 key hub genes
between two different meningioma molecular subtypes. (C) Expression of 32 key hub genes in two different meningioma molecular subtypes. (*P < 0.05; **P < 0.01;
***P < 0.005; ns, Non-significant.
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FIGURE 5 | Relation diagram of meningioma WHO grades, m6A clusters, molecular subtypes, sex, and age.
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that the gene expression of WTAP, ALKBH5, ELAVL1, FTO,
YTHDC1, YTHDC2, HNRNPA2B1, and METTL3; the
infiltration of some immune cells (plasma cells, resting mast
cells, and neutrophils); and the expression of IL15 and IL18 were
significantly different. A total of 1,126 DEGs were included in
their different modules between the two different m6A clusters,
and the turquoise module containing 810 DEGs was the key
module. Besides, these 810 DEGs played regulatory roles in
organ and tissue generation and development and multiple
important signaling pathways involved in tumor development.
ACOT2, ALDH16A1, ALKBH7, BAD, C1orf122, C6orf226, CTSD,
DNPH1, EPN1, EXOSC4, FAAP20, FAM207A, FZD2, H2AX,
LINC00863, LTBP3, MAP1S, MEMO1, MFSD3, MZT2B,
NME3, NT5C, PGLS, RPL13, RPL21P28, RPS15, SCAND1,
STUB1, TIGD5, UBE2S, WDR18, and ZNF358 were identified
as key hub genes, and all these genes could be the marker genes
to distinguish different m6A clusters for their different
expression. Among these DEGs, the expression of FAM207A,
EXOSC4, ALDH16A1, MZT2B, UBE2S, ACOT2, EPN1, and
H2AX was significantly related to WHO grades, while the
expression of UBE2S, FAM207A, NT5C, STUB1, MZT2B,
SCAND1, EPN1, CTSD, EXOSC4, H2AX, NME3, ALDH16A1,
C1orf122, BAD, TIGD5, MAP1S, FAAP20, FZD2, PGLS, and
ZNF358 was significantly related to the age of patients with
meningioma. Additionally, CTSD, DNPH1, EPN1, EXOSC4,
FZD2, H2AX, MAP1S, MZT2B, RPS15, STUB1, and WDR18
showed significantly different expression levels between normal
meningeal tissues and meningiomas. Furthermore, the
combination of these 32 DEGs could be marker genes to help
in segregating meningiomas into 2 subtypes based on their gene
expression. The expression of EPN1, EXOSC4, H2AX, and
MZT2B was related to both WHO grades and age of patients
and was significantly different between normal meningeal tissues
and meningiomas.

Several studies revealed the importance of the m6A
modification pattern, regulated by m6A regulators, for the
development and progression of a tumor. Liu et al. revealed
reduced m6A mRNAmethylation as an oncogenic mechanism in
endometrial cancer and identified m6A methylation as a
regulator of Akt signaling (32). However, Li et al. found
enhanced m6A mRNA methylation as an oncogenic
mechanism in hepatoblastoma because METTL3 was
significantly upregulated and promoted hepatoblastoma
development (33). Du et al. suggested two distinct m6A
modification patterns (an immune-activated differentiation
pattern and an immune-desert dedifferentiation pattern) in
lower-grade glioma, which were associated with different
clinical outcomes, burden of neoepitope, immune infiltration,
and stemness (34). The emerging functions of m6A regulators in
GSCs and immune infiltration have been confirmed, including
roles in radio-chemotherapy resistance, tumorigenesis,
promotion of the self-renewal of cancer stem cells,
programmed proliferation of cancer cells, induction of
apoptosis, and reduction of migration (8, 35, 36). Xu et al.’s
work demonstrated the carcinogenic activity of FTO in
promoting the invasion and migration of breast cancer cells
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via the FTO/miR-181b-3p/ARL5B signaling pathway, which
highlighted the important role of FTO in tumor pathogenesis
(37). Chang et al. uncovered an essential role of YTHDF3 in
regulating the interaction between breast cancer cells and brain
microenvironment by upregulating key brain metastatic
proteins, thereby facilitating brain metastasis (38). Wang
et al.’s research suggested that the upregulation of METTL14
could lead to the decrease of PERP mRNA levels via m6A
modification, promoting the growth, invasion, and metastasis
of pancreatic cancer cells (39). Our results were consistent with
the former findings. The m6A regulators played an important
role in meningiomas and segregated them into two distinct m6A
clusters, which were correlated with different m6A regulator gene
expression, interleukin gene expression, and immune cell
infiltration. Besides, Mathoux et al. elaborated that m6A was
enriched in the brain and emerged as a key regulator of neuronal
activity and function in processes including neurodevelopment,
learning and memory, synaptic plasticity, and stress response
(40). Li et al. revealed that YTHDF2, an m6A regulator,
functioned as a contributor to lung adenocarcinoma
development through the upregulation of the AXIN1/Wnt/b-
catenin signaling pathway (41). Another study revealed that m6A
mRNA methylation contributed significantly to regulate the
Wnt/b-catenin pathway (33). Similar to the research listed
earlier, our present study also found that m6A modification
patterns were related to several important signaling pathways
in meningioma, such as Wnt signaling pathway, and
development of organs and tissues in the nervous system.

With the rapid development of multi-omics and big data
analysis, more research focuses on meningioma molecular
subtypes. DNA methylation-based classification and grading
system for meningioma had a higher power for tumor
recurrence and progression prediction compared with the
WHO classification (42). Another study demonstrated a highly
distinct epigenetic signature of clear cell meningiomas, which
was associated with frequent mutations within the SMARCE1
gene and/or loss of SMARCE1 protein expression (43). Zador
et al. found that WHO grade II meningiomas could be further
segregated into two distinct subgroups (a benign “grade I-like”
and a malignant “grade III-like”) with different tumor recurrence
rates (0 and 75%, respectively) (44). Williams et al. found that the
patterns of genomic alterations in high-grade/progressive
meningiomas were commonly grouped into three different
categories. The NF2-associated canonical group frequently
harbored CDKN2A/B alterations, which was potentially
amenable to targeted therapies. An NF2-agnostic group
harbored frequent TERTp and TP53 mutations. An NF2-
exclusive group was partly characterized by BAP1/PBRM1
alterations (rhabdoid/papillary histology) or skull-base disease
(45). Also, it was of great importance to identify some marker
genes to help distinguish the molecular subtypes of meningioma.
EPN1 was identified as one of the hub genes in pediatric
medulloblastoma by multiple-microarray analysis (46).
EXOSC4 functioned as a potential oncogene in the
development and progression of colorectal cancer and was
identified as a potential diagnostic molecular biomarker (47).
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To the best of our knowledge, EPN1, EXOSC4, H2AX, and
MZT2B have not been identified as the marker genes of
specific meningioma subtype.

This study had several limitations. First, the dataset we
analyzed lacked survival information, and our results might
have been affected by the small sample size. Therefore,
improving the sample size, sequencing data, and clinical
information of patients with meningioma is of great necessity
in further studies. In addition, our results and conclusions are
based on the bioinformatics analysis of datasets, which require
further verification by basic biological experiments and
clinical research.
CONCLUSIONS

In conclusion, this study suggested that the m6A regulators
played an important role in meningiomas and segregated them
into two distinct m6A clusters, which were correlated with
different m6A regulator gene expression, interleukin gene
expression, and immune cell infiltration. Also, m6A
modification patterns were related to several important
signaling pathways in meningioma and the development of
organs and tissues in the nervous system. Among 32 key hub
genes screened, EPN1, EXOSC4, H2AX, and MZT2B not only
showed significant differences between meningioma molecular
subtypes but also had the potential to be the marker genes of
specific meningioma subtype.
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Multiparametric MRI-Based
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Junting Zhang1* and Zhen Wu1*
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Cheeloo College of Medicine, Shandong University, Weihai, China, 4 Department of Gastroenterology, Weihai Municipal
Hospital, Cheeloo College of Medicine, Shandong University, Weihai, China, 5 Department of Neurosurgery, Jiangxi Provincial
Children’s Hospital, The Affiliated Children’s Hospital of Nanchang University, Nanchang, China, 6 Department of
Craniomaxillofacial Surgery, Plastic Surgery Hospital, Chinese Academy of Medical Sciences & Peking Union Medical
College, Beijing, China

Background: Accurate preoperative differentiation of intracranial hemangiopericytoma
and angiomatous meningioma can greatly assist operation plan making and prognosis
prediction. In this study, a clini-radiomic model combining radiomic and clinical features
was used to distinguish intracranial hemangiopericytoma and hemangioma meningioma
preoperatively.

Methods: A total of 147 patients with intracranial hemangiopericytoma and 73 patients
with angiomatous meningioma from the Tiantan Hospital were retrospectively reviewed
and randomly assigned to training and validation sets. Radiomic features were extracted
from MR images, the elastic net and recursive feature elimination algorithms were applied
to select radiomic features for constructing a fusion radiomic model. Subsequently,
multivariable logistic regression analysis was used to construct a clinical model, then a
clini-radiomic model incorporating the fusion radiomic model and clinical features was
constructed for individual predictions. The calibration, discriminating capacity, and clinical
usefulness were also evaluated.

Results: Six significant radiomic features were selected to construct a fusion radiomic
model that achieved an area under the curve (AUC) value of 0.900 and 0.900 in the training
and validation sets, respectively. A clini-radiomic model that incorporated the radiomic
model and clinical features was constructed and showed good discrimination and
calibration, with an AUC of 0.920 in the training set and 0.910 in the validation set. The
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analysis of the decision curve showed that the fusion radiomic model and clini-radiomic
model were clinically useful.

Conclusions: Our clini-radiomic model showed great performance and high sensitivity in
the differential diagnosis of intracranial hemangiopericytoma and angiomatous
meningioma, and could contribute to non-invasive development of individualized
diagnosis and treatment for these patients.
Keywords: intracranial hemangiopericytoma, angiomatous meningioma, radiomics, algorithm, diagnosis
INTRODUCTION

Intracranial hemangiopericytoma is a rare mesenchymal tumor
with strong aggressiveness and high degree of vascularization (1).
Many features of intracranial hemangiopericytoma are similar to
meningioma; intracranial hemangiopericytoma and meningioma
both originate from the meninges and have similar imaging
features. In particular, angiomatous meningioma with invasive
image but benign behavior is difficult to distinguish from
intracranial hemangiopericytoma before operation. However,
angiomatous meningioma and intracranial hemangiopericytoma
have different histological characteristics and biological behaviors
(2). Angiomatous meningioma is a rare benign variant tumor
classified as WHO grade 1 meningioma. Compared with
angiomatous meningiomas, intracranial hemangiopericytoma is
classified as a malignant tumor (WHO grades II–III) with the
tendency of recurrence and metastasis (3). Intracranial
hemangiopericytoma is more aggressive, highly vascularized
and prone to intraoperative hemorrhage, has a higher
postoperative recurrence rate and a worse prognosis (1).

More preoperative preparation is needed to ensure the
maximum surgical resection and safety for intracranial
hemangiopericytoma, such as more detailed surgical strategy,
preoperative tumor feeding artery embolization, the use of
intraoperative navigation equipment, and more adequate spare
blood (4, 5). Therefore, their preoperative preparation and
treatment principles are largely different thus the preoperative
differential diagnosis is crucial. The high overlap of the
radiological characteristics of intracranial hemangiopericytoma
and angiomatous meningioma poses a great challenge to the
preoperative imaging identification (2). Although intracranial
hemangiopericytoma is usually male and the age of onset is
relatively early, it is difficult to diagnose based on this (6).
Previous studies have shown that radiomic features may help
distinguish intracranial hemangiopericytoma from meningioma
(7), but more attention should be paid to the identification of
angiomatous meningioma and intracranial hemangiopericytoma,
which are more likely to be confused in the clinic.
a; T2WI, T2-weighted imaging; CE-
ging; ROI, regions of interest; GLCM,
gray level run-length matrix; LASSO,
tor; RFE, recursive feature elimination;
, Akaike information criterion; AUC,
nalysis; ACC, accuracy; PPV, positive
value.
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Radiomics emerges as a potent approach for the non-invasive
high-throughput mining of tumor characteristics (8, 9). Neuro-
oncologic radiomic studies can potentially mine the hidden data
that cannot be obtained through single-parameter and
conventional imaging approach; meanwhile, they can also
enhance the accuracy and effectiveness in the differential
diagnosis for intracranial tumor (10–12). Due to a relatively low
incidence, previous studies (13) on the identification of
angiomatous meningioma and intracranial hemangiopericytoma
have many shortcomings such as the small number of patients
included and no verification set. Consequently, based on a
relatively large number of patients, the purpose of this study is
to establish a clini-radiomic combined model that combines
radiomic and clinical features to distinguish intracranial
hemangiopericytoma and angiomatous meningioma before
surgery, and to assist in preoperative planning for the
management and treatment of the two types of tumors.
MATERIALS AND METHODS

Patients
A total of 220 patients (Angiomatous meningioma: n = 73;
Hemangiopericytoma: n = 147) were included from the Beijing
Tiantan Hospital, Capital Medical University. The inclusion
criteria of enrolled patients in this study were as follows: 1)
intracranial hemangiopericytoma or atypical meningioma
patients who underwent initial tumor resection surgery from
2010 to 2019 at the Beijing Tiantan Hospital; 2) available
postoperative pathological diagnosis results information; 3)
patient underwent preoperative head T2-weighted imaging
(T2WI) and contrast-enhanced T1-weighted imaging (CE-
T1WI) MRI examination; and 4) complete clinical information
at initial diagnosis. All included patients were randomized to the
training set (used for model building, n = 147) and validation set
(used for model validation, n = 73) at a ratio of 2:1.

Clinical Characteristics
Seven preoperative clinical characteristics from all included
patients were collected: age, gender, location 1 (supratentorial
or infratentorial), location 2 (skull base or non-skull base),
location 3 (paravenous sinus or non-paravenous sinus), dural
tail (negative or positive), and peritumoral serious edema
(negative or positive). Moreover, the patient’s postoperative
pathological results determine whether it is angiomatous
January 2022 | Volume 11 | Article 792521
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meningioma or hemangiopericytoma that needs to be collected.
According to the WHO pathology guidelines (3), angiomatous
meningioma is defined as meningioma with >50% vascular
components (14).

Regions of Interest (ROI) Delineating and
Radiomic Feature Extraction
The flowchart and scheme of this study are similarly described
in detail in our previous researches (15, 16). All patients
underwent preoperative brain T2WI and CE-T1WI MR
imaging. CE-T1WI was carried out the T1WI sequence
parameters after rapid injection of a gadolinium-DTPA
contrast agent. A neuroradiologist with 8 years of experience
used ITK-SNAP software to map the three-dimensional ROIs of
the tumor on T2WI and CE-T1WI MR imaging. Then, another
neurosurgeon with 13 years of experience reviewed, modified,
and confirmed the above segmentation results. Any disagreements
between the two neuroradiologists are resolved through
mutual consultation.

Then, the PyRadiomics algorithm (Version 2.1.2; https://
github.com/Radiomics/pyradiomics) was used to extract
quantitative four types of 1,562 radiomic features from the
above segmented ROI, all features are standardized to a value
of 0 to 1 (12, 17). The four types of features were described as
follows (15, 18): 1) shape and size features (n = 14) were
independent of the gray-scale intensity distribution of the
tumor; 2) the first-order statistics (n = 180) described the
distribution of voxel intensity in the image through basic
metrics; 3) Texture features (n = 680) are calculated from the
gray-level co-occurrence matrix (GLCM) and gray-level run-
length matrix (GLRLM), respectively, to describe the pattern or
the spatial distribution of voxel intensity; and 4) Wavelet features
(n = 688) transform effectively decouples textural information by
decomposing the original image at low and high frequencies in a
manner similar to Fourier analysis.

Radiomic Features Selection and Fusion
Radiomic Model Construction
After radiomic feature extraction, a selection process is adopted to
reduce overfitting (19). First, the Mann–Whitney U test was used
to determine the significantly different radiomic features of
patients with intracranial hemangiopericytoma and atypical
meningioma. Then, the elastic net algorithm (20), a method
that combines the minimum absolute shrinkage and selection
operator (LASSO) and ridge regression, was used to select the
most informative features. LASSO is a commonly used high-
dimensional data analysis method, which can improve the
prediction accuracy and interpretation ability (21). Finally,
recursive feature elimination (RFE) is used to determine the final
radiomic features through a five-time cross-validation algorithm.

Through the support vector machine (SVM) method of
training set, a T1 radiomic model, a T2 radiomic model, and a
fusion radiomic model were constructed from the meaningful
features selected from the separate CE-T1WI radiomic feature,
separate T2WI radiomic features, and mixed CE-T1WI and
T2WI radiomic features, respectively.
Frontiers in Oncology | www.frontiersin.org 3104
Construction and Validation of Clinical and
Clini-Radiomic Model
Multivariable logistic regression analysis was applied to construct
a clinical model based on all included clinical features. Then, to
establish a more accurate and comprehensive model for
discriminating the hemangiopericytoma and angiomatous
meningioma, a clini-radiomic model was constructed by
combining the above clinical model with the fusion radiomic
model. The structure and parameters of the clini-radiomic model
was presented as a nomogram.

Calibration Curve Analysis and Decision
Curve Analysis
Calibration curves and the Hosmer–Lemeshow test were used to
assess the similarity between the observed pathological results
and predicted diagnosis results of fusion radiomic model and
clini-radiomic model (22). Decision curve analysis (DCA) was
performed to evaluate the clinical application of the fusion
radiomic model and clini-radiomic model by quantifying the
net benefits at different threshold probabilities (23).

Statistical Analysis
A two-sided P-value of <0.05 was deemed to be statistically
significant. 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 test
was used to compare the differences in categorical variables.
The independent sample t-test was used to compare the
differences in continuous variables that conform to the normal
distribution, otherwise the nonparametric test was used to
compare the differences in continuous variables with non-
normal distribution.

The statistical software R (version 3.4.1, R Foundation for
Statistical Computing, Vienna, Austria) was used to perform the
statistical analysis. The violin plot algorithm was used to show
the differences in the signature distribution of fusion radiomic
model between intracranial hemangiopericytoma and atypical
meningiomas in the training set and validation set. The receiver
operating characteristic (ROC) curve was used to show the
predicted value of the above constructed models (24). The
calibration plot was analyzed with the ‘hdnom’ packages.
The decision curve analysis is performed by the “dca.R:
function written by us in the software R. The DeLong’s test
was used to compare the prediction performance differences of
the constructed models.
RESULTS

Clinical Characteristics
According to the inclusion and exclusion criteria, 220 patients
with intracranial hemangiopericytoma or angiomatous
meningioma were identified and included in this study.
The mean age at diagnosis was 49.0 (37.0–55.0) years, with a
female-to-male ratio of 1.157:1 (118/102). Of the 220 patients, 80
January 2022 | Volume 11 | Article 792521
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(36.4%) patients had peritumoral edema, and 29 (13.2%) patients
had dural tail in CET1 images. A total of 147 (66.8%) patients were
pathologically diagnosed as intracranial hemangiopericytoma and
73 (33.2%) patients were diagnosed as angiomatous meningioma.
All included clinical characteristics are summarized in Table 1.

All patients were randomly divided into a training set (n =
147) and a validation set (n = 73). There was no significant
interclass difference in terms of age (P = 0.900), gender (P =
0.965), locations 1, 2, and 3 (P = 0.140, 0.656, and 0.233), dural
tail (P = 0.153), peritumoral edema (P = 0.465), and diagnosis
(P = 0.946) between the training set and the validation set
(Table 1). The results justify the use of the two datasets for
training and testing.

Univariate Analysis of Clinical
Characteristics and Postoperative
Pathological Diagnosis
As shown in Table 2, age, location 1, location 2, location 3, dural
tail, and peritumoral edema showed significant relationships
with postoperative pathological diagnosis (all P <0.05). The
results demonstrated that elder patients who had infratentorial,
non-skull base, paravenous sinus, dural tail or peritumoral
serious edema tumor were more likely to have angiomatous
meningioma. Conversely, we found no significant differences in
gender (P = 0.965) between the intracranial hemangiopericytoma
and angiomatous meningioma patients.

As shown in Table 3, univariate analysis was used to
determine the independent clinical risk features for
postoperative pathological diagnosis in the training and the
validation sets, respectively. Similar to the previous results, in
the training set, we found a significant association between
pathological diagnosis and age (P = 0.007), location 1 (P =
0.001), location 2 (P = 0.030), location 3 (P = 0.010), dural tail
Frontiers in Oncology | www.frontiersin.org 4105
(P = 0.009), and peritumoral edema (P <0.0001). In the
validation set, age (P = 0.003), location 1 (P = 0.467), dural tail
(P <0.0001), and peritumoral edema (P = 0.001) tended to be
associated with pathological diagnosis.

Radiomic Feature Selection and Radiomic
Model Construction
Based on the extracted 1,562 CE-T1WI radiomic features, 262
radiomic features were selected by Mann–Whitney U test. Then,
we use ‘elastic net’ algorithm to determine 21 informative
features. Through the screening by RFE algorithm with 5-fold
cross validation, 2 CE-T1WI radiomic features were selected as
the final features for subsequent use. The selected two CE-T1WI
radiomic features were entered into an SVM to build a T1
radiomic model, which showed discrimination in predicting
the postoperative pathological diagnosis with AUC values of
0.840 (95% confidence interval [CI], 0.814–0.863) and 0.750
(95% CI, 0.718–0.788) in the training and validation sets,
respectively (Figure 1A). Similar to the previous, 9 T2WI
radiomic features were selected and then entered into an SVM
to build a T2 radiomic model, with AUC value of 0.850 (95% CI,
0.829–0.879) in the training set and 0.850 (95% CI, 0.828-0.873)
in the validation set (Figure 1B). The DeLong’s test showed that
there was no significant difference between the T1 and T2
radiomic models (P = 0.275).

Finally, among the 3,124 mixed CE-T1WI and T2WI radiomic
features, 399 radiomic features were selected by Mann–Whitney
U test. ‘Elastic net’ algorithm was used to determine 37
informative features. Finally, through the screening by RFE
algorithm with 5-fold cross validation, 6 radiomic features (2
first order feature and 4 texture features) that gave the best
performance were selected as the final features for subsequent
use. Only 1 feature was selected from the CE-T1WI images, and
TABLE 1 | Patients’ characteristics of training and validation sets.

Characteristics All sets (n = 220) Training set (n = 147) Validation set (n = 73) P-value

Age (year) 49.0 (37.0–55.0) 49.0 (35.0–56.0) 49.0 (40.0–54.0) 0.900
Gender
Female 118 (53.6%) 79 (53.7%) 39 (51.5%) 0.965
Male 102 (46.4%) 68 (46.3%) 34 (48.5%)

Location 1
Supratentorial 181 (82.3%) 117 (79.6%) 64 (87.7%) 0.140
Infratentorial 39 (17.7%) 30 (20.4%) 9 (12.3%)

Location 2
Non skull base 152 (69.1%) 103 (70.1%) 49 (67.1%) 0.656
Skull base 68 (30.9%) 44 (29.9%) 24 (32.9%)

Location 3
Non paravenous sinus 111 (50.5%) 70 (47.6%) 41 (56.2%) 0.233
Paravenous sinus 109 (49.5%) 77 (52.4%) 32 (43.8%)

Dural tail
Negative 191 (86.8%) 131 (89.1%) 60 (82.2%) 0.153
Positive 29 (13.2%) 16 (10.9%) 13 (17.8%)

Peritumoral edema
Negative 140 (63.6%) 96 (65.3%) 44 (60.3%) 0.465
Positive 80 (36.4%) 51 (34.7%) 29 (39.7%)

Diagnosis
Angiomatous meningioma 73 (33.2%) 49 (33.3%) 24 (32.9%) 0.946
Hemangiopericytoma 147 (66.8%) 98 (66.7%) 49 (67.1%)
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5 features from the T2WI images. All 6 selected radiomic features
had significant differences between patients with intracranial
hemangiopericytoma and angiomatous meningioma (All
P <0.0001, Table 4 and Figure 2). All 6 selected features were
used to build a fusion radiomic model. The violin plot showed
significant differences in the signature distribution of fusion
radiomic model between intracranial hemangiopericytoma and
angiomatous meningioma in both training and validation sets (all
P <0.01; Figure 3). The fusion radiomic model showed favorable
discrimination in predicting the postoperative pathological
diagnosis with AUC values of 0.900 (95% CI, 0.879–0.916) and
0.900 (95% CI, 0.879–0.919) in the training and validation sets,
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respectively (Figure 1C). The results of DeLong’s test showed that
the fusion radiomic model performed significantly better than the
T1 radiomic model (P = 0.013), but there was no significant
difference between the fusion radiomic model and T2 radiomic
model (P = 0.189).

Moreover, the calibration curve analysis and Hosmer–
Lemeshow test for fusion radiomic model demonstrated good
agreement between observations and predictions in the training
set (P = 0.211; Figure 4A) and the validation set (P = 0.407;
Figure 4B). The DCA of the fusion radiomic model is presented
in Figures 4C, D. The fusion radiomic model clearly provided a
net benefit over the two schemes, with a threshold probability
TABLE 3 | Univariate analysis of clinical characteristics of intracranial hemangiopericytoma and angiomatous meningioma patients in the training set and validation set.

Characteristics Training set (n = 147) P-
value

Validation set (n = 73) P-
value

Angiomatous
meningioma

(n = 49)

Hemangiopericytoma
(n = 98)

Angiomatous
meningioma

(n = 24)

Hemangiopericytoma
(n = 49)

Age (year) 54.0 (43.0–58.5) 46.5 (32.75–54.25) 0.007 51.0 (47.5–60.75) 46.0(37.0-51.0) 0.003
Gender
Female 25 (51.0%) 54 (55.1%) 0.640 14 (58.3%) 25 (51.0%) 0.556
Male 24 (49.0%) 44 (44.9%) 10 (41.7%) 24 (49.0%)

Location 1
Supratentorial 47 (95.9%) 70 (71.4%) 0.001 22 (91.7%) 42 (85.7%) 0.467
Infratentorial 2 (4.1%) 28 (28.6%) 2 (8.3%) 7 (14.3%)

Location 2
Non skull base 40 (81.6%) 63 (64.3%) 0.030 17 (70.8%) 32 (65.3%) 0.637
Skull base 9 (18.4%) 35 (35.7%) 7 (29.2%) 17 (34.7%)

Location 3
Non paravenous sinus 16 (32.7%) 54 (55.1%) 0.010 13 (54.2%) 28 (57.1%) 0.810
Paravenous sinus 33 (67.3%) 44 (44.9%) 11 (45.8%) 21 (42.9%)

Dural tail
Negative 39 (79.6%) 92 (93.9%) 0.009 12 (50.0%) 48 (98.0%) 0.000
Positive 10 (20.4%) 6 (6.1%) 12 (50.0%) 1 (2.0%)

Peritumoral edema
Negative 19 (38.8%) 77 (78.6%) 0.000 8 (33.3%) 36 (73.5%) 0.001
Positive 30 (61.2%) 21 (21.4%) 16 (66.7%) 13 (26.5%)
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TABLE 2 | Clinical characteristics of patients with intracranial hemangiopericytoma and angiomatous meningioma.

Characteristics All patients (n = 220) Angiomatous meningioma (n = 73) Hemangiopericytoma (n = 147) P-value

Age (year) 49.0 (37.0–55.0) 53.0 (44.5–59.0) 46.0 (35.0–53.0) 0.000
Gender
Female 118 (53.6%) 39 (53.4%) 79 (53.7%) 0.965
Male 102 (46.4%) 34 (46.6%) 68 (46.3%)

Location 1
Supratentorial 181 (82.3%) 69 (94.5%) 112 (76.2%) 0.001
Infratentorial 39 (17.7%) 4 (5.5%) 35 (23.8%)

Location 2
Non skull base 152 (69.1%) 57 (78.1%) 95 (64.6%) 0.042
Skull base 68 (30.9%) 16 (21.9%) 52 (35.4%)

Location 3
Non paravenous sinus 111 (50.5%) 29 (39.7%) 82 (55.8%) 0.025
Paravenous sinus 109 (49.5%) 44 (60.3%) 65 (44.2%)

Dural tail
Negative 191 (86.8%) 51 (69.9%) 140 (95.2%) 0.000
Positive 29 (13.2%) 22 (30.1%) 7 (4.8%)

Peritumoral edema
Negative 140 (63.6%) 27 (37.0%) 113 (76.9%) 0.000
Positive 80 (36.4%) 46 (63.0%) 34 (46.3%)
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of >5 and >20% for the training and validation sets, respectively,
suggesting the clinical usefulness of the fusion radiomic model.

Performance of Clinical and
Clini-Radiomic Combined Model
The seven available clinical features in the training set were used
to build a clinical model based on multivariable logistic
regression analysis. We then verified the performance of these
Frontiers in Oncology | www.frontiersin.org 6107
models in the validation set. As shown in Figure 1D, the AUCs
were 0.820 (95% CI, 0.790–0.847) and 0.790 (95% CI, 0.753–
0.818) in the training and validation sets, respectively.

In addition, the above clinical model and signature of fusion
radiomic model were determined to establish the clini-radiomic
combined model, yielded an AUC of 0.920 (95% CI, 0.902–
0.942) in the training set and 0.910 (95% CI, 0.894–0.935) in the
validation set (Figure 1E). The clini-radiomic combined model’s
A B

D E

C

FIGURE 1 | The performance of ROC curves for the predictive models the training and validation sets. (A) T1 radiomic model; (B) T2 radiomic model; (C) fusion
radiomic model; (D) Clinical model; and (E) Clini-radiomic combined model.
A B C

D E F

FIGURE 2 | The six selected radiomic features had significant differences between patients with intracranial hemangiopericytoma and angiomatous meningiomas.
(A) lbp-3D-k_glrlmShortRunHighGrayLevelEmphasis; (B) exponential_glcm MaximumProbability; (C) exponential_glrlm_RunVariance; (D) lbp-3D-k firstorder_10Percentile;
(E) lbp-3D-k firstorder_90Percentile; and (F) gradient_gldm_Large DependenceHighGrayLevelEmphasis.
January 2022 | Volume 11 | Article 792521
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predictive accuracy of tumor diagnosis was 0.884 (0.865–0.905)
in the training set and 0.863 (0.842–0.883) in the validation set.
The detailed predictive indicators of the aforementioned models
are shown in Table 5. Bar plots showed the accuracy of clini-
radiomicmodel in the diagnosis of intracranial hemangiopericytoma
or angiomatous meningioma (Figure 5). As shown in Figure 6,
the clini-radiomic combined model is presented as a nomogram.
The DeLong’s test showed that the clini-radiomic combined
model and fusion radiomic model performed significantly better
than the clinical model (P <0.01), but there was no significant
difference between the clini-radiomic combined model and
fusion radiomic model (P = 0.510).

The calibration curve analysis, Hosmer–Lemeshow test, and
DCA for clini-radiomic combined model are shown in Figure 7.
The results showed demonstrated good agreement between
observations and predictions in both the training (P = 0.240;
Figure 7A) and validation sets (P = 0.457; Figure 7B) for clini-
radiomic combined model. The clini-radiomic combined model
performed a higher net benefit than both schemes, with a
threshold probability of >0% for training set (Figure 7C)
and >0% for validation set (Figure 7D). The results indicating
Frontiers in Oncology | www.frontiersin.org 7108
that the clini-radiomic combined model were clinically useful. The
decision curve attained better performance for the constructed
clini-radiomic model with regard to clinical application.
DISCUSSION

In this study, we conducted a retrospective analysis of high-
quality data from a 10-year cohort of patients with
histopathologically confirmed intracranial hemangiopericytoma
and angiomatous meningioma, and we used the T2WI and CE-
T1WI MRI based radiomic approach to effectively identify
intracranial hemangiopericytoma and angiomatous meningioma
before operation.

Hemangiopericytoma that originates from the central nervous
system is very rare (25). Intracranial hemangiopericytoma was
originally classified as hemangioblastic meningioma, and it was
later confirmed to be derived from the epithelial cells of
meningeal mesenchymal capillaries, rather than meningeal
epithelial cells (1). Intracranial hemangiopericytoma is usually
isolated and mainly connected to the dura mater, which is
attached to the falx or sagittal sinus of the brain, or occurs in
the epidural area (26). Intracranial hemangiopericytoma is
classified as a malignant tumor (WHO grades II–III) with the
tendency of recurrence and metastasis (3). Intracranial
hemangiopericytoma exhibits more aggressive behaviors like
bone erosions or necrosis, low ADC values and heterogeneous
enhancement (27, 28), however, these visual based features are
not always effective and reliable. Angiomatous meningioma is a
rare WHO grade I meningioma type with a total incidence rate of
2.1–2.59% of all meningiomas (29). The blood supply of
angiomatous meningioma is very rich (30), and according to
Hasselblatt et al., meningiomas with >50% vascular components
can be diagnosed as angiomatous meningioma (14).

In the preoperative radiological examination, compared with
other meningiomas, angiomatous meningioma showed more
obvious enhancement and vascular signs, and fewer meningeal
tail signs, which made it difficult to distinguish angiomatous
meningioma from hemangiopericytoma on conventional
imaging (30). The imaging characteristics of intracranial
hemangiopericytoma and angiomatous meningiomas are
similar, but their treatment and prognosis are very different.
TABLE 4 | Detail information of six selected key radiomic features.

Sequence Feature name Feature type Angiomatous meningioma (n = 73) Hemangiopericytoma (n = 147) P-value

T2WI lbp-3D-k_glrlm
ShortRunHighGrayLevelEmphasis

Texture 0.5791 ± 0.0163 0.7400 ± 0.0093 0.0001

exponential_glcm
MaximumProbability

Texture 0.1670 ± 0.0224 0.4673 ± 0.0240 0.0001

exponential_glrlm_RunVariance Texture 0.0546 ± 0.0144 0.1784 ± 0.0148 0.0001
lbp-3D-k
firstorder_10Percentile

Firstorder 0.2953 ± 0.0092 0.4000 ± 0.0072 0.0001

lbp-3D-k
firstorder_90Percentile

Firstorder 0.3802 ± 0.0157 0.5754 ± 0.0141 0.0001

CET1 gradient_gldm_Large
DependenceHighGrayLevelEmphasis

Texture 0.4053 ± 0.0207 0.2464 ± 0.0088 0.0001
January 2022 | Volume 11 | Article
T2WI, T2-weighted imaging; CE-T1WI, contrast-enhanced T1-weighted imaging.
FIGURE 3 | A violin plot showing the signature distribution of the fusion
radiomic model between intracranial hemangiopericytoma and angiomatous
meningioma patients.
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A B

C D

FIGURE 4 | Calibration curve analysis and decision Curve Analysis for the fusion radiomic model. (A, B). Calibration curves of the fusion radiomic model in the
training set (A) and validation set (B). Calibration curves depict the calibration of model in terms of the agreement between the actual observations and predictions of
tumor diagnosis. 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 (A) and green (B) lines represent the performance of the model, of which a closer fit to the diagonal purple line represents a better prediction.
(C, D). Decision curve analysis for the fusion radiomic model in the training set (C) and validation set (D). The Y axis measures the net benefit. The blue (C) and
green (D) line represents the fusion radiomic model. The purple line represents the assumption that all patients were diagnosed as intracranial hemangiopericytoma.
The black line represents the assumption that all patients diagnosed as angiomatous meningioma.
TABLE 5 | Details diagnostic ability of all constructed models.

Model Performance AUC ACC SE SP PPV NPV

T1 radiomic model Training set 0.840
(0.814–0.863)

0.775
(0.750–0.802)

0.763
(0.731–0.797)

0.796
(0.757–0.837)

0.866
(0.839–0.894)

0.662
(0.617–0.707)

Validation set 0.750
(0.718–0.788)

0.699
(0.670–0.728)

0.685
(0.651–0.719)

0.737
(0.682–0.792)

0.881
(0.855–0.907)

0.452
(0.403–0.499)

T2 radiomic model Training set 0.850
(0.829–0.879)

0.701
(0.673–0.729)

0.958
(0.943–0.974)

0.216
(0.173–0.259)

0.697
(0.667–0.727)

0.733
(0.645–0.820)

Validation set 0.850
(0.828–0.873)

0.726
(0.699–0.754)

0.980
(0.970–0.991)

0.136
(0.098–0.175)

0.725
(0.697–0.753)

0.750
(0.636–0.865)

Clinical model Training set 0.820
(0.790–0.847)

0.762
(0.735–0.788)

0.857
(0.830–0.884)

0.571
(0.517–0.624)

0.800
(0.770–0.829)

0.667
(0.612–0.722)

Validation set 0.790
(0.753–0.818)

0.767
(0.741–0.793)

0.796
(0.765–0.826)

0.708
(0.659–0.757)

0.848
(0.820–0.876)

0.630
(0.579–0.678)

Fusion radiomic model Training set 0.900
(0.879–0.916)

0.810
(0.785–0.834)

0.765
(0.733–0.797)

0.898
(0.866–0.931)

0.938
(0.917–0.959)

0.657
(0.612–0.700)

Validation set 0.900
(0.879–0.919)

0.822
(0.798–0.846)

0.796
(0.765–0.827)

0.875
(0.840–0.910)

0.929
(0.907–0.950)

0.677
(0.633–0.722)

Clini-radiomic model Training set 0.920
(0.902–0.942)

0.884
(0.865–0.905)

0.939
(0.921–0.957)

0.776
(0.732–0.821)

0.893
(0.871–0.916)

0.864
(0.825–0.904)

Validation set 0.910
(0.894–0.935)

0.863
(0.842–0.883)

0.939
(0.921–0.956)

0.708
(0.658–0.757)

0.868
(0.843–0.892)

0.850
(0.809–0.891)
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ACC, accuracy; AUC, area under curve; PPV, positive predict value; NPV, negative predictive value.
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Intracranial hemangiopericytoma is more aggressive, highly
vascularized and prone to intraoperative hemorrhage, has a
higher postoperative recurrence rate and a worse prognosis (1).
However, angiomatous meningioma is benign and its clinical
presentation, surgical management, and prognosis are almost
similar to the classical meningioma (2). The surgical resection of
angiomatous meningioma is more difficult than other types of
meningioma, with more intraoperative bleeding and more
Frontiers in Oncology | www.frontiersin.org 9110
serious complications such as neurological impairment (30).
Therefore, accurate preoperative diagnosis of intracranial
hemangiopericytoma and angiomatous meningioma is of great
clinical significance for the planning of operation and the
evaluation of prognosis.

Due to the lack of effective molecular markers, the researchers
tried to use preoperative images to identify intracranial
hemangiopericytoma and angiomatous meningioma.
Intracranial hemangiopericytoma have various manifestations in
MRI, most of which are irregular or lobulated, with mixed signals
and uneven enhancement due to cystic degeneration and necrosis
(25). Benign meningiomas have smooth edges, uniform signals,
few lobes, and may have signs of calcification and dural tail.
However, different from benign meningiomas, MRI features of
angiomatous meningiomas are similar to those of intracranial
hemangiopericytoma, such as uneven signal, cystic necrosis,
irregular lobulation, irregular meningeal tail, etc. Thus, in
clinical practice, angiomatous meningiomas and intracranial
hemangiopericytoma are difficult to distinguish accurately only
by conventional imaging (7). Therefore, an effective, accurate and
widely used tool for preoperative identification of angiomatous
meningioma and intracranial hemangiopericytoma is in urgent
need of development.

As an emerging study field, radiomics can possibly depict the
intratumoral heterogeneity based on the quantitative and the
classified high-throughput data (31). Typically, novel image-
based computational models have played increasingly important
roles in the accurate diagnosis and also treatment guidance in
neuro-oncology, thanks to the development of clinical imaging
data (32). Radiomics has many applications in the central nervous
system, such as differential diagnosis (10, 33–35) and classification
(12, 15), prediction of molecular characteristics (11, 36),
therapeutic response and progress of central nervous system
diseases (32, 37). Radiomics mainly uses the following 4 steps to
convert image images into mineable data, namely, image
acquisition and reconstruction, tumor ROI segmentation,
radiomic feature extraction and screening, model construction
and verification (38). There is currently a study using radiomics to
A B 

FIGURE 5 | Bar plots for the clini-radiomic combined model in the training (A) and validation sets (B). The blue histogram above the horizontal axis and the green
histogram below the horizontal axis indicate the patients with correct diagnosis of the clini-radiomic combined model.
FIGURE 6 | A nomogram derived from the clini-radiomic combined model.
This nomogram is used based on the value of signature of radiomic model
and clinical characteristics, namely, age, location 1 (supratentorial or
infratentorial), location 2 (skull base or non-skull base), location 3 (paravenous
sinus or non-paravenous sinus), dural tail, and peritumoral edema. Draw a
vertical line from the corresponding axis of each factor until it reaches the first
“Points” line. Next, summarize the points of all risk factors, and then draw a
vertical line that falls vertically from the “Total Points” axis until it reaches the
last axis to the diagnostic probability of intracranial hemangiopericytoma.
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distinguish intracranial hemangiopericytoma and meningioma
before surgery (7), but there are many types of meningiomas,
and more attention should be paid to the identification of
hemangiopericytoma that is easily confused with intracranial
hemangiopericytoma. Meanwhile, previous studies have shown
that Li et al. (13) intend to use the radiomic approach of texture
analysis to identify intracranial hemangiopericytoma and
angiomatous meningioma, but it has many shortcomings. First
of all, the number of patients included in the study is small, with
only 24 cases intracranial hemangiopericytoma and 43 cases
angiomatous meningioma. A smaller number of patients make
it more difficult to draw more accurate conclusions. Secondly, the
study does not have a corresponding validation set, which limits
the clinical applicability of the conclusions. Finally, the study only
extracts the texture features of the tumor, and lacks high-latitude
radiomic features and more complete model construction
methods. Therefore, in the present study, we used the radiomic
method to differentiate intracranial hemangiopericytoma from
angiomatous meningioma preoperatively.

In the current study, Mann–Whitney U test, elastic net, and
RFE algorithm were sequentially utilized to reduce redundant
features and select the most appropriate features for the
construction of a fusion radiomic model. It is crucial to
Frontiers in Oncology | www.frontiersin.org 10111
exclude irrelevant features, because these features may obscure
important information and affect the performance of the
prediction model (39). First, after the Mann–Whitney U test,
we conducted a preliminary screening and obtained 399
radiomic features. Then, 37 radiomic features were further
obtained through the elastic net algorithm, and a feasible
number that balances insufficient fitting and over fitting is
obtained. Finally, 6 features were determined by the RFE
algorithm, and the constructed fusion radiomic model
achieved balanced performance in both the training [0.900
(95% CI, 0.879–0.916)] and validation [0.900 (95% CI, 0.879–
0.919)] sets. Next, the clini-radiomic combined model was
constructed in this study, which had incorporated both the
fusion radiomic model and the clinical model, with the AUC
of 0.920 (95% CI, 0.902–0.942) and 0.910 (95% CI, 0.894–0.935)
in training set and validation set, respectively. Both fusion
radiomic model and clini-radiomic combined model had
displayed good calibration and discrimination. Thirdly, this
clini-radiomic combined model was convenient in use, which
could accurately differentiate angiomatous meningioma and
intracranial hemangiopericytoma before surgery.

Research in intracranial hemangiopericytoma and angiomatous
meningioma has been historically limited due to a relatively low
A B

C D

FIGURE 7 | Calibration curve analysis and decision Curve Analysis for the clini-radiomic model. (A, B). Calibration curves of the clini-radiomic model in the training
set (A) and validation set (B). Calibration curves depict the calibration of model in terms of the agreement between the actual observations and predictions of tumor
diagnosis. 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 (A) and green (B) lines represent the performance of the model, of which a closer fit to the diagonal purple line represents a better prediction.
(C, D). Decision curve analysis for the clini-radiomic model in the training set (C) and validation set (D). The Y axis measures the net benefit. The blue (C) and green
(D) line represents the clini-radiomic model. The purple line represents the assumption that all patients were diagnosed as intracranial hemangiopericytoma. The
black line represents the assumption that all patients diagnosed as angiomatous meningioma.
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incidence, we collected the imaging, clinical and pathological
data of 147 cases of intracranial hemangiopericytoma and 73
cases of angiomatous meningioma from a single center for this
radiomic research. It is very precious, and the large sample size
enrolled in this study will lead to more reliable results than
previous scattered case studies. This study also has some
limitations. First, this was a single center study, more patients
frommultiple centers could be used to validate the robustness and
repeatability of our clini-radiomic model. Second, prospective
studies are necessary to verify the effectiveness and robustness of
this clin-radiomics combined model. Thirdly, the research
methods of radiomics are various, and different researchers
adopt different analyses and preprocessing steps, namely, feature
extraction, selection and model construction, so the results may be
further optimized.
CONCLUSION

Preoperative identification of angiomatous meningioma and
intracranial hemangiopericytoma can greatly assist surgery plans
making and improve patient prognosis. The clini-radiomic model
incorporating the fusion radiomic model and clinical
characteristics showed great performance and high sensitivity in
the differential diagnoses of angiomatous meningioma and
intracranial hemangiopericytoma, and to assist in the
development of individualized treatment of patients with
angiomatous meningioma and intracranial hemangiopericytoma.
Frontiers in Oncology | www.frontiersin.org 11112
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Background and Purpose:Meningiomas, the most common primary intracranial tumor,
are vascular neoplasms that express somatostatin receptor-2 (SSTR2). The purpose of
this investigation was to evaluate if a relationship exists between tumor vascularity and
SSTR2 expression, which may play a role in meningioma prognostication and clinical
management.

Materials and Methods: Gallium-68-DOTATATE PET/MRI with dynamic contrast-
enhanced (DCE) perfusion was prospectively performed. Clinical and demographic
patient characteristics were recorded. Tumor volumes were segmented and
superimposed onto parametric DCE maps including flux rate constant (Kep), transfer
constant (Ktrans), extravascular volume fraction (Ve), and plasma volume fraction (Vp).
Meningioma PET standardized uptake value (SUV) and SUV ratio to superior sagittal sinus
(SUVRSSS) were recorded. Pearson correlation analyses were performed. In a random
subset, analysis was repeated by a second investigator, and intraclass correlation
coefficients (ICCs) were determined.

Results: Thirty-six patients with 60 meningiomas (20 WHO-1, 27 WHO-2, and 13 WHO-
3) were included. Mean Kep demonstrated a strong significant positive correlation with
SUV (r = 0.84, p < 0.0001) and SUVRSSS (r = 0.81, p < 0.0001). When stratifying by WHO
grade, this correlation persisted in WHO-2 (r = 0.91, p < 0.0001) and WHO-3 (r = 0.92,
p = 0.0029) but not WHO-1 (r = 0.26, p = 0.4, SUVRSSS). ICC was excellent (0.97–0.99).
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Conclusion: DOTATATE PET/MRI demonstrated a strong significant correlation between
tumor vascularity and SSTR2 expression in WHO-2 and WHO-3, but not WHO-1
meningiomas, suggesting biological differences in the relationship between tumor
vascularity and SSTR2 expression in higher-grade meningiomas, the predictive value of
which will be tested in future work.
Keywords: meningioma, somatostatin receptor, DOTATATE, PET/MRI, DCE = dynamic contrast enhanced, DCE
Perfusion MRI
INTRODUCTION

Meningiomas, highly vascular neoplasms arising from the
arachnoid cap cells, are the most common primary intracranial
tumor, accounting for approximately 40% of all primary brain
tumors (1). Various histopathological classification systems have
been utilized for their characterization, with the current 2021
World Health Organization (WHO) classification of central
nervous system (CNS) tumors recognizing 15 distinct
histological subtypes, subdivided into three grades—Grade 1
(benign), Grade 2 (atypical), and Grade 3 (malignant)—relying
largely on mitotic rate, histological, and cytomorphological
criteria (2, 3). Higher grade meningiomas have been reported
to exhibit increased vascularity, likely related to higher levels of
vascular endothelial growth factor (VEGF) and microvessel
density, which are surrogate markers for angiogenesis (4).
However, meningioma vascularity remains a complex topic.
While approximately 80% of meningiomas are considered
benign and managed with observation or curative surgical
resection, a subset of meningiomas demonstrate aggressive
features and may recur or progress despite intervention (5).
Importantly, histopathological WHO criteria has been found to
be a poor predictor of clinical course, as a subset of patients with
grade 2 meningiomas demonstrate a benign course while up to
20% of patients with grade 1 meningiomas experience recurrence
(2, 6). Upon failing surgical and/or radiotherapeutic treatments,
prognosis is often poor with no available effective medical
treatment options, despite numerous clinical trials investigating
the use of medications such as temozolomide, hydroxyurea,
irinotecan, imatinib, erlotinib, gefitinib, bevacizumab, sunitinib,
everolimus, and trabectidin (2).

Surgical resection is the mainstay of treatment for most
meningiomas, with postresection Simpson grade serving as a
strong predictor of outcome (2). Patients with WHO Grade 1
meningiomas typically undergo imaging and clinical
observation, while patients with WHO Grade 3 meningiomas
often undergo postsurgical radiation (RT). However, the use of
RT post-initial resection in WHO Grade 2 meningiomas is
controversial and varies in clinical practice across institutions,
with an overall consensus that RT improves outcomes. Advanced
adjunct imaging modalities are emerging as potential tools for
the management of WHO Grade 2 meningiomas, most notably
the use of [68Ga]-DOTATATE, a positron emission tomography
(PET) radiotracer targeting somatostatin receptor 2 (SSTR2),
which has been immunohistochemically proven to be present on
the cell surface of 79%–100% of meningiomas (7, 8), and other
2115
Gallium-68-labeled somatostatin analogs (9, 10). [68Ga]-
DOTATATE binds to SSTR2 on the cell surface of
meningiomas, with high specificity, serving as an imaging
biomarker for the detection of meningiomas. While vascularity
may aid in transporting the radiotracer to its destination,
vascularity in itself would not explain the sustained binding
identified in meningiomas. Additionally, while higher grade
meningiomas have been reported to exhibit increased
vascularity, such a correlation does not exist between WHO
grade and degree of [68Ga]-DOTATATE avidity. [68Ga]-
DOTATATE PET has demonstrated promise in the assessment
of resected/irradiated meningiomas and in the assessment of
treatment-naive meningiomas by allowing for improved
diagnosis and evaluation of extent of disease (11). In addition
to serving as a potential predictive imaging biomarker, SSTR2
may serve as a potential therapeutic target utilizing peptide
receptor radionuclide therapy (PPRT) via 177Lutetium[177Lu]-
DOTATATE. [177Lu]-DOTATATE is currently being
investigated in two prospective clinical studies (NCT03971461
and NCT04082520) for patients with progressive intracranial
meningiomas, serving as a potential novel therapeutic option in
the arena of precision medicine (2, 11).

Dynamic contrast-enhanced MRI (DCE-MRI) is an advanced
imaging modality allowing for in vivo evaluation of tissue
perfusion and blood–brain barrier (BBB) disruption (12, 13).
Perfusion imaging, which may be performed as DCE-MRI or as
dynamic susceptibility contrast (DSC-MRI), is increasingly
utilized in clinical practice for both primary and secondary
brain neoplasms. In the context of meningiomas, perfusion
MRI has been shown to successfully distinguish between lower
and higher grades, guide in the differentiation between
meningiomas and dural-based metastases, provide information
regarding RT response, and provide useful information
regarding peritumoral edema surrounding meningiomas,
indicative of BBB disruption (13–17).

While meningiomas have distinct and often pathognomonic
conventional imaging features (e.g., dural-based, extra-axial,
homogeneous enhancement , dura l ta i l , as soc ia ted
hyperostosis), conventional gadolinium-enhanced MRI has its
limitations, including the inability to reliably distinguish between
meningioma subtypes/grades and challenges discerning
posttreatment change from residual or recurrent disease. In
this study, we sought to investigate whether advanced imaging
modalities may play a role in predicting the biological nature of
meningiomas and/or serving as a predictive imaging biomarker
to guide and optimize clinical management. To that end, we
January 2022 | Volume 11 | Article 820287
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explored the relationship between DCE-perfusion parameters
and [68Ga]-DOTATATE PET/MRI standardized uptake value
(SUV) to determine whether a relationship may exist between
vascularity, as represented by DCE perfusion parameters, and
SSTR2 expression, as represented by [68Ga]-DOTATATE SUV.
MATERIALS AND METHODS

Study Design
In this institutional review board-approved prospective study,
patients with clinically suspected or histologically proven
meningioma were enrolled as part of our active clinical trial and
underwent [68Ga]-DOTATATE PET/MRI with DCE perfusion
between August 2018 and April 2021. Patient exclusion criteria
included contraindications to gadolinium-based contrast agents, a
history of an allergic reaction to [68Ga]-DOTATATE, and
pregnancy. Patients with histologically proven and/or with one
histologically proven and additional suspected meningioma(s) on
the basis of conventional MRI and measuring ≥1 cm in size in at
least one dimension were included. In patients with multiple
meningiomas, WHO grade of the histologically proven
meningioma was assumed for all meningiomas present (18).
[68Ga]-DOTATATE has been widely used in the diagnosis,
staging, and treatment management of neuroendocrine tumors
with a favorable safety profile (19), including lack of significant
toxicity, lower radiation exposure, and improved accuracy
compared to indium-111-pentetreotide (19).

Imaging
All patients underwent gadolinium-enhanced MR imaging of the
brain on a 3-Tesla clinical scanner (Biograph mMR, Siemens
Healthcare, Erlangen, Germany), which included 3‐dimensional
T1 SPACE (TR/TE, 600–700 ms/11–19 ms, 120°C flip, 1 mm
slice thickness), and 3‐dimensional T2 FLAIR (TR/TE, 6,300–
8,500 ms/394–446 ms, 120°C flip, 1 mm slice thickness). T1‐
Frontiers in Oncology | www.frontiersin.org 3116
weighted DCE perfusion MRI was performed and available for
all patients (TR = 4 ms; TE = 1–2 ms; flip angle, 13°C; slice
thickness, 3 mm; 44 slices to cover the entire lesion volume; 24
phases with 4 phases before and 20 phases after intravenous
bolus administration of 0.1 ml/kg gadobutrol).

PET acquisition was performed in dynamic 3D list mode for a
total of 60 min starting simultaneously with [68Ga]-DOTATATE
injection and concurrent with the above-described MR
sequences. Absolute maximum SUV was extracted for each
lesion, and SUV of the superior sagittal sinus (SSS), serving as
background blood pool for normalization purposes based on
previously published methodology (11).

DCE Perfusion Analysis
DCE perfusion analysis was performed using Olea Sphere Medical
3.0-SP22 software (Olea Medical, La Ciotat, France). For each
imaging study, a single investigator (MR) created a volume of
interest (VOI) encompassing the meningioma utilizing the
postcontrast T1-weighted sequence with intermittent guidance of
the fusedMRI/PET scan (e.g., in caseswhere conventionalMRIwas
difficult to discern residual meningioma from adjacent dura), as
shown as in Figure 1. The following Extended Tofts model DCE
perfusion parameters were derived and analyzed from each VOI:
flux rate constant (Kep), transfer constant (Ktrans), volume fraction
of the extravascular extracellular space (Ve) in the tissue, and
volume fraction of plasma in the tissue (Vp) (Figure 2). Briefly,
theseparameters arebasedupona two-compartmentmodel and the
principle that intravenously injected contrast agent leaks from the
intravascular space (IVS; compartment 1) into the EVS
(compartment 2), and whether or not the tracer is freely
diffusible. The rate of contrast exchange between these two
compartments are described using transfer rate constants,
including Ktrans (forward volume transfer constant), Kep (flux
rate constant between EES and IVS),Ve (extracellular extravascular
volume fraction whereby Ve = Ktrans/Kep), and Vp (plasma per
unit volume of tissue).
FIGURE 1 | Example of VOI segmentation for DCE analysis in a 56-year-old man with WHO-2 right parietal meningioma post prior surgical resection and RT.
Gadolinium-enhanced axial T1-weighted MRI (A), static 68-Gallium-DOTATATE PET image (B), and fused axial PET/MR (C) demonstrate extra-axial homogeneously
enhancing soft tissue with corresponding 68-Gallium-DOTATATE avidity (arrows), compatible with residual/recurrent meningioma. Gadolinium-enhanced axial T1-
weighted MRI with volume of interest (D) is shown, corresponding to region of suspected residual/recurrent meningioma.
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In a randomly selected sample of eight meningiomas,
volumetric segmentation and DCE perfusion analysis was
repeated by a second investigator (SG).

Statistical Analysis
Statistical analysis was performed using R version 4.0.5 (R
Foundation for Statistical Computing, Vienna, Austria).
Pearson correlation coefficient was calculated to identify
whether a statistically significant correlation existed between
DCE permeability parameters and [68Ga]-DOTATATE SUV.
Intraclass correlation coefficient (ICC) was determined to
assess interrater reliability between the two investigators.
RESULTS

Study cohort demographics are described in Table 1. This
prospective study included 36 patients, with mean age of 53.6
years (range, 21–83; standard deviation, 14.8 years), of whom 61%
(22 of 36) were female. A total of 60 meningiomas (20 WHO-1,
27 WHO-2, and 13 WHO-3) with average tumor volume of 2.3 cc
(range, 0.04–26.11 cc; standard deviation, 4.25 cc) were included
in this analysis. Of the 60 meningiomas included in our study,
30% (18/60) were located in the skull base. Of the 60 lesions in the
cohort, 43 lesions were considered pathology-proven (72%).

Kep demonstrated a strong significant positive correlation
with [68Ga]-DOTATATE SUV (r = 0.84, p < 0.0001), which
remained robust when normalized to background blood pool SSS
SUV (SUVRSSS) (r = 0.81, p < 0.0001). When stratifying by
Frontiers in Oncology | www.frontiersin.org 4117
WHO Grade, this strong significant positive correlation only
existed in WHO-2 (r = 0.91, p < 0.0001; SUVRSSS, r = 0.91, p <
0.0001) and WHO-3 (r = 0.92, p = 0.0029; SUVRSSS, r = 0.82, p =
0.023) but did not exist with WHO-1 (r = 0.26, p = 0.4; SUVRSSS,
r = 0.22, p = 0.46).

Ktrans demonstrated a moderate significant positive
correlation with [68Ga]-DOTATATE SUV (r = 0.39, p =
0.019), which did not remain statistically significant with
SUVRSSS (r = 0.28, p = 0.11), and did not remain statistically
significant when stratifying by WHO Grade.

When analyzing separately only lesions located in the skull
base [30% (18/60)], there remained a strong positive significant
correlation between Kep and SUV (r = 0.91, p < 0.0001) and a
moderate positive significant correlation between Ktrans and
SUV (r = 0.50, p = 0.04).

When analyzing separately only the pathology proven lesions
[72% (43/60)], there remained a strong positive significant
correlation between Kep and SUV (r = 0.72, p < 0.0001) and a
moderate positive significant correlation between Ktrans and
SUV (r = 0.49, p = 0.0009).

No other statistically significant correlation existed between
[68Ga]-DOTATATE SUV and Vp, Ve, and Ktrans. All
correlations are reported in Tables 2, 3 and Figure 3.

The intraclass correlation coefficients (ICCs) for perfusion
parameters Kep, Vp, and Ve were excellent: 0.998, 0.990 and
0.992, respectively. The ICC for Ktrans was unable to be
calculated, and, upon directed review, an error was detected in
the sampling of one meningioma resulting in an outlier data
point for that measurement by one of the two readers. Upon
FIGURE 2 | 68-Gallium-DOTATATE PET and DCE Perfusion MRI images in a 68-year-old woman with WHO-1 left anterior temporal convexity meningioma post
prior surgical resection and RT. Axial T1-weighted (A), gadolinium-enhanced axial T1-weighted (B), static 68-Gallium-DOTATATE PET image (C), axial PET/MR
fusion image (D), Kep parametric map (E), Ve parametric map (F), Ktrans parametric map (G), and Vp parametric map demonstrates extra-axial homogeneously
enhancing soft tissue with corresponding 68-Gallium-DOTATATE avidity [(D), with SUV measured along the left anterior temporal convexity] and abnormal perfusion
parametric maps (E–H), corresponding to region of suspected residual/recurrent meningioma.
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exclusion of that data point, the ICC for Ktrans was also found to
be excellent: 0.967. There was only a moderate reliability of
assessed tumor volume, 0.742.
DISCUSSION

Dynamic contrast-enhanced MRI utilizes the acquisition of
multiple serial images before, during, and after a bolus
of low-molecular weight gadolinium contrast media,
which allows for the determination of measurements of
enhancement as a function of time (12, 20). Intravenously
injected contrast material passes from the arteries to the
tissue microvasculature and extravasates within seconds to the
extravascular extracellular space (EES), or leakage space,
resulting in shortening of the local relaxation time. DCE-MRI
subsequently uses this T1 shortening (i.e., high signal or
Frontiers in Oncology | www.frontiersin.org 5118
enhancement on T1-weighted sequence) to detect areas of
BBB disruption. The ability to assess contrast agent
extravasation, or vessel leakiness, is complex and relies on
several factors, most notably blood flow. Therefore, the signal
measured with DCE-MRI, particularly when using a sufficiently
long acquisition time, reflects both perfusion and permeability
and DCE-MRI can be impacted by alterations in vascular
permeability, blood flow, and EES. Perfusion imaging may
alternatively be performed with DSC-MRI, relying on T2*-
weighted gradient-echo echo-planar imaging, which has
several theoretical differences and a number of advantages,
including faster acquisition, higher temporal resolution,
and the ability to determine relative cerebral blood volume
(rCBV), a widely used variable to assess tumor vascularity and
grade (21).

A number of complex pharmacokinetic models have been
proposed including Tofts et al. (22), Brix et al. (23), and Larsson
et al. (24), many of which rely on a two-compartment model
and the principle that intravenously injected contrast agent
leaks from the intravascular space (IVS; compartment 1) into
the EVS (compartment 2), and whether or not the tracer is
freely diffusible. Most pharmacokinetic models determine the
rate of contrast exchange between these two compartments
using transfer rate constants, including Ktrans (forward
volume transfer constant), Kep (flux rate constant between
EES and IVS), Ve (extracellular extravascular volume fraction
whereby Ve = Ktrans/Kep), and Vp (plasma per unit volume
of tissue).

An initial model of BBB permeability was developed by Tofts
et al., ignoring the contribution of plasma to total tissue
concentration and consequently only applicable in normal brain
T
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TABLE 2 | SUV and DCE parameters.

SUV Lesion 25.06 (4.2–111.8; STD: 21.39)

SUV SSS 1.47 (0.6–2.5; STD: 0.5)
SUVRSSS (SUV lesion/SSS) 18.55 (1.2–136.1; STD: 21.9)
Kep 3.18 (0.40–16.33; STD: 3.16)
Ktrans 1.68 (0.21–7.85; STD: 1.60)
Vp 0.10 (.0009–0.47; STD: 0.11)
Ve 0.56 (.091–0.99; STD: 0.21)
TABLE 1 | Clinical characteristics of the patient population.

N Patients 36

Age 53.6 (21–83; STD: 14.8)
Sex 61% F (22/36)
N meningiomas identified on PET 60
Tumor volume 2.3 (.04–26.11; STD: 4.25)
N meningiomas per patient 1 meningioma: 63.9% (24/36)

33% (8/24) WHO Grade 1
42% (10/24) WHO Grade 2
25% (6/24) WHO Grade 3
2-3 meningiomas: 25% (9/36)
56% (5/9) WHO Grade 1
33% (3/9) WHO Grade 2
11% (1/9) WHO Grade 3
≥4 meningiomas: 11.1% (3/36)
0% (0/3) WHO Grade 1
67% (2/3) WHO Grade 2
33% (1/3) WHO Grade 3
Median:1 meningioma per patient

WHO grade 0% (0/36) WHO grade unknown
36% (13/36) WHO grade 1
42% (15/36) WHO grade 2
22% (8/36) WHO grade 3

Surgical history 94% (34/36)
Time from surgery to PET 26.5 months (1.4–118 months)
Prior radiation history 50% (18/36)
Prior radiation type 56% (10/18) SRS

17% (3/18) gamma knife
22% (4/18) proton
6% (1/18) IMRT

Time from prior radiation to PET 31.6 months (0.26–205 months)
Radiation dose 41.5 Gy (5–123)
ABLE 3 | SUV Correlations.

CE Parameter to SUV R p-value

ep WHO Grade 1 0.26 0.4
WHO Grade 2 0.91 < 0.001
WHO Grade 3 0.92 < 0.01

trans WHO Grade 1 0.43 0.14
WHO Grade 2 0.40 0.14
WHO Grade 3 0.62 0.13

p WHO Grade 1 -0.15 0.61
WHO Grade 2 0.2 0.47
WHO Grade 3 0.48 0.28

e WHO Grade 1 0.21 0.49
WHO Grade 2 0.13 0.64
WHO Grade 3 -0.47 0.28

CE Parameters to SUVRSSS

ep WHO Grade 1 0.22 0.46
WHO Grade 2 0.91 < 0.001
WHO Grade 3 0.82 0.02

trans WHO Grade 1 0.23 0.45
WHO Grade 2 0.4 0.14
WHO Grade 3 0.46 0.3

p WHO Grade 1 .0012 1
WHO Grade 2 0.21 0.44
WHO Grade 3 0.55 0.2

e WHO Grade 1 -0.028 0.93
WHO Grade 2 0.17 0.55
WHO Grade 3 -0.32 0.48
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tissue with an intact BBB. A subsequent model, the Extended Tofts
model, incorporates the vascular contribution to signal intensity and
is more commonly used in tumor applications, including in this
analysis (25). While quantitative DCE-MRI measurements and
parametric maps are increasingly used for diagnostic purposes, it
is critical to understand the complexity of these measurements and
the numerous variables that affect their results, including the arterial
input function (AIF; i.e., measured concentration in an artery) and
physiological factors (e.g., changes in cardiac output), for which
determination of consistent and accurate data, both in the clinical
and research settings, may be a challenge. Of note, the data
presented in this analysis demonstrated an excellent ICC across
the assessed parameters. The assessed tumor volume demonstrated
only moderate reliability, suggesting robust DCE analysis results
even with varying sampled volume. Therefore, the consistency of
data obtained by two independent observers supports the accuracy
of the results presented.

Prior immunohistochemical analyses investigating the
relationship of vascularity in meningiomas identified a significant
upregulation of VEGF-A in WHO Grade III as compared to WHO
Grade II tumors (26). In this radiological analysis, the only perfusion
parameter to demonstrate statistical significance with [68Ga]-
DOTATATE SUV was Kep, a parameter infrequently used in
clinical practice but often described in the literature. Awasthi et al.
investigatedwhether an associationmay exist in glioblastoma (GBM)
betweenDCE-MRIparameters and tissuematrixmetalloproteinase9
Frontiers in Oncology | www.frontiersin.org 6119
(MMP-9) expression, with MMPs known to be responsible for
targeting the extracellular matrix and contributing to BBB
permeability and angiogenesis/neovascularization of glial tumors.
In their study, they determined that MMP-9 expression was best
estimated by Kep, of all perfusion parameters, and demonstrated an
association with survival, suggesting Kep as a potential imaging
biomarker of GBM progression and its prognostication (27).

It is important to note, however, that GBM are intra-axial in
location while meningiomas are extra-axial in location, raising the
question as to whether tumor origin impacts the interpretation of
DCE-MRI findings. Physiological extreme vessel leakiness is
observed with both tumor types—in GBM due to BBB
destruction of preexisting vessels and faulty BBB in angiogenic
tumoral vessels, while in meningiomas due to their highly vascular
nature and inherent absence of a BBB given their extra-axial
location (21). Cha et al. compared DCE-MRI and DSC-MRI
microvascular permeability measurement Ktrans in gliomas and
meningiomas, observing that Ktrans could distinguish between
higher- and lower-grade gliomas, although correlated poorly in
meningiomas (21). However, Chidambaram et al. investigated
DCE-MRI in meningiomas treated with resection and adjuvant
radiosurgery, revealing a moderately positive correlation with
Ktrans and time to progression, approaching but not reaching
statistical significance, which supports a role of DCE-MRI as a
biomarker in meningioma diagnosis, treatment planning, and
predicting clinical outcomes (13).
A B

DC

FIGURE 3 | Scatterplots depicting the correlation between 68-Gallium-DOTATATE PET SUV and DCE perfusion parameters Ve (A), Kep (B), Ktrans (C), and Vp (D).
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A study evaluating DSC-MRI characteristics of meningiomas
compared to dural-based metastases by Lui et al. identified relative
wash-in time, a metric describing the wash-in phase of perfusion,
to be lower in metastases as compared tomeningiomas. This study
also investigated the use of rCBV, a metric that is frequently used
to assess tumor vascularity and grade, in the distinction of
meningioma from dural-based metastases. However, in
distinction to other reports describing the utility of rCBV for
extra-axial lesions, the use of rCBV was found to be limited within
this patient cohort (28). While many of the aforementioned
studies utilized DSC-MRI and did not specifically investigate the
perfusion parameter Kep, the overarching theme among these
studies is in support of the potential role and added value of
perfusion imaging for the assessment of meningiomas.

The significance of Kep with respect to other tumor types has
been previously described in the literature. For example, Kep
has been shown to negatively correlate with histological vessel
maturity in breast cancer osseous metastases (29), positively
correlate with Ki67 and p53- and triple negative status in breast
cancers (30), positively correlate with invasive ductal carcinoma
tumor size (31), and positively correlate with microvessel
density (32) and PTEN expression in prostate cancer (33).
Kep has also been shown to effectively differentiate between
benign and malignant soft tissue tumors (34) and demonstrate a
significant positive correlation with serum angiogenesis-related
biomarkers and advanced tumor stage in patients with non-
small cell lung cancer (35). The relationship between Kep and
SSTR2A expression in higher grade meningiomas may be of
significance in the treatment planning and response assessment
of meningiomas. To this end, bevacizumab, a monoclonal
antibody targeting vascular endothelial growth factor (VEGF),
has been used in meningioma off label with reports of improved
overall PFS (36). The mechanism of action may be related to
decrease in vascularity and associated decrease in SSTR2A
expression, which may serve as a clinical response biomarker.
The identified correlation between DCE-MRI perfusion
parameter Kep and [68Ga]-DOTATATE SUV in higher grade
meningiomas suggests underlying biological differences in the
relationship between tumor vascularity and SSTR2 expression,
perhaps related to biomarkers of angiogenesis, such as VEGF
and microvessel density. This may be of importance given
ongoing efforts to apply peptide receptor radionuclide therapy
(PPRT) with 177Lutetium[177Lu]-DOTATATE in meningioma,
which has been reported to have modest effects in small pilot
cohorts and individual cases (2, 37, 38). To that end, PRRT with
[177Lu]-DOTATATE in gastrointestinal neuroendocrine
tumors metastatic to the liver was recently shown to have
improved dosimetry with intra-arterial interventional
radiology-guided administration compared to systemic
intravenous administration (39). Conceivably, the correlation
between perfusion metrics and [68Ga]-DOTATATE PET SUV
may thus play a role when determining patients for clinical
trials incorporating PRRT who are most likely to benefit. The
relationship between Kep and SUV may also be clinically
relevant to other therapeutic options that specifically address
tumor vascularity.
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A limitation of this study is the relatively small sample size,
with 36 patients with 60 meningiomas. Additionally, in patients
with multiple meningiomas and WHO grade documented for
one meningioma, the assumption was made for the additional
unresected lesions to have the same WHO grade, as previously
published (18). While this approach has previously been
validated, there remains the theoretical possibility for
heterogeneity of WHO grades in patients with multiple
meningiomas. While this study only included meningiomas
measuring ≥1 cm in at least one dimension, some of the
sampled tumor volumes were relatively low, which raises the
possibility of partial volume averaging effects in these smaller
sampled volumes. Furthermore, 50% (18/36) of meningiomas
within this cohort had received prior RT, potentially serving as a
confounder for our data correlating vascularity with [68Ga]-
DOTATATE avidity. Future work assessing this correlation in
treatment-naive meningiomas is warranted. Additionally, future
immunohistochemical investigation utilizing SSTR2 stains and
those investigating vascularity on resected tumor samples can
assist in supporting the results of this study. Finally, future work
evaluating the cost effectiveness of utilizing [68Ga]-DOTATATE
PET in meningioma management will be important, as this
approach may ultimately reduce costs related to decreased
complications from RT and has the potential to improve
progression-free survival by improving targeted radiation dose
delivery in patients with small volume residual disease (7).
CONCLUSIONS

In this study, we found a strong, significant correlation between
the DCE-MRI perfusion parameter Kep and [68Ga]-DOTATATE
SUV in WHOGrade 2/3 meningiomas, which suggests biological
differences in the relationship between tumor vascularity and
SSTR2 expression in higher-grade meningiomas. Our findings
may have pathophysiological implications for clinical
management of patients with meningiomas. Future work to
understand the potential prognostic role of combined
DOTATATE PET and DCE MRI in meningioma treatment
planning and response assessment is warranted.
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Objective: Pineal region meningiomas are deeply located and adjacent to critical
neurovascular structures, making them one of the most challenging areas to access.
The authors presented a combined microscopic and endoscopic surgery and
investigated its value in resecting pineal region meningiomas.

Methods: Twelve patients with pineal region meningiomas from February 2017 to
December 2020 were retrospectively reviewed. All patients underwent combined
microscopic and endoscopic surgery using the occipital-parietal transtentorial
approach. Perioperative clinical, surgical, and radiographic data were collected.

Results: The endoscope provided a wider view and increased visualization of residual
tumors. All tumors were completely resected, and none of the patients died. Total
resection was believed to have been achieved in four patients, but the residual tumor
was detected after endoscopic exploration and was completely resected with an
endoscope. Only one patient had transient visual field deficits. No recurrence was
observed during follow-up.

Conclusions: Combined microscopic-endoscopic surgery for pineal region
meningiomas eliminates microscopic blind spots, thus compensating for the
shortcomings of the traditional occipital transtentorial approach. It is a promising
technique for minimally invasive maximal resection of pineal region meningiomas.

Keywords: meningiomas, pineal, endoscope, trans-bitentorial approach, falcotentorial junction
INTRODUCTION

Meningiomas of the pineal region are rare, accounting for approximately 8% of tumors in this
region (1, 2). According to the tumor origin, pineal region meningiomas are classified into two
main subtypes: falcotentorial and velum interpositum meningiomas. Falcotentorial meningiomas
originate from the junction of the dural folds between the falx cerebri and tentorium. In contrast,
velum interpositum meningiomas arise from the double-layered pia of the velum interpositum
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and have no direct dural attachment (3–6).Most pineal region
meningiomas grow slowly, occupying the pineal region and
compressing surrounding structures, such as the pineal gland,
midbrain, deep venous system, and the third ventricle. Due to
the deep location and close relationship with critical
neurovascular structures, radical resection of meningiomas in
the pineal region remains a significant challenge.

Numerous surgical approaches have been advocated for the
resection of meningiomas in the pineal region. The most
commonly used approaches are occipital transtentorial and
supracerebellar infratentorial approaches. However, both
approaches have disadvantages. Visualization of the surgical
field without blind spots is changing using these approaches
because the tumor is obscured by the dural structures and deep
venous system (7–9). Previous studies have reported various
modifications to overcome these disadvantages, including the
occipital bitranstentorial/falcine approach, bilateral occipital
craniotomy, and simultaneous combined supratentorial/
infratentorial approaches (10–12). These approaches provide a
wider exposure but are associated with significant risks, such as
venous infarction and cortical blindness.

The concept of using endoscopy to resect pineal lesions is not
novel. However, most endoscopic approaches reported
previously were through the infratentorial supracerebellar
corridor to access the pineal region (13, 14). This study
presents a combined microscopic and endoscopic surgery
using the occipital-parietal transtentorial approach for the
radical resection of pineal region meningiomas.
METHODS

Patients
During this retrospective study, 12 patients at the First Affiliated
Hospital of SoochowUniversity underwent surgery to resect pineal
region meningiomas from February 2017 to December 2020. All
Frontiers in Oncology | www.frontiersin.org 2124
patients underwent combinedmicroscopic and endoscopic surgery
using the occipital-parietal transtentorial approach. Perioperative
clinical, surgical, and radiographic data were collected.

There were four female and eight male patients, ranging in
age from 39 to 71 (mean age, 54.3) years. The patients’ clinical
course varied from 2 weeks to 4 months (median, 2.1 months).
This study was approved by the local ethics committee
(S2018087), and informed consent was obtained from the
patients. Patient profiles are summarized in Table 1.

Combined Microscopic and Endoscopic
Video Monitor System
We used an endoscope (Karl Storz, Germany) and a microscope
(Pentero; Carl Zeiss, Germany) in our integrated operating
room. Both endoscopic and microscopic views were
simultaneously displayed on a high-definition screen (picture-
in-picture, Figure 1A) visible to the entire surgical team,
including the surgeon, assistant surgeon, and assisting nurses.

Neuroimaging
All patients underwent preoperative computed tomography and
magnetic resonance imaging (MRI). Tumor size, peri-tumor
edema, tumor shape, and hydrocephalus were assessed. In
addition, magnetic resonance venography was performed before
surgical intervention for multimodal fusion to evaluate the patency
of the deep veins and to understand the location of the tumor in
relation to the deep veins. The extent of resection (EOR)
represents the percentage of the preoperative tumor volume
resected (preoperative volume – postoperative volume)/
preoperative volume. Tumor volume was measured on T1-
weighted gadolinium-enhanced magnetic resonance images
using iPlan Cranial software (BrainLab, Germany). Gross total
resection (GTR) was defined as the tumor that was confirmed to
be completely resected by the surgeon with no residual tumor
detected on postoperative contrast MRI (EOR = 100%). Gross
total resection included Simpson grades I-III. Near-total resection
TABLE 1 | Clinical characteristics of 12 patients undergoing the combined microscopic and endoscopic surgery for resection of pineal region meningiomas.

Case
no.

Age
(yrs), sex

Tumor size
(mm)

Presenting
symptoms

Hydrocephalus EOR Surgical
complications

Dural
attachment

Histological
subtype

Post-op mRS
score

1 42, M 25 Incidental N/A GTR None Tentorium Fibrous 0
2 71, M 57 HA, vomiting,

blurred vision
Yes, transient EVD post-op,
resolved afterwards

GTR Transient VFD Tentorium/falx Meningothelial 2

3 67, F 52 HA, blurred vision Yes, transient EVD post-op,
resolved afterwards

GTR None Tentorium/falx Meningothelial 1

4 39, F 38 HA, vomiting N/A GTR None Falx Transitional 0
5 49, F 37 HA, dizziness N/A GTR None Tentorium Fibrous 0
6 39, M 41 HA N/A GTR None Tentorium/falx Fibrous 1
7 57, M 43 HA, memory issues,

imbalance
Yes, transient EVD post-op,
resolved afterwards

GTR None Tentorium/falx Psammomatous 1

8 52, F 26 Incidental N/A GTR None Velum
interpositum

Meningothelial 0

9 45, M 29 Dizziness, fatigue N/A GTR None Tentorium Meningothelial 0
10 65, M 34 Dizziness, memory

issues
Yes, relieved after surgery GTR None Tentorium Transitional 0

11 58, M 31 Incidental N/A GTR None Tentorium/falx Angioblastic 0
12 67, M 38 HA, dizziness Yes, relieved after surgery GTR None Tentorium/falx Meningothelial 1
February 20
22 | Volume 12 |
EVD, external ventricular drainage; HA, headache; N/A, no hydrocephalus; GTR, gross total resection; VFD, visual field defect.
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was defined as the resection of more than 90% of the neoplasm (90
≤ EOR <100%), and subtotal resection was defined as the resection
of less than 90% of the neoplasm (EOR < 90%).

Follow−Up and Outcome Evaluation
Follow-up imaging was performed immediately (<3 days), 3
months, 6 months, and then each year after the operation. All
patients visited our clinic at 3 months, 6 months, and then each
year after the operation, and the symptoms, histopathology, and
modified Rankin Scale score at the last follow-up were assessed.

Surgical Technique
The patient was placed in a 3/4 prone position with the head
slightly rotated toward the contralateral side. This position
allowed the occipital lobe to be retracted by gravity. A U-shaped
skin incisionwas created, followedby an occipital craniotomywith a
small bone window of approximately 3×5 cm. The bone window
exposed the transverse and superior sagittal sinusmargins. The dura
materwasopenedwith a semicircular incision, basedon the superior
sagittal sinus. After gradual drainage of cerebrospinal fluid, the falx
cerebri, straight sinus, and tentoriumcerebelliwere identified in turn
under the microscope. A linear incision parallel to the straight sinus
was made in the tentorium. Because most pineal region
meningiomas originated near the falcotentorial junction receiving
blood supply from the meningeal arteries along the tentorium and
falx, we could eliminate the tumor blood supply early in most cases.
However, the locationof the tumor in relation to thedeepveins could
notbedeterminedwith themicroscopeat this time.Wethen inserted
the endoscope under microscopic surveillance. After dissecting the
arachnoid membrane, identified the vein of Galen and tributaries.
The adhesion between the tumor and the deep veins was clearly
exposed, which allowed the surgeon to separate the tumor from the
veins under direct vision.At this stage, the endoscope could cross the
falx, extend the contralateral operative field, and directly observe the
rear of the third ventricle. In addition, once the suitable positionwas
located, we fixed the endoscope with an endoscope holder, which
Frontiers in Oncology | www.frontiersin.org 3125
allowed us to separate and dissect the tumor with both hands. In the
final stage of surgery, the angled endoscope could look around the
corner to detect any residual tumors. If the residual tumor was
detected, it was resected with dedicated angled instruments under
30° visualization. Intraoperative photographs (Figure 2A–C) and
MRI images (Figure 2D–F) of a patient with a pineal meningioma
are shown in Figure 2.
RESULTS

Table 1 summarizes the clinical characteristics of the 12 patients
with meningiomas in the pineal region. In this study, the mean
follow-up period was 2.09 years (range, 8 months and 3.5 years).
None of the patients died during the study period. Postoperative
complications were observed in only one patient who presented
with visual field defects, which resolved completely at 3 months
after surgery. Five patients had preoperative hydrocephalus, and
three of them received transient extraventricular drainage (< 10
days) after surgery; all patients were relieved of hydrocephalus.
None of the patients required further ventriculoperitoneal (VP)
shunts during follow-up. All deep veins were well protected, and
no venous injury was observed during the operation. GTR was
achieved in all patients. Total resection was believed to have been
achieved in four patients, but the residual tumor was detected
after endoscopic exploration and was completely resected using
an endoscope. The residual tumor was often located at the
ventral aspect of the deep veins or the roof of the third
ventricle hidden by the corpus callosum (Figure 2C; Figure 3).
Tumor recurrence was not detected during the follow-up period.
DISCUSSION

The pineal region is one of the most intricate anatomical regions
in the human body. Resection of pineal region tumors is
FIGURE 1 | (A) Setup of the microscope, endoscope, and image-merged screen in the operating room. The introduction and movement of the endoscope are well
supervised under microscopic view. The endoscopic view is displayed in full screen, and the microscopic view is shown in the upper right corner. (B) The position of
the main surgeon and the assistant. The assistant holds the endoscope while the main surgeon performs bimanual dissection.
February 2022 | Volume 12 | Article 828361
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FIGURE 2 | (A) Intraoperative microscopic view. Due to the occlusion of the falx cerebri, the microscopic view had a poor exposure of the internal cerebral vein and
great cerebral vein. (B) Intraoperative endoscopic view. The endoscope increased the visualization of the deep venous system and allowed separating the tumor
from the deep vein under direct vision. (C) Intraoperative endoscopic view. A small residual tumor was found adhering to the internal cerebral vein. (D) Preoperative
contrast-enhanced T1-weighted MRI showed a pineal region meningioma in a 65-year-old man. (E) Multimodal fusion showed the meningioma lay underneath the
deep venous complex. (F) Postoperative MRI confirmed a gross total resection at 3 months after surgery. SS, straight sinus; T, tumor.
A B

FIGURE 3 | (A) Surgical approach of the combined microscopic and endoscopic surgery for pineal region meningiomas. The endoscope accesses the pineal region
through the incision in the tentorium. (B) The endoscope improves visualization of the ventral aspect of the deep veins and the roof of the third ventricle, where
tumors often remain. This combined technique also allows the tumor to be isolated from the veins under direct vision, reducing the risk of deep vein injury.
Frontiers in Oncology | www.frontiersin.org February 2022 | Volume 12 | Article 8283614126
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challenging, even for experienced neurosurgeons. Different from
many pineal region malignant tumors, pineal region
meningioma is a slow-growing benign tumor for which
complete resection is the best treatment strategy. Therefore,
despite surgical challenges, radical resection remains the
primary treatment goal (15). In the present study, we treated
12 consecutive patients with meningiomas in the pineal region.
All tumors were completely resected using the occipital-parietal
transtentorial approach. We also found that the combined
microscopic and endoscopic surgery is a promising technique.

The occipital transtentorial and supracerebellar infratentorial
approaches are the most common approaches when accessing
the pineal region. The supracerebellar infratentorial approach
provides a posterior midline approach to the pineal region. The
main advantage of this approach is that it utilizes the natural
corridor between the superior cerebellar surface and tentorium
without brain retraction. In addition, the pineal region is located
underneath the major deep veins, which reduces the risk of
damage to critical neurovascular structures (16, 17). However,
this approach requires the sacrifice of midline bridging veins,
leading to venous infarction and cerebellar edema. Furthermore,
the supracerebellar infratentorial approach has poor
visualization of supratentorial structures, and it is difficult to
reach the lesions in the posterior floor of the third ventricle (8).

In contrast, the occipital transtentorial approach (OTA) provides
the most extensive exposure of both the supratentorial and
infratentorial compartments. It provides direct visualization of the
deep venous structure and ipsilateral dorsal and lateral extension of
the midbrain (15, 18). In this study, an OTA was used in all 12
patients, as we found that this approach has particular advantages for
meningiomas in the pineal region. First, since most pineal region
meningiomas derive their blood supply from the tentorium and falx,
OTA allows for early devascularization of the feeding arteries along
the tentorium and falx (18, 19). Second, meningiomas in the pineal
region are slow growing, and there is a long duration between the
onset of symptoms and diagnosis. Therefore, the tumor is usually
relatively large at the time of detection and mostly grows in both the
supratentorial and infratentorial compartments with lateral
extension. The mean diameter of the tumors reported in this study
was 3.8 cm, and the largest tumor diameter was 5.7 cm. Compared to
the restricted visualization at the supratentorial structures in the
supracerebellar infratentorial approach, OTA allows extensive
exposure of both the supratentorial and infratentorial spaces and
provides superior views of brainstem attachments. A previous study
(12) suggested that the surgical approachshouldbe selectedaccording
to the position of the tumor and the deep venous complex. The
supracerebellar infratentorial approach is recommended for pineal
regionmeningiomas displacing the deep venous complex superiorly.
However, we believe that this positional relationship is not the sole
determinant.When themeningioma liesunderneath thedeepvenous
complex, the OTA allows the surgeon to use either the
interhemispheric or suboccipital supratentorial space; thus, the
operatordoesnothave tooperate continuously among thedeepveins.

However, theOTAalso has the inherent limitations of restricted
views around the neurovascular structures. This approach allows
poor visualization of the ventral aspect of the vein of Galen,
Frontiers in Oncology | www.frontiersin.org 5127
contralateral basal vein, and contralateral quadrigeminal region
(Figure 2A). A transfalcine approach has been reported to improve
exposure of the contralateral operative field through additional
incisions above the sagittal sinus in the falx, but it is associated with
significant risks (20). Meningiomas in the pineal region often
compress the vital deep venous systems and develop collateral
venous channels in the falx and tentorium. Additional incision of
the falx could injure the collateral venous channels, resulting in
venous infarction (19). In addition, theOTA is sometimesunable to
expose the roof of the third ventricle, which is hidden by a
prominent splenium (Figure 3), and sacrifice of the splenium
may cause a disconnection syndrome.

In this study, we present a combined microscopic and
endoscopic surgery for the resection of meningiomas in the
pineal region using the OTA. This technique compensates for the
shortcomings of the conventional microscopic OTA. First,
the endoscope contributes to expanding the surgical field. The
endoscope can cross the falx, extend the contralateral operative
field, and increase the visualization of the contralateral internal
cerebral vein and basal vein of Rosenthal. This allows the tumor to
be isolated from the vein under direct vision, reducing the risk of
deep vein injury (Figure 2B). In addition, through the tentorial
incisura, the endoscope allows an extension of the microsurgical
approach from the supratentorial region to the infratentorial region.
Second, this combined microscopic and endoscopic surgery
increases visualization of residual tumors. In the OTA, the ventral
aspect of the vein of Galen and the roof of the third ventricle may
not be adequately exposed using a microscope. The endoscope was
invaluable in resolving the issue of hidden tumor remnants by
allowing angled views around the deep venous structures and into
the anterior third ventricle (21) (Figure 2C; Figure 3). In our series,
total resection was believed to have been achieved in four patients,
but the residual tumor was detected after endoscopic exploration
and was completely resected using an endoscope.

However, insertion and movement of the endoscope may
damage bridging veins and deep cerebral veins due to the lack of
a posterior and lateral view. Some studies have indicated the
importance of performing all endoscopic movements under
microscopic surveillance (22, 23). However, when the microscope
and endoscope are combined in the same setting, the surgeonhas to
switch between the microscope ocular view and the endoscope
monitor view. This nonintegrated visual information can disrupt
the flow of the operative procedure. Few studies have attempted to
integrate endoscopes and microscopes. Here, we applied a picture-
in-picture mode (Figure 1) in which microscopic and endoscopic
images were merged on the same screen. With simultaneous
microscope monitoring, the surgeon can safely place and move
the endoscope and easily transition between the two modalities.

The pineal region is surrounded by critical neurovascular
structures, such as the deep venous system, third ventricle, and
midbrain. Despite the advancements in preoperative multimodal
neuroimaging, intraoperative navigation, and microsurgical
techniques, surgery for pineal region meningiomas remains a
great challenge. The combined microscopic and endoscopic
surgery using the OTA presented in this study provides an
attractive treatment option for pineal region meningiomas. There
February 2022 | Volume 12 | Article 828361

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


Ding et al. Surgery for Pineal Region Meningiomas
were almost no blind spots in this approach. In our study, GTRwas
achieved in all 12 patients, and no recurrence occurred during the
follow-up period. This ergonomic integration of the endoscope and
microscopealso reduced the riskofdamage tocritical neurovascular
structures. No venous injury was observed during the operation,
and there were no signs of brainstem injury after surgery. Five
patients had preoperative hydrocephalus, which were relieved after
surgery, andnone of the patients required furtherVP shunts during
the follow-up period. This study has some potential limitations.
Because of the low incidence of pineal regionmeningiomas, this is a
relatively small series of patients who underwent combined
microscopic and endoscopic surgery, and we limited our analysis
to a retrospective study. In the future, additional case–control
studies should be conducted to validate our findings.
CONCLUSION

The combined microscopic and endoscopic surgery for pineal
region meningiomas eliminates microscope blind spots, thus
compensating for the shortcomings of the traditional OTA. It
is a promising technique for minimally invasive maximal
resection of pineal region meningiomas.
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Introduction:Meningiomas are the most common primary central nervous system (CNS)
tumor. They are most often benign, but a subset of these can behave aggressively.
Current World Health Organization (WHO) guidelines classify meningiomas into three
grades based on the histologic findings and presence or absence of brain invasion. These
grades are intended to guide treatment, but meningiomas can behave inconsistently with
regard to their assigned histopathological grade, influencing patient expectations and
management. Advanced molecular profiling of meningiomas has led to the proposal of
alternative molecular grading schemes that have shown superior predictive power. These
include methylation patterns, copy number alterations, and mutually exclusive driver
mutations affecting oncogenes, including BAP1, CDKN2A/B, and the TERT promoter,
which are associated with particularly aggressive tumor biology. Despite the evident
clinical value, advanced molecular profiling methods are not widely incorporated in routine
clinical practice for meningiomas.

Objective: To assess the degree of concordance between the molecular profile of
meningiomas and the histopathologic WHO classification, the current method of
predicting meningioma behavior.

Methods: In a two-year single-institution experience, we used commercially available
resources to determine molecular profiles of all resected meningiomas. Copy number
aberrations and oncogenic driver mutations were identified and compared with the
histopathologic grade.

Results:One hundred fifty-one total meningioma cases were included for analysis (85.4%
WHO grade 1, 13.3%WHO grade 2, and 1.3% grade 3). Chromosomal analysis of 124 of
these samples showed that 29% of WHO grade 1 tumor featured copy number profiles
consistent with higher grade meningioma, and 25% of WHO grade 2 meningiomas had
copy number profiles consistent with less aggressive tumors. Furthermore, 8% harbored
mutations in TERT, CDKN2A/B, or BAP1 of which 6% occurred in grade 1 meningiomas.
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Conclusions: Routine advanced molecular profiling of all resected meningiomas using
commercially available resources allowed for identification of a significant number of
meningiomas whose molecular profiles were inconsistent with WHO grade. Our work
shows the clinical value of integrating routine molecular profiling with histopathologic
grading to guide clinical decision making.
Keywords: meningioma, TERT, BAP1, CDKN2A/B, microarray, genetic profiling, copy number alteration,
CNS tumors
INTRODUCTION

Meningiomas, named for their cell of origin, are the most
common intracranial central nervous system (CNS) tumors in
adults representing approximately one-third of all primary adult
CNS tumors (1–3). The World Health Organization (WHO)
Classification of Tumours of the CNS subdivides meningiomas
into three grades (i.e., 1, 2, or 3) that are intended to correlate
with prognosis and guide management (4, 5). The majority of
meningiomas fall into 9 histologic subtypes comprising grade 1
meningiomas (see Supplementary Table 1), which have a
reported progression-free survival (PFS) of 75%-90%. Grade 2
meningiomas are defined by either pathognomonic histology
(i.e., clear cell or chordoid), or a grade 1 histologic subtype with a
mitotic rate of 4-19 mitoses per 10 microscopic high-powered
fields (HPF), brain invasion, and/or the presence of three of five
atypical features as defined by the WHO. Grade 2 meningiomas
have higher rates of recurrence and morbidity with a PFS of 23-
78%. Grade 3 meningiomas are considered malignant with a PFS
of 0% and are defined as a grade 1 histologic subtype with a
mitotic index of ≥20 per 10 HPF, or the presence of rhabdoid or
papillary histologic subtypes (4–6).

In current practice, WHO grade and extent of resection are
the most widely used metrics to predict tumor behavior and
guide management of meningiomas (6, 7). Most management
paradigms involve adjuvant radiation after total or subtotal
resection of grade 3 meningiomas. The use of radiation
therapy as an adjunct treatment for recurrent grade 1 as well
as grade 2 meningiomas following gross-total or sub-total
resection is variable but commonly deployed, largely based on
institutional retrospective series (7–9). An emerging observation
is that meningiomas can behave inconsistently with the assigned
WHO grade: grade 1 tumors can recur or behave aggressively
despite successful gross total resection, while tumors with more
advanced grades may have favorable natural histories (10, 11).

A developing understanding of the molecular landscape of
meningioma suggests that WHO grade alone may not provide an
adequate prediction of tumor behavior, for surveillance or
adjuvant treatment planning considerations. Several recent
publications have proposed alternative grading systems that
incorporate genomic and/or epigenomic data in order to better
predict meningioma behavior, particularly targeting those that
do not behave in concordance with their assigned WHO grade
(10–14). These grading systems incorporate molecular data
including sequence alterations, methylation data and copy
number alterations, among other modalities, and have shown a
2131
compelling ability to predict meningioma recurrence and
progression-free survival when compared with the WHO
histologic-based schema alone.

While methylation data are highly predictive, their availability is
limited compared to genomic methods that are currently available
tomost centers. In particular, emerging data onmutational profiling
and copy number variation have identified specific molecular
features that, when present, are correlated with higher recurrence
risks and poorer prognoses. The evolving molecular profiling of
meningiomas seeks tominimize interobserver variability inherent to
applying subjective phenotypic grading criteria and creates smaller,
more homogenous subclassifications (15, 16). Several recurring
oncogenic mutations have been identified that are relatively rare
but associated with particularly aggressive behavior, even when
encountered in histologically low-grade meningiomas. These
include alterations in the BAP1, CDKN2A/B, and mutations
within the promotor region of the TERT genes (17–20). Copy
number alterations have also been shown to have strong predictive
potential, with their ease of acquisition at most centers (either in-
house or via vendor) enhancing their appeal (10, 13). These studies
have highlighted that, regardless of histology, a greater degree of
chromosomal disruption is more reliable in the forecasting of
recurrence and outcome than WHO grading alone.

The rapid advances in molecular profiling of meningiomas
and evident clinical benefit of acquiring genetic data for clinical
management has led to incorporation of molecular designations
in the most recent update to the WHO classification (21). In light
of the putative superiority of molecular profiling in predicting
meningioma behavior, we sought to determine how routine
incorporation of readily obtainable advanced molecular
profiling (copy number and mutational data) would compare
with assigned WHO histopathologic grade in a prospective series
of meningiomas.
MATERIALS AND METHODS

Human Subjects
All methods were approved by the institutional review board
(IRB) of the University of Oklahoma Health Sciences Center
(OUHSC) (IRB protocol number 10195). All patients who
underwent their index surgery with a histopathologic diagnosis
of meningioma following CNS tumor resection from May 2019-
April 2021 were included in the study. Patient data including
demographics, tumor location, and history of prior resection
were collected by retrospective chart review.
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Histopathologic Grading
Following routine pathology processing, resected meningiomas
were assigned a histopathologic grade by board-certified
neuropathologists within the Department of Pathology at OU
Health according to the guidelines set forth in the revised 4th

edition of the WHO Classification of Tumours of the CNS
published in 2016 (4, 5). Immunohistochemical stains, such as
glial fibrillary acid protein (GFAP) and epithelial membrane
antigen (EMA), were performed on a case-by-case basis as
deemed necessary for diagnostic evaluation. Ki-67
immunostaining was performed on at least one block in all
cases. All samples were analyzed, graded, and independently
confirmed by two neuropathologists (JGP and KMF).
Molecular Profiling by Next-Generation
Sequencing and Chromosomal Microarray
Beginning in November 2019, chromosomal profiling and
mutational data were prospectively acquired on all meningiomas
in collaboration with the Mayo Clinic Laboratories, where
chromosomal profiling and sequencing of 118 CNS tumor-
associated genes was performed. Based on prior studies that
investigated clinical progression of genetic subgroups of
meningiomas, grade 1 meningiomas that harbored mutations in
BAP1, CDKN2A or B, or the TERT promoter were considered to
have molecular profiles that were higher risk and inconsistent with
histopathologic grading (17, 19, 20, 22). Copy number data
consistent with a higher grade (2/3) meningioma was defined as
any loss of chromosome 1p, 3p, 4p/q, 6p/q, 10p/q, 14q, 18p/q,
and/or 19p/q. Normal copy number and minor copy number
alterations not involving the chromosomes listed, monosomy of
chromosome 22, and cases with multiple polysomies consistent
with angiomatous meningioma were considered to be consistent
with grade 1 meningiomas. (6, 10, 11, 23).

Tumor Location
To assign tumor location, all available imaging was reviewed.
Meningiomas were classified based on their location into
anterior skull base, middle skull base – medial, middle skull base
– lateral, anteromedial posterior cranial fossa, posterolateral
posterior cranial fossa, spinal, anterior convexity (anterior to
central sulcus), posterior convexity (posterior to central sulcus),
falcine/parasagittal, tentorial, tentorial sinus, peritorcular,
intraventricular, or multifocal. Meningiomas were further
classified based on their sublocation (i.e., anterior clinoid process,
posterior clinoid process, clival, etc.) (Supplementary Figure 1).

Data Analysis
Descriptive statistics, scatter plots, and figures were generated
using GraphPad Prism (GraphPad Software, San Diego, CA).
Summary statistics are reported as counts or proportions for
categorical variables. For continuous variables (e.g., Ki-67) mean
and standard deviation are shown in figures. Statistical analysis
of copy number alterations and Ki-67 between meningiomas
with high-grade and low-grade copy number variations were
done by one-way analysis of variance (ANOVA) with Tukey’s
Frontiers in Oncology | www.frontiersin.org 3132
post-hoc test for multiple comparisons. Significance was defined
as a p-value of less than 0.05.
RESULTS

A Two-Year Cohort of Resected
Meningiomas Used to Assess the
Clinical Value of Routine
Advanced Molecular Profiling
We obtained advanced molecular profiling to supplement our
histopathologic analysis of a prospective series of meningiomas
with molecular data from May 2019 to April 2021. A total of 156
cases of meningioma were resected at OU Health during this two-
year period and a minimal number of cases were excluded from
this cohort (Figure 1A). Of the five cases that were excluded from
analysis, two lacked molecular data due to insufficient DNA, one
was located outside of the CNS, and two were duplicate cases that
recurred within the two-year period of this study. The remaining
151 cases that were included in analysis comprised mostly WHO
grade 1 cases (85%), but ~15% were WHO grade 2/3 (Figure 1B
and Supplementary Table 1). Alterations in the NF2 gene, the
most common genetic disturbance associated with meningiomas,
were evenlydistributed across grades and comprised approximately
40% of the total meningioma cohort. The common histopathologic
subtypeswere all represented inour cohortwithmeningothelial and
transitional comprising themajority of grade 1 tumors (Figure 1C)
(1, 3). Demographics of our cohort also aligned with national data
with grade 1 meningiomas occurring more frequently in females,
while this discrepancy diminishes in WHO grades 2 and 3
(Figure 1D and Supplementary Table 1) (3, 6). Molecular data
obtained from Mayo Clinic Laboratories included the Neuro-
Oncology Expanded Gene Panel which reports sequence
alterations in 118 genes and copy number alterations determined
by chromosomal microarray. Sequence alterations were probed by
the Neuro-Oncology Expanded Gene Panel for 99% of cases. Copy
number alterations were determined by chromosomal microarray
for 82% of cases. 81% of cases had data from both the Neuro-
Oncology Expanded Gene Panel and chromosomal microarray
(Figure 1E and Supplementary Table 1). The cohort included
mostly intracranialmeningiomaswith only 2.6% of cases located in
the spine and 6% of cases with multiple meningiomas.
Meningiomas arising from the meninges overlying the anterior
and posterior convexities, the falx, and tentorium were included in
the cohort, andmore thanhalf of cases (52%)were classified as skull
base meningiomas (Figure 1F).

Copy Number and Sequence
Alterations Consistent With High
Grade Seen in a Significant Number of
WHO Grade I Meningiomas
Copy number data have been shown to predict tumor behavior,
and several groups have proposed molecular grading systems
based on copy number data due to the accessibility of this data
in a non-research clinical setting (6, 10, 12, 23, 24). We determined
whether meningiomas in our cohort had copy number profiles
March 2022 | Volume 12 | Article 846232
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consistent with low-grade or high-grade meningiomas – thereby
classified as “low” or “high” risk profiles – based on prior literature.
These profiles were then compared to the assigned histopathologic
WHOgrade (Figure 2A). Copy number eventswere frequently loss
events and increased significantly with increasingWHOgrade (p <
0.0001) (Figure 2B). Grade 1 meningiomas generally have more
balanced copy number profiles or isolated monosomy 22. WHO
grade 1meningiomas with higher grade copy number profiles have
been shown to progress to a higher WHO grade over time (6, 25).
Aside from chromosome 22, loss of 1p was the most common
chromosomal abnormality inWHO grade 1 as well asWHO grade
2/3 in our series, consistent with prior reports. Losses involving 6q
Frontiers in Oncology | www.frontiersin.org 4133
and 14q also occurred frequently. (Supplementary Table 2). Low
grade copy number profiles were seen in 71% of WHO grade 1
meningiomas of which 44% had no significant copy alterations.
Surprisingly, the remaining29%ofWHOgrade1meningiomashad
copy number profiles suggestive of a higher-grade tumor and were
therefore referred to as “higher risk” profiles. For WHO grade 2/3
meningiomas, 78% of cases had copy number profiles consistent
with high grade, but 22% exhibited copy number profiles usually
found in grade 1meningiomas (Figure 2A). The difference in copy
number loss events for meningiomas with low grade copy number
profiles was not statistically different between WHO Grade 1
when compared to WHO Grade 2/3 meningiomas (p > 0.999).
A CB

D

F

E

FIGURE 1 | Characteristics of the two-year OU Health meningioma cohort. (A) Flowchart depicting selection of meningiomas for the OU Health cohort and
molecular data collected with the number of cases shown in parentheses. (B) Percentages and NF2-status of meningiomas assigned to each WHO grade in the
meningioma cohort with national data from the 2020 CBTRUS statistical report shown for reference (2). (C) Histologic architecture seen in the meningioma cohort.
Proportions of Grade I (green), Grade II (yellow), and Grade III (red) meningiomas are shown. (D) Proportion of male and female patients for each WHO Grade and
the total cohort. The number of patients in each category is shown in parentheses. (E) Plot depicting the proportion of cases with data from either the Neuro-
Oncology Panel, copy number data (chromosomal microarray), or cases with Neuro-Oncology Panel as well as copy number data. Shades of blue correspond to
WHO Grade I-III as in panel (B). (F) Location of meningiomas included in the cohort. Meningiomas classified as spinal (2.6%), optic nerve (0.7%), and cases with
multiple meningiomas (6%) are not shown.
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Copy number loss events were significantly higher for cases with
higher-grade copy number profiles when compared to those with
lower grade copy number profiles regardless of WHO grade (p <
0.001) (Figure 2C). Themitotic index (Ki-67)was higher forWHO
grade 1 meningiomas with high grade copy number profiles when
compared to WHO grade 1 meningiomas with low grade copy
number profiles (4.0 ± 4.5 vs. 2.2 ± 2.08). However, there was
considerable variability, and this difference did not reach statistical
significance (p= 0.14) (Figure 2D). Similarly, themitotic indexwas
Frontiers in Oncology | www.frontiersin.org 5134
not statistically different between WHO grade 2/3 meningiomas
with low risk compared to high-risk copy number profiles (p =
0.998). WHO grade 1 meningiomas with high risk molecular
profiles were not distinguishable from those with low risk
molecular profiles based on histologic architecture alone
(Figures 2E, F). In addition to copy number alterations, sequence
alterations in BAP1, CDKN2A/B, and TERT are associated with a
more aggressive clinical course. In our cohort, 8% of meningiomas
harbored mutations in one of these genes with most of these cases
A C

E

G

F

DB

FIGURE 2 | Cases with inconsistencies between molecular data and histopathologic WHO grading. (A) Comparison of “molecular grade” suggested by copy
number data with histopathologic WHO grade. (B) Absolute count of chromosome arms with copy number loss events in any of: 1p, 3p, 4p/q, 6p/q, 10 p/q, 14q,
18p/q, 19p/q, 22 p/q in each WHO grade. (C) Absolute count of copy number loss events for cases with low-grade or high-grade copy number profiles in WHO
grade 1 and WHO grade 2/3 meningiomas. (D) Scatter plot showing maximum Ki-67 for WHO grade 1 and WHO grade 2/3 meningiomas with low-grade or high-
grade copy number profiles. (E, F) Representative images showing hematoxylin and eosin (H&E)-stained slides at 40X demonstrating the histomorphology of NF2
wild-type (left) and NF2 altered (right) meningiomas with (E) higher-grade or (F) lower-grade copy number profiles. (G) Pie chart depicting the proportion of WHO
grade 1 cases with higher-grade copy number profiles or with sequence alterations in BAP1, CDKN2B, or TERT in the total cohort (middle) and in NF2 wild-type
versus NF2 altered meningiomas (right). Mutations in the TERT promoter were seen 17% (1/6) of the TERT alterations. For panels (B–D), mean and standard
deviation is shown and statistical significance is indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).
March 2022 | Volume 12 | Article 846232

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


Roehrkasse et al. Routine Molecular Profiling of Meningiomas
(8 out of 12) occurring inWHOgrade 1meningiomas (Figure 2G).
These discrepancies occurred in bothNF2wild-type as well asNF2-
altered meningiomas, although higher grade copy number
alterations were more common in NF2-altered meningiomas.
TERT mutations occurred more frequently in NF2 wild-type
meningiomas. Mutations in the TERT promoter accounted for
29% of TERT mutations. Interestingly, most cases with sequence
alterations in BAP1, CDKN2A/B, and TERT occurred in
meningiomas with a low-grade cytogenetic background. Taken
together, higher-risk copy number profiles or adverse mutational
profiles were present in 29% ofWHOgrade 1 cases, and these were
not distinguished by mitotic index nor histologic architecture.

Genomic Landscape of the
Cohort Identifies Molecular
Subpopulations of Meningiomas
Efforts to better understand the biology of meningiomas have
identified mutually exclusive subpopulations of WHO grade 1
meningiomas with unique driver mutations. These include
meningiomas with mutations in AKT1, PIK3CA, POLR2A,
SMO, KLF4, and POLR2A, TRAF7. Mutations in these genes
have been shown to correlate with tumor location and, in some
cases, determine histologic subtype of meningioma or inform
tumor behavior (6, 16, 26, 27). A focused mutational profile of
our cohort is shown in Figure 3A. Mutational profiles
subdivided meningiomas into genetically distinct subgroups
most of which had either a single oncogenic driver mutation
or previously described co-mutations such as KLF4 K409Q
(K443Q) with an altered TRAF7 or AKT1 E17K with an
altered TRAF7 (Figure 3A and Supplementary Table 3). With
few exceptions, mutations occurred in a bland cytogenetic
background, which is consistent with these mutations being
associated with a more benign clinical course when compared
to meningiomas with high-grade copy number alterations (6, 24,
25). Since most meningioma cases in our cohort were WHO
grade 1, the genomic data for our WHO grade 2/3 meningiomas
Frontiers in Oncology | www.frontiersin.org 6135
is more limited (Figure 3B). Nevertheless, our analysis of WHO
grade 2/3 meningiomas is consistent with previous reports of the
genomic landscape seen in higher WHO grade meningiomas
(25). While NF2 alterations are frequently encountered in WHO
grade 2/3 meningiomas, the abovementioned driver mutations
encountered in NF2 wildtype meningiomas occur less frequently
in grade 2/3 meningiomas. One exception to this was a recurring
co-mutation AKT1 and TRAF7 that occurred in higher grade
meningiomas with a low-grade cytogenetic background.

Correlation in Demographics and Tumor
Location Are Seen in Meningiomas With
Similar Molecular Profiles
Molecular profiling allowed us to further subdivide meningiomas
into several molecular sub-groups that are predicted to behave
similarly based on previous studies (Figure 4A). Of note, sub-
groups with low-grade copy number and sequence alterations
exhibited similar ratios of M:F (~25:75) regardless of WHO grade
(Figure 4B). Furthermore, meningiomas with low grade features
tended to occur more frequently in skull base locations with NF2
wild-type meningiomas occurring more frequently in the anterior
and middle fossae, whereas NF2-altered meningiomas were more
commonly located in the posterior and middle fossae and along
the falx (Figure 4C). In contrast, meningiomas with higher grade
copy number alterations had more balanced M:F ratios which is
often seen in higher grade meningiomas (Figure 4B).
Furthermore, these tended to occur more frequently in
paravenous locations (i.e., parasagittal, falcine) and rarely
occurred in the anterior skull base where grade 1 meningiomas
more frequently occurred (Figure 4C) (25).
DISCUSSION

Molecular data have been incorporated in the WHO grading
criteria for other CNS tumors since 2016, while grading of
A B

FIGURE 3 | Genomic landscape of meningiomas included in the cohort. (A) Depiction of all Grade 1 meningioma cases harboring high grade (red) or low grade
(green) copy number profiles and sequence alterations as determined by advanced molecular profiling. (B) Plot showing copy number alterations and sequence
alteration for all WHO grade 2 and 3 cases included in the study. For both (A, B) each vertical column represents one case. TERT mutations were in the promoter in
17% (1 case) of WHO Grade 1 meningiomas (A) and in all of the WHO grade 2 TERT mutated meningiomas (1 case) (B).
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meningiomas has been largely based on histopathologic data (5).
This year, molecular alterations, including CDKN2A/B and
TERTp , were added to the WHO classification for
meningiomas (21). While alterations in these genes are
recognized as negative prognostic markers, they occur in a
small number of meningiomas and do not aid in identification
of intermediate risk meningiomas (7). In recent years, there has
also been a rapidly growing body of literature supporting the use
of advanced molecular profiling in classifying meningiomas.
Classification schemes based on methylation, sequence
alterations, and copy number data have been introduced and
have been shown to be superior to WHO grading in predicting
tumour behaviour (10, 12–14). Nevertheless, such molecular
methods are not widely incorporated in clinical practice where
histopathologic WHO grade remains the standard that guides
management of patients with meningioma.

A major hurdle to incorporation of advanced molecular
profiling in the routine care of patients with meningiomas is
that access to advanced molecular profiling methods, including
DNA and RNA sequencing as well as methylome studies, is
Frontiers in Oncology | www.frontiersin.org 7136
limited to major academic and research institutions (28, 29). To
address this, we used resources that are commercially available
for routine determination of tumour genetics through the Mayo
Clinic Laboratories and assessed the clinical value of
incorporating advanced molecular profiling of all resected
meningiomas into routine clinical management. The advanced
molecular profiling methods employed in this study are ones that
could therefore feasibly be accessed widely by treatment groups
in the management of meningiomas. While this additional
testing adds upfront cost to the evaluation of meningiomas, the
potential benefits of accurately predicting clinical behaviour and
improving clinical management are invaluable, potentially
avoiding unnecessary treatment in patients with WHO grade
2/3 tumors expected to be low-risk and possibly improving
outcomes for WHO grade 1 meningiomas with high-risk
genetic profiles.

An important consideration in the management of
meningiomas is the use of adjunct radiation for treatment of
tumors that are difficult to control with surgical resection alone.
Recent trials have evaluated the benefits of radiation in
A

C

B

FIGURE 4 | Similarities in demographics and tumor location are seen in meningiomas with similar copy number data. (A) Proportion of grade 1 vs. grade 2/3
meningiomas based on histopathologic grading shown on left. Meningiomas divided by molecular data (right). (B) Male-to-female ratio plotted side by side for all
WHO grade 1 and grade 2/3 meningiomas (blue), meningiomas with copy number alterations consistent with low grade (green) and those consistent with high grade
(red). (C) Meningiomas with low grade copy number alterations predominately occur in skull base locations (WHO grade 1 meningiomas shown on left). WHO grade
2 meningiomas with low grade copy no. alterations and meningiomas with high grade copy no. alterations are shown on right.
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meningiomas with an intermediate risk of recurrence, including
recurrent grade 1 meningiomas and grade 2 meningiomas
following gross-total resection (8, 9), while randomized trials are
ongoing. While the proper use of radiation in this subset of
meningiomas remains an area of debate, proper and consistent
classification of meningiomas into low-, intermediate-, and high-
risk categories is crucial in order to accurately evaluate the
appropriateness of radiation therapy in management (7, 30).
Systemic therapies targeting oncogenic driver mutations have
had limited success in the treatment of meningiomas and are
not widely incorporated in clinical practice (31, 32). However,
molecular targets continue to be an area of research for
meningiomas with ongoing clinical trials (33). If systemic
therapies become a viable option for treatment of meningioma,
molecular data will be crucial for clinical decision making.

We found a significant percentage of meningiomas within our
cohort that were predicted to behave inconsistent with their
assigned WHO grade based on the molecular profiles (nearly
30%). This is consistent with a recent report that applied
advanced genomics to create a molecular grade with improved
prediction of meningioma behaviour, with up to 32% of cases
reclassified when molecular data were applied (10). There are
limitations inherent to our study design that are important to
consider. While our sample generally mirrors national data, we
include a slightly higher proportion of grade 1 cases (85% vs. the
reported 80% (2). With a sample size of 151 patients, we have a
cohort with relatively small numbers of grade 2 cases and only
two grade 3 cases. Our cohort is also fairly heterogenous,
including cranial and spinal cases as well as eleven recurrent
cases, and with a larger fraction of skull base tumors. While such
heterogeneity can introduce variables that confound
interpretation, we felt that for the purpose of this study it was
important to minimize the exclusion of cases to accurately
represent a two-year meningioma cohort. The data we have
included are from recently resected meningiomas; therefore, we
do not include prospective data providing patient follow-up and
critical metrics, such as rates of recurrence of meningiomas and
overall survival. The goal of this study was to quantify the rate of
discrepancy between molecular profiles and histopathologic
grading; however, patient follow-up to determine the predictive
power of the molecular profi le when compared to
histopathologic grade will be a critical next step in reconciling
molecular data with histopathologic grade.

In recent years, the clinical impact of molecular data in the
treatment and management of meningiomas has become
evident. Numerous classifications that incorporate molecular
data have been shown to improve the prediction of tumour
behaviour for meningiomas. With the rapid advances in
Frontiers in Oncology | www.frontiersin.org 8137
molecular understanding of meningiomas over the recent
years, it will be important to determine how this information
can be integrated in routine clinical settings and standardized
nationally, in particular for institutions with limited resources,
and to correlate this information with clinical outcomes.
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Background: Intracranial hemangiopericytoma/solitary fibrous tumor (SFT/HPC) is a rare
type of neoplasm containing malignancies of infiltration, peritumoral edema, bleeding, or
bone destruction. However, SFT/HPC has similar radiological characteristics as
meningioma, which had different clinical managements and outcomes. This study aims
to discriminate SFT/HPC and meningioma via deep learning approaches based on routine
preoperative MRI.

Methods: We enrolled 236 patients with histopathological diagnosis of SFT/HPC (n =
144) and meningioma (n = 122) from 2010 to 2020 in Xiangya Hospital. Radiological
features were extracted manually, and a radiological diagnostic model was applied for
classification. And a deep learning pretrained model ResNet-50 was adapted to train T1-
contrast images for predicting tumor class. Deep learning model attention mechanism
was visualized by class activation maps.

Results: Our study reports that SFT/HPC was found to have more invasion to venous
sinus (p = 0.001), more cystic components (p < 0.001), and more heterogeneous
enhancement patterns (p < 0.001). Deep learning model achieved a high classification
accuracy of 0.889 with receiver-operating characteristic curve area under the curve (AUC)
of 0.91 in the validation set. Feature maps showed distinct clustering of SFT/HPC and
meningioma in the training and test cohorts, respectively. And the attention of the deep
learning model mainly focused on the tumor bulks that represented the solid texture
features of both tumors for discrimination.

Keywords: hemangiopericytoma, meningioma, magnetic resonance imaging, deep learning, classification
INTRODUCTION

Intracranial hemangiopericytoma (HPC) is a rare type of neoplasm developing from meningeal
mesenchyme around vessels. Considering the overlapping molecular characteristics (1–3), the 2016
World Health Organization (WHO) classification of tumors of the central nervous system (CNS)
combined HPC and solitary fibrous tumor (SFT) into one term SFT/HPC and assigned three grades
within the entity (4). As such, this low proportion of intracranial tumors has a high risk of
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https://www.frontiersin.org/articles/10.3389/fonc.2022.839567/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.839567/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.839567/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:lxjneuro@csu.edu.cn
mailto:yeningrong0@163.com
https://doi.org/10.3389/fonc.2022.839567
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.839567
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.839567&domain=pdf&date_stamp=2022-03-03


Chen et al. Intracranial Hemangiopericytoma and Meningioma Classification
recurrence and systemic metastasis (5–7). Once diagnosed, SFT/
HPC must be treated aggressively with a more detailed surgical
treatment followed by radiotherapy and chemotherapy due to its
malignancy of infiltration, peritumoral edema, bleeding, and
bone destruction (8–11). However, it might be difficult to
discriminate SFT/HPC from meningioma because of the
different incidences but similar characteristics on clinical
and radiological manifestations (Supplementary Figure S1)
(12). On the contrary, not all meningiomas need to be treated
aggressively. Therefore, precise distinction between SFT/HPCs
and meningiomas are essential before surgery or therapy.

Previous studies have revealed that MRI-based imaging may
contribute to the diagnosis of SFT/HPC (13–15). Radiologically,
SFT/HPCs exhibit more aggressive behaviors like necrosis and
bone erosions and heterogenous enhancement (16). And
preoperative multimodal MRI images could supply sufficient
information on tumor location, size, and peritumoral tissues for
surgical planning. Previous quantitative analysis provides effective
markers such as apparent diffusion coefficient (ADC) values in
diffusion-weighted imaging (DWI) and the degree of intratumoral
susceptibility signal intensity (ITSS) in susceptibility weight
imaging (SWI) (14, 15, 17). However, SFT/HPC has a very low
incidence, so that physicians might neglect the prescription of
multimodal imaging. And these multimodal images are not always
obtainable due to the machine-hour shortage and patients’
economic condition in many developing countries. Preoperative
classification by routine MRI images is urgently needed.

Artificial intelligence approaches for routine MRI images
have been proven to be efficient ways to achieve semantic
segmentation of lesions and extraction of multidimensional
information (18–20). State-of-the-art deep learning
architectures such as convolutional neural network (CNN)
have powerful performance in brain tumor classification,
objection, and segmentation (21–23). And another advantage
is to implement transfer learning that uses large pretrained
model weights and fine-tunes the classification layers to obtain
higher accuracy with few data.

In this study, we retrospectively collected data from patients
from Xiangya Hospital with histopathologically confirmed SFT/
HPCs and meningiomas. The aim was to adopt a pretrained deep
learning neural network model ResNet-50 (24). By implementing
the deep learning algorithms through single-modal conventional
MRI images, our model achieved a high accuracy of preoperative
diagnosis of SFT/HPCs and meningiomas. Hence, it can assist in
surgical planning and treatment after the operation.
MATERIALS AND METHODS

Clinical Cohort and Data Acquisition
In our retrospectively study, a total of 236 patients with MRI data
were enrolled in Xiangya Hospital from 2010 to 2020, with their
clinical and pathological data collected from the Electronic
Medical Record System. Considering that meningioma is way
more common in our center, we selected similar numbers of
patients to prevent model overfitting. Among them, 114 cases
Frontiers in Oncology | www.frontiersin.org 2140
were pathologically diagnosed with SFT/HPC and 122 cases were
pathologically diagnosed with meningioma. Exclusion criteria
included previous relevant treatment history or recurring cases;
patients without MRI images in our hospital or poor image
qualities (Figure 1). Brain MRI was performed as part of routine
clinical care on scanners from various manufacturers with
different magnetic field strengths (Table 1) and acquisition
parameters. This study was approved by the institutional
review board of our hospital.

Imaging Preprocessing
For each patient, presegmentation image registration was
performed with T1, T2, T1-weighted contrast-enhanced (T1C),
and T2-weighted fluid-attenuated inversion recovery (FLAIR)
images. Affine images were coregistered into the same geometric
space using the Elastic toolbox (25). Voxels of different sets of
images were resliced into an average size of 0.52 mm × 0.52 mm ×
4.74 mm. All the sequences of images were used for the
segmentation of tumors, peritumoral edemas, and cysts. ITK-
SNAP, an open-source 3D image analysis software (26), was
implemented for delineating tumor boundaries in a
semiautomated fashion on a slice-by-slice basis. All regions of
interest (ROIs) containing the main disease components were
manually delineated on each MRI image by two neuroradiologists
(NY and NJ) who had 5 and 10 years of combined experience in
neurosurgery and brain tumor imaging, respectively. They were
blinded to the patients’ medical information.

We evaluated the interobserver (reader 1 vs. reader 2) and
intraobserver (reader 1 twice) reproducibility of lesion labeling
by calculating the interclass and intraclass correlation coefficients
(ICCs). For interobserver reproducibility, reader 1 and reader 2
segmented the lesions independently and they were blinded to
each other’s segmentations. In addition, and for intraobserver
reproducibility, reader 1 repeated the segmentation procedure
within 1 week of the first analysis. Generally, ICC >0.80 indicated
a good agreement for segmentation.

Simultaneously, we extracted the radiological factors including
tumor boundary, bone erosion, dural sign, T1C enhancement
patterns, venous sinus invasion, cystic components, and
peritumoral edema. And we adapted a logistic regression to
train a radiological diagnostic model for classification.

Deep Learning Training and Validation
ResNet-50 pretrained model was adapted to train the
classification model, and we selected the center slice for each
lesion to build our datasets. To fit the pretrained initial weights of
3 color channels, we applied the Jet colormap to convert the
gray-level images into RGB images, then data augmentation was
performed to prevent overfitting and extend the datasets.
Concretely, 5 data augmentation approaches were used by
TorchIO (27) including random flip random noise, random
motion, random blur, and random ghosting. Finally, all images
were normalized and recropped to 3 × 224 × 224 initial input size
as expected by the model and divided into batches by batch size
16 for more efficient training (Figure 2). In this study, we
compared different sequences including T1, T1C, and T2 and
found superior model performance with a single T1C. Thus, we
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only used T1C and chose the center image of ROI in axial slice as
input data. Given that T1C-based MRIs are commonplace
among clinical protocols for patients with SFT/HPC or
meningioma, our model would be broadly applicable.

We trained our model on an Ubuntu 18.04 computer with 1
Intel Core i9-7940 CPU using an NVIDIA GTX 1080Ti 11GB
GPU, with 256 GB available system RAM. Training in all
categories was run for 300 epochs by an SGD optimizer with
Frontiers in Oncology | www.frontiersin.org 3141
momentum 0.9 and weight decay 4e-5 and cross entropy loss
function. To fine-tune the pretrained model, we froze the
convolutional layers and retrained the final fully connected
classification layer. Learning rate was initially set as 2e-5 in the
frozen layers and 1e-5 in the classification layer and utilized a
decay rate of 0.9 for each of the 4 steps until the model reached
convergence. In this study, we split our data into training set and
validation set according to a 4:1 ratio (training cohort = 189,
validation cohort = 47).

Feature Analysis
We applied classification activation maps (CAMs) to visualize
network attention. Internal mechanisms of deep learning
algorithms have often been referred to as a “black box.”
Implementation of CAMs could improve transparency and
understand the operations and attentions of the model. We
applied Smooth Grad-CAM++ (28) that uses the gradients of
the target concepts to produce a coarse localization heatmap
highlighting the important regions in images for predicting the
concept for model visualization. Specifically, in any class c, Grad-
CAM firstly computed the gradient of the score yc before softmax
with respect to feature maps Ak, then random samples in a
neighborhood of inputs are taken to smooth the feature maps,
TABLE 1 | Clinical scanners used in the study.

SFT/HPC
(n = 114)

Meningioma (n = 122) p-value

All manufacturers 0.451
Total at 1.5T 81 68
Total at 3T 33 36

3.0T Scanners 0.847
SIEMENS 5 5
GE Medical Systems 28 31

1.5T Scanners 0.925
SIEMENS 53 58
TOSHIBA 18 19

Alltech Medical Systems 10 9
HPC, hemangiopericytoma; SFT, solitary fibrous tumor.
FIGURE 1 | Flowchart of the whole study.
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and gradients flow back to obtain the importance weights from
Ak. To produce Smooth Grad-CAM++, we calculated the
gradient of the ground truth with respect to the last layer
before classification and used the pytorch-grad-cam github
repository (https://github.com/jacobgil/pytorch-grad-cam).
And we calculated the distance from the activation center to
the center or edge of the tumor to compare the difference of the
tumor recognition patterns.

We also extracted feature maps of the last layer before
classification in the ResNet model and analyzed them by an
unsupervised algorithm t-distributed stochastic neighbor
embedding (t-SNE). This showed similarity between data
points to joint probabilities and reduce the number of
dimensions of image features depending on the non-linear
function. And t-SNE was also applied to visualize high-
dimensional radiological factors.

Statistical Analysis
We used Student t and c2 tests to evaluate differences in patient
demographics between data split. Deep learning model
performance was also assessed using positive predictive value
(PPV), negative predictive value (NPV), sensitivity, specificity, f1-
score, receiver-operating characteristic curve area under the curve
(AUC), and average precision (AP) score. And p < 0.05 was
Frontiers in Oncology | www.frontiersin.org 4142
considered statistically significant. All statistical analysis and
visualization were performed using scikit-learn, numpy, pandas,
matplotlib, scipy, statsmodels, and seaborn libraries in Python 3.8.0.
RESULTS

Demographics and Radiological
Characteristics
A total of 236 cases were enrolled in this study (Table 2), of
which 114 cases were pathologically diagnosed as SFT/HPCs and
122 cases were pathologically diagnosed as meningiomas. There
were no significant differences between the two groups in terms
of gender (p = 0.770) and age (p = 0.163). Almost half the cases of
both tumors occurred in the convexity, including cerebrum and
cerebellum. Yet, 50 cases of meningiomas were located at the
skull base compared to 32 cases of HPCs. For radiological factors,
most cases showed clear tumor boundary without bone erosion.
Meningiomas displayed more dural tail sign, while only 9.3% of
SFT/HPCs displayed the dural tail sign. However, SFT/HPC
lesions showed more invasion to venous sinus (p = 0.001) and
more cystic components (p < 0.001). A heterogeneous
enhancement pattern was observed in 79.6% of all SFT/HPCs
and in 64.7% of all meningiomas with significant differences (p <
A

B

FIGURE 2 | Image preprocessing and model training. Regions of interest (ROIs) were extracted from the aligned images, and the jet colormap was applied to
grayscale MRI images, followed by the use of 5 image augmentation techniques (A). After preprocessing, input image size was reshaped to 3 × 224 × 224. ResNet-
50 convolutional layers were frozen, and the last classification layers were retrained for solitary fibrous tumor/hemangiopericytoma (SFT/HPC) and meningioma
discrimination (B).
March 2022 | Volume 12 | Article 839567
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0.001). No significant differences in bone erosion (p = 0.39) and
peritumoral edema (p = 0.361) were present.

Diagnostic Performance of Radiological
Features and Deep Learning Model
As shown in Figure 3, the transfer learning model reached a
stable convergence at around 100 steps of training. After a model
Frontiers in Oncology | www.frontiersin.org 5143
convergence, we got an average loss of 0.400 ± 0.040 [mean ±
standard deviation (SD)] and an accuracy of 0.889 ± 0.024 in the
validation set. The deep learning model reached satisfactory
AUCs (Figures 4A, C) of 0.92 and 0.91 in the training and
validation cohorts, respectively. In comparison, applying these
radiological features (tumor boundary, bone erosion, dural sign,
T1C enhancement patterns, venous sinus invasion, cystic
A B

C D

FIGURE 3 | Deep learning training and validation. We trained 300 epochs and training and validation loss reached convergence at around 100 epochs. (A, B)
showed loss curve of the transfer model in the training set and validation set, respectively. (C, D) showed the accuracy curve of the transfer model in the training set
and validation set, respectively.
TABLE 2 | Demographic table.

SFT/HPC (n = 114) Meningioma (n = 122) Total (n = 236) p-value

Age (years) 42.72 ± 14.87 45.13 ± 11.64 43.97 ± 13.32 0.167
Female (n, %) 52 (45.6%) 59 (48.3%) 111 (47.0%) 0.77
Location 0.024
Convexity 74 58 132
Skull base 40 50 90
Falx 5 11 16
Intraventricular 5 3 8

Boundary Clear (n, %) 89 (78.1%) 108 (88.5%) 197 (83.5%) 0.05
Bone Erosion (n, %) 12 (10.5%) 8 (6.6%) 20 (8.5%) 0.39
Dural Tail (n, %) 10 (8.8%) 41 (33.6%) 51 (21.6%) <0.001
Enhancement n = 109 n = 119 0.011
homogeneous 21 42 63
heterogeneous 88 77 165

Venous sinus invasion (n, %) 49 (43.0%) 28 (23.0%) 77 (32.6%) 0.001
Peritumoral edema (n, %) 41 (36.0%) 52 (42.6%) 93 (39.4%) 0.361
Cystic component (n, %) 26 (22.8%) 6 (4.9%) 35 (14.8%) <0.001
M
arch 2022 | Volume 12 | Article
HPC, hemangiopericytoma; SFT, solitary fibrous tumor.
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components, and peritumoral edema) for differentiating SFT/
HPC from meningiomas in our study only reached AUCs
(Figures 4B, D) of 0.74 and 0.78 in the training and validation
cohorts, respectively. And for the validation set, quantitative
metrics were calculated and shown in Table 3. The model
achieved higher NPV (100% for SFT/HPC and 86.00% for
meningioma) and sensitivity (100% for SFT/HPC and 84.21%
for meningioma) for SFT/HPC compared to meningioma. And
the model achieved higher PPV (85.71% for SFT/HPC and 100%
for meningioma) and specificity (84.21% for SFT/HPC and 100%
for meningioma) for meningioma compared to SFT/HPC. The
f1-score for both tumors was similar (0.92 for SFT/HPC and 0.91
for meningioma). The AP value for SFT/HPC was 0.92 and for
meningioma was 0.86.

Analysis of Feature Maps in Convolutional
Layers
The feature maps we extracted represent the average pooling
layer before the classification layer. Furthermore, results from
the t-SNE show a distinct clustering of SFT/HPC and
meningioma in the training and test cohorts (Figures 5A,
C). However, t-SNE of patients based on radiological features
Frontiers in Oncology | www.frontiersin.org 6144
did not show an obvious cluster tendency of the two kinds of
tumor (Figures 5B, D). By implementing Smooth Grad-CAM
++, we identified the regions within the image that mostly
contributed to the prediction model (Figure 6C). The warm
tones in the heatmap in the vicinity of the tumor show
attention regions of the model. We found that for truly
predicted groups, network attention overlapped with the
tumor areas for SFT/HPC and meningioma. For incorrectly
predicted groups, the attention regions of the model were
deviated from the tumor bulks. And we calculated the distance
from the attention focal point to the tumor bulk and found no
significant differences between the SFT/HPC and meningioma
for the ground truth group (p = 0.124) (Figure 6A, left) and
the true predicted group (p = 0.125) (Figure 6A, right). Also,
no significant differences in the distance were found from the
focal points (when outside of the tumor) to the outer edge of
the tumor for the truly predicted group (p = 0.432)
(Figure 6B, right). But for the ground truth group, SFT/
HPC showed a little bit higher distance from the focal
points to the outer edge of the tumor (p = 0.03) (Figure 6B,
left). The results suggested tumor bulks of both tumors are the
attention areas for the model.
A B

C D

FIGURE 4 | Model evaluation. (A) Receiver-operating characteristic (ROC) curve of the transfer model in the training set with receiver-operating characteristic curve
area under the curve (AUC) of 0.92. (B) ROC curve of the radiological feature classification model in the training set with AUC of 0.74. (C) ROC curve of the transfer
model in the validation set with AUC of 0.91. (D) ROC curve of the radiological feature classification model in the validation set with AUC of 0.78.
March 2022 | Volume 12 | Article 839567
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DISCUSSION

In our study, we established a neural network classification
model to distinguish SFT/HPC from meningioma. State-of-the-
art deep learning architecture based on pretrained ResNet-50
was adapted on single T1C sequence images, and it achieved a
high prediction accuracy of 0.899 with AUCs of 0.92 and 0.91 in
the training and validation sets. Extracting the feature maps and
applying unsupervised learning also showed good performance
of image feature training. Our results suggest a promising
approach for automated discriminating these two types
of tumors.

Intracranial SFT/HPC is a rare tumor with a diagnostic age of
35–50 years and a similar male-to-female ratio (5, 29, 30).
Frontiers in Oncology | www.frontiersin.org 7145
Consistent with previous studies, our study reports that SFT/
HPC and meningioma occur on similar average age and gender
ratios, and we also reported a similar location distribution in
convexity and skull base. Using demographic features to
diagnose SFT/HPC was difficult, so physicians relied on the
preoperative radiological factors to make decisions. Specifically,
firstly, the “dural tail” sign, described as the thickness of the dura
adjacent and traditionally considered as a specific sign (31), was
significantly different in SFT/HPC and meningioma. Thus, its
appearance points toward diagnosing meningioma. Secondly,
intracranial SFT/HPC has a rich blood supply, leading to marked
heterogeneous enhancement detected in most cases, which may
be explained by pathological characteristics (13, 32, 33). Thirdly,
HPC is more aggressive and tends to have more sinus invasions,
A B

C D

FIGURE 5 | Visualization of feature maps. Features extracted by transfer model and visualized by t-distributed stochastic neighbor embedding (t-SNE) showed
distinct clustering in the training set (A) and validation set (C), respectively. Features extracted by radiological feature classification model and visualized by t-SNE
showed non-distinct clustering in the training set (B) and validation set (D), respectively.
TABLE 3 | Quantitative results for the validation set.

PPV NPV Sensitivity Specificity F1-score AUC AP

SFT/HPC 85.71% 100% 100% 84.21% 0.92 0.91 0.92
Meningioma 100% 86% 84.21% 100% 0.91 0.91 0.86
March 2022 | Volu
me 12 | Article 83
HPC, hemangiopericytoma; SFT, solitary fibrous tumor; PPV, positive predictive value; NPV, negative predictive value; AUC, receiver-operating characteristic curve area under the curve;
AP score, average precision score.
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cysts components, and peritumoral edema (13, 34). Yet, our
study reported no significant difference in edema. On the other
hand, edema and cystic properties of the tumor indicate a high
malignancy and the necessity of surgical resection. We also
evaluated the classification performance by using radiological
features. The results of the radiological diagnostic model in our
study are not good; however, these features are quite important
for a preliminary clinical impression to discriminate the tumors.
Lastly, other studies (14, 15; 35, 36) examined DWI and SWI
characteristics of these two tumors. These studies reported
higher ADC values in SFT/HPC due to its redundant vascular
spaces and increased perfusion. And mean ADC values in
peritumoral edema in SFT/HPC were lower. It may be
speculated that the rapid growth and infiltration into adjacent
normal tissue caused the edema and lower ADC values (36).

Recent advances in deep learning-assisted approaches have
been explored, extracting more quantitative information from
limited data. In 2019, Li etal. (36) investigated the classification
of the two tumors by a radiomics approach on texture analysis.
They reported an accuracy of 77.3% and 87.5% based on DWI
and T1 images. However, the small sample size and lack of
validation set limited the confidence of their results. Wei et al.
Frontiers in Oncology | www.frontiersin.org 8146
(20) developed a clinic-radiomics diagnostic approach called
Intracranial hemangiopericytoma (IHPC) and Meningioma
Diagnostic Tool (HMDT). It achieved an AUC performance of
0.941 in classification of intracranial HPC and meningioma. And
Dong et al. (37) also proposed similar radiomics classification
methods. Compared to our model, radiomics semantic feature
extraction and machine learning classification were independent
and might be biased by different feature extraction and model
classification approaches and researchers. And it mainly relied
on feature fusion of multimodal MRI images, which limited the
application in practice. Thus, our study proposed a transfer
model that could combine feature extraction and prediction
based on only single-modal images with a strong performance
and it could accomplish an end-to-end deployment. In our
training strategies, we also compared the T1 and T2 sequences
with T1C, but they did not reach quite good performance. SFT/
HPC and meningioma often showed enhancement in T1C,
which could appear different with normal brain tissue in signal
intensity. This may help the neural network to recognize the
tumor patterns. T2 sequences may provide more information
about peritumoral edema. However, edema surrounding tumors
showed similar signals with tumors that made the boundary hard
A

C

B

FIGURE 6 | Classification activation maps. (A) Distance from the model’s focal point to the tumor bulk in the ground truth group (left) and truly predicted (right)
group, respectively. Wilcoxon rank test, *p < 0.05. (B) Distance from the model’s focal point (outside the tumor) to the tumor edge in the ground truth group (left)
and truly predicted (right) group, respectively. Wilcoxon rank test, *p < 0.05. (C) Coarse attention maps generated using Smooth Grad-CAM++ for correctly (upper
row) and incorrectly (lower row) solitary fibrous tumor/hemangiopericytoma (SFT/HPC) and meningioma classification. For each pair, the postcontrast T1-weighted
scan and the Smooth Grad-CAM++ attention maps (overlaid on scan) have been shown in the cropped images. In activation maps, warmer and colder colors
represent high and low contribution of pixels toward a correct prediction, respectively. ns, no significance.
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to identify. On the other hand, we lack some T2 or FLAIR
scanning images because those patients could have scanned in
other hospitals or only have poor image qualities, and
approximative edema pattern of SFT/HPC and meningioma
also increased the difficulty of classification. Thus, our single-
modal model has wider implications in clinical work especially in
primary hospitals, and it is easy to integrate the imaging systems.

By implementing CAMs, the attention area of the model
suggested that the tumor bulk regions are quite essential for
recognition. In other words, the tumor enhancement patterns
play a critical role in model classification. And pseudo color
reflection in our preprocessing steps also was useful for training
by modifying the image contrasts. The results suggested that we
should specifically focus on the enhancement regions and
compare the characteristics of contrast differences. Texture
features caused by abundant blood supply and necrosis in the
tumor bulks made the heterogeneous enhancement patterns.
Visualizing the model activation areas could assist us to pay
more attention to these regions when suspecting a tumor of SFT/
HPC. In addition, postcontrast images that we used are more
trustworthy for clinical explanation and model understanding in
clinical practice.

Our study illustrates a classification model with an improved
performance. Yet, there are several limitations in our study. First
of all, only patients in one particular hospital were enrolled in the
study. Hence, to better extend the robustness of the model,
external validation datasets need to be applied to test the model
reliability. Second, DWI and SWI and even functional MRI are
reliable to predict tumor types that we need to explore and
excavate in future studies. Third, both kinds of tumors have
distinct subgroups that require different management strategies
and prognoses. Our model only reached a generalized
classification. More data such as age, gender, and laboratory
tests need to be combined for a more precise prediction. Lastly,
considering that tumor bulk is very important for both tumor
recognition, further biological and molecular characteristics
would be investigated in the future.
CONCLUSIONS

We proposed a deep learning model to classify preoperative MRI
of SFT/HPC and meningioma based on single T1C modal MRI
images. Our model shows high performance to distinguish the
two tumor types with an average accuracy of 0.899 and AUC of
0.91 in the validation set. The tumor bulks that represent the
Frontiers in Oncology | www.frontiersin.org 9147
solid texture features of both tumors are essential for model
discrimination. Hence, our study paves the way toward an
improved clinical diagnosis and management of these
tumor diseases.
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Medical University), Chongqing, China, 3 Chongqing Key Laboratory of Precision Neuromedicine and Neuroregenaration,
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Objective: The potential benefits of preoperative embolization for intracranial
meningiomas are still under debate. We aimed to investigate whether preoperative
embolization can improve surgical and functional outcomes, based on controlling
patient- and tumor-related confounding factors.

Methods: We reviewed all meningioma cases in our department from January 2016 to
May 2021. Cases in the nonembolization cohort were matched to the embolization cohort
by 1:1 ratio propensity score matching, through controlling patient- and tumor-related
confounds. Surgical outcomes, complications, and functional outcomes were
retrospectively compared between these two groups.

Results: Sixty-six cases in each group were included in our study after being matched.
We did not find any significant differences of estimated blood loss (600.00 (400) vs. 500.00
(500.00) ml, p = 0.31), decrease of HGB level (30.81 ± 15.82 vs. 26.59 ± 12.90 g/L, p = 0.09),
gross total resection rate (74.24% vs. 77.27%, p = 0.68), surgical time (302.50 (136) vs.
300.00 (72) min, p = 0.48), blood transfusion rates (53.03% vs. 42.42%, p = 0.35), blood
transfusion volume [650.00 (657.50) vs. 535.00 (875.00) ml, p = 0.63] between the
embolization group and nonembolization group. The number of patients who experience
postsurgery complications were significantly higher in the nonembolization group (39.39% vs.
21.21%, p = 0.02). Patients in the nonembolization group were more likely to have a higher
rate of mRS decline postsurgery (31.82% vs. 15.15%, p = 0.04).

Conclusion:Our study showed significant lower rates of surgical complications and long-
term disabilities of meningioma patients treated with preoperative embolization. There
were no significant differences in estimated blood loss, surgical time, and blood
transfusion volume between embolization and nonembolization groups.

Keywords: meningioma, embolization, outcome, complication, preoperative
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INTRODUCTION

Meningiomas are the most common type of primary brain
tumors, accounting for one-third of all central nervous system
(CNS) tumors (1). Meningiomas always tend to be rich in
vascularity, which complicates surgical resection due to
substantial intraoperative blood loss. Devascularization of
meningioma by preoperative endovascular embolization of
feeding vessels was firstly introduced by Manelfe et al. (2). The
intentions of such adjunctive therapy are to reduce surgical blood
loss, soften tumor, and shorten the surgical time (3–6). However,
discrepancies are found between results reported by different
groups (7–9). Recent updated meta-analysis study indicates no
clear benefit is observed in operative and postoperative outcomes
of embolization (10), which is inconsistent with findings in an
earlier meta-analysis (11).

Currently, no consensus or guidelines have elucidated the
issue whether preoperative embolization benefits patients with
meningiomas. Surgeons tend to embolize large and highly
vascularized meningiomas, which may contribute to intergroup
selection bias of baseline characteristics. Thus, moderate to high
heterogeneity is observed in meta-analysis (10). An investigation
performed by Przybylowski et al. has found that the surgical
outcomes exhibit no obvious improvements using cohort
matching method to control patient- and tumor-related
confounds. As only WHO grade I meningiomas, which are
generally less aggressive and complicated than WHO grades II
and III meningiomas, are enrolled in this study, that limits
generalizability of interpretation. Furthermore, their results
demonstrate that embolization is found to lead to a greater
chance of clinical improvement (12).

Therefore, this cohort-matching study retrospectively was
performed with reviewing data of patients with meningioma
who underwent with/without preoperative embolization at the
Department of Neurosurgery of the Southwest Hospital
Affiliated to Army Medical University from January 2016 to
May 2021. Cases in the nonembolization cohort were matched to
the embolization cohort by a 1:1 ratio propensity score matching
through controlling patient- and tumor-related confounds.
Surgical outcomes, complications, and functional outcomes
were retrospectively compared between these two cohorts. The
aim of the study is to validate the effect of preoperative
embolization on surgical outcomes, complications, and
functional outcomes in patients with meningioma.
MATERIALS AND METHODS

Patients
Patients diagnosed with meningioma were enrolled in the
present study at the Department of Neurosurgery of the
Southwest Hospital Affiliated to Army Medical University from
January 2016 to May 2021. All eligible patients with or without
preoperative superselective tumor embolization were recruited in
this study. The inclusion criteria included supratentorial WHO
grades I, II, and III meningioma histopathology, age ≥18 years,
and follow-up duration >6 months. Exclusion criteria included
Frontiers in Oncology | www.frontiersin.org 2150
meningiomatosis, maximum diameter <2.0 cm, simultaneously
discovered intracranial aneurysms, vascular malformations,
intracranial hemorrhage, recent oral anticoagulant medications,
and loss of follow-up.

A total of 333 cases were included, among which 66 patients
underwent preoperative embolization. The decision of whether
performing preoperative tumor embolization usually depends on
presence of flowing void effects on magnetic resonance imaging
(MRI) or rich vasculature on CTA. However, these were not the
strict protocols, and the choices were usually made depending on
surgeons’ experiences. All procedures were performed under the
approval of the ethics committee of the Southwest Hospital
Affiliated to Army Medical University (Ethics Approval No.
KY2021150). Written consents were acquired for all surgical
procedures. Informed patient consent for the data collection and
analysis was waived by the ethical committee due to the
retrospective nature of the study.

Cohort Matching
Before cohort matching, categories of patient- and tumor-related
variables for controlling covariates between two groups were
collected via medical records or PAC system. Patient-related
variables included sex and age at diagnosis. Tumor-related
variables included the tumor location indicated as convexity,
falcine, anterior skull base, and medial skull base; tumor
encasement of large cerebral arteries encompassing the internal
carotid artery (ICA) and the middle cerebral artery (MCA)
assessed from computed tomography angiography (CTA);
major sinus invasion by tumor verified both from magnetic
resonance venography (MRV) and surgery records; and
maximum diameter assessed by preoperative MRI or CT.

Patients were divided into embolization and nonembolization
cohorts, depending on whether preoperative tumor embolization
was performed. To perform 1:1 ratio cohort matching, we
implemented the propensity score matching algorithm with
MatchIt Package (Version 4.3.2) (13) in R (Version 4.1.2).
Parameters were set as follows: tumor location, tumor
encasement of ICA/MCA, and sinus invasion by tumor were
exactly matched between cohorts; tumor maximum diameter,
patients’ age and sex were matched using nearest-neighbor
matching method by default; and distance measurements were
set to glm by default for propensity score matching. Quality of
matches was assessed by p-value, eCDF statistics, jitter plots,
eQQ plots, and Love plots.

Clinical and Neuroimaging Assessment
Detailed neuroimaging, neuropathological , surgical ,
complication, and functional outcome data were acquired after
successful cohort matching. Neuroimaging data were
independently reviewed by two experienced doctors. Gross
total resection (GTR) was verified as complete resection of the
enhancing tumor mass on contrast-enhanced T1 MRI.

Surgical data included gross total resection data, surgery
duration, estimated blood loss (EBL), volume of autologous
blood transfusion and allogeneic blood transfusion, and
preoperative and postoperative hemoglobin (HGB). Patients
with postoperative brain herniation due to large hematoma,
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severe brain edema, or large hemispheric infarction, underwent
secondary surgery to reduce the intracranial pressure by means
of decompressive craniectomy and/or hematoma evacuation.
Other surgery-related complications included death,
hemiparesis, cranial nerve palsy, visual defect, decreased
hearing, aphasia, mental disorder, intracranial infection,
seizure, cerebrospinal fluid leakage, and respiratory failure.

Functional assessments were carried out with Modified
Rankin Scale (mRS) both before and during follow-up. mRS
decline was defined as follow-up mRS score increase by at least 1
grade when compared with preoperative mRS.

Statistical Analysis
Continuous variables conforming to normal distribution were
presented as mean ± standard deviation (SD), while continuous
variables, that were not conforming to normal distribution, were
presented as median (interquartile spacing). Student’s t-test was
used for intergroup comparison when normal distribution and
equal variance examination were met. In the contrary,
Wilcoxon’s rank sum test was used for the comparison.
Categorical data are presented as frequency (percentage). For
comparison of categorical data between groups, Wilcoxon’s rank
sum test or Chi-square test or Fisher’s exact test were performed.
A p < 0.05 was considered to be statistically significant, and two-
sided statistical tests were performed. All statistical analysis was
performed in R (Version 4.1.2).
RESULTS

Cohort Matching
By retrieving the electronic medical record system, a total of 452
patients underwent meningioma resection surgery at our
institution, of which 333 patients meet our selection and
exclusion criteria and included in the cohort-matching process.
Preoperative embolization was performed only in 66 (19.82%)
patients but not in the other 267 (80.18%). To reduce the
confound effects of covariates, we performed 1:1 ratio propensity
score matching. Sixty-six patients from the nonembolization group
(n = 267) were matched to the preoperative embolization patient’s
cohort and enrolled in the nonembolization group, with algorithm
parameters described in the Materials and Methods section.

Between the embolization and nonembolization groups, the
exact matching criteria about tumor location yielded successful
matching (p = 1.00) compared with p = 0.50 before matching.
Other exact controlling variables such as ICA/MCA encasement
(p = 1.00 vs. p = 0.11) and sinus invasion (p = 1.00 vs. p = 0.44)
also achieved successful matching. Categorical variable, sex, also
achieved perfect matching, with p = 1.00 after matching
compared with p = 0.33 without matching. For continuous
variable max tumor diameter, propensity score matching
increased the p-value of the comparison between two cohorts
from p < 0.0001 to p = 0.69. Another continuous variable age
at diagnosis, the matching method increased the p-value
of the comparison between two cohorts from p = 0.77 to p =
0.90. p-value, eCDF statistics, jitter plot, eQQ plot, and Love
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plot also indicate satisfying matches between two cohorts
(Supplementary Table S1 and Supplementary Figures S1–S3).

Patient Characteristics
The average ages at diagnosis of the embolization and
nonembolization group were 56.64 ± 11.39 and 56.39 ± 11.16
years, respectively (p = 0.90). There were both 44 (66.67%)
female cases in two cohorts (p = 1.00). The distribution of
pathological grade in the embolization cohort was 51 (77.27%),
13 (19.70%), and 2 (3.03%) for WHO grades I, II, and III, while
in the nonembolization group, the distribution was 58 (87.88%),
8 (12.12%), and 0 (0), respectively (p = 0.16). The maximum
diameter of the tumor was 54.59 ± 15.84 mm in the embolization
cohort versus 53.50 ± 15.07 mm in the nonembolization group
(p = 0.69). The distribution of tumor laterality (left/right/
midline) in the embolization cohort was 36 (54.55%), 28
(42.42%), and 2 (3.03%) and 34 (51.52%), 26 (39.39%), and 6
(9.09%) in the nonembolization cohort (p = 0.45). Tumors
located along the convexity, falcine, anterior skull base, and
middle skull base were 18 (27.27%), 24 (36.36%), 20 (30.30%),
and 4 (6.06%) in both cohorts (p = 1.00). Approximately 10
(15.15%) cases were found to have ICA/MCA encasement in
both groups. Sinus invasion occurred in 4 (10.60%) in both the
embolization group and the nonembolization group (Table 1).

Surgery-Related Outcomes
Operative time in the embolization group was 302.50 (136) min
and 300.00 (72) min in the nonembolization group (p = 0.48).
There was no significant difference in gross total resection rate
between the two groups (p = 0.68). The estimated blood loss was
600.00 (400.00) ml in the embolization group versus 500.00
(500.00) ml in the nonembolization group (p = 0.31). There was
also no significant difference in the decrease of perioperative
HGB level between the two groups, which is calculated as the
preoperative HGB level minus the postoperative HGB level (p =
0.68). Thirty-five patients (53.03%) received blood transfusion
during surgery in the embolization group compared with 28
(42.42%) patients in the nonembolization group (p = 0.35).
There was no significant difference in the volume of blood
transfusion in the two groups (p = 0.63) (Table 2).

Postoperative Complications
Postoperative complications were retrieved from both inpatient
and postoperative outpatient follow-up medical records. Patients
with postoperative brain herniation due to large hematoma,
severe brain edema, and large hemispheric infarction
underwent secondary emergency surgery to remove the blood
clot and/or decompressive craniectomy. Two (3.03%) patients in
the embolization group and 3 (4.54%) in the nonembolization
group developed large intracranial hematoma postsurgery
(p = 0.63). Two (3.03%) patients in the embolization group
and 4 (6.06%) in the nonembolization group experienced
postoperative large hemispheric infarction, brain edema,
and chronic hemiplegia (p = 0.68). These patients were treated
with decompressive craniectomy. One patient in the non-
embolization group suffered from brain herniation due to
postoperat ive hematoma and severe brain edema.
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Though emergency decompressive craniectomy and hematoma
evacuation were performed, the patient unfortunately
passed away.

Neurological deficits include hemiplegia, hemiparesis, CN VII
palsy, visual defect, decreased hearing, aphasia, mental disorder,
infection, and seizure (Table 3). Hemiparesis is the major
postoperative neurological deficits in our observation, which
occurred in 7 (10.61%) patients in the embolization group and
12 (18.18%) in the nonembolization group (p = 0.22).

We observed a statistically significant lower rate of patients
with at least one postoperative complication in the embolization
group (21.21% vs. 39.39%, p = 0.02). Post-hoc analysis showed
significantly higher level of estimated blood loss in the group of
patients suffering from surgical complications (600.00 (525.00)
vs. 500.00 (500.00) ml, p = 0.037).

Functional Outcomes
The follow-up duration in our study ranged from 6.2 to 37.5
months. The last postoperative follow-up mRS score showed no
significant difference between these two groups (p = 0.167).
Because higher compl icat ion rate occurred in the
nonembolization group, we wondered whether relevant
complications would affect patients’ daily living independence.
To compare preoperative mRS scores, we utilized decline of mRS
score to assess worsening of patients’ functional independence
after surgery. We observed a significantly higher rate of patients
with mRS decline in the nonembolization group (31.81%)
Frontiers in Oncology | www.frontiersin.org 4152
compared with the embolization group (15.15%) (p =
0.04) (Table 4).
DISCUSSION

We presented a matched cohort study to compare the
postoperative complications and long-tern functional outcomes
in patients who underwent with/without preoperative
embolization. Based on matching potential confounds between
groups, such as patients’ age, sex, tumor location, tumor
maximum diameter, sinus invasion, and MCA/ICA
encasement, our results showed significant lower rates of
postoperative complications and reduced mRS decline of
patients with preoperative embolization. We did not find any
significant differences between groups with respect to surgical
outcomes, such as estimated blood loss, operation duration, and
blood transfusion.

Surgical resection of large and highly vascularized
meningioma is challenging due to life-threatening blood loss
and related surgical risks. Preoperative endovascular
devascularization sounds reasonable to reduce subsequent
intraoperative blood loss. Though increasing clinical studies
are being conducted since this technique was established
almost four decades ago (2), discrepancies exist on whether
patients would benefit from the manipulation (14, 15). Some
groups reported reduced intraoperative blood loss (6, 8),
TABLE 2 | Comparisons of surgical outcomes between the embolization and nonembolization group.

Surgical outcomes Embolization group (n = 66) Nonembolization group (n = 66) p

Surgical time [minutes; median (IQR)] 302.50 (136.00) 300.00 (72) 0.48
GTR (%) 49 (74.24) 51 (77.27) 0.68
EBL (ml; mean ± SD) 600.00 (400.00) 500.00 (500.00) 0.31
Decreasement of HGB (g/L; mean ± SD) 30.81 ± 15.82 26.59 ± 12.90 0.09
Blood transfusion (%) 35 (53.03) 28 (42.42) 0.35
Blood transfusion volume [ml; median (IQR)] 650.00 (657.50) (n = 35) 535.00 (875.00) (n = 28) 0.63
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TABLE 1 | Baseline clinical characteristics.

Characteristics Embolization group (n = 66) Nonembolization group (n = 66) p

Age at diagnosis (years; mean ± SD) 56.64 ± 11.39 56.39 ± 11.16 0.90
Sex (female; %) 44 (66.67) 44 (66.67) 1.00
WHO grade
I (%) 51 (77.27) 58 (87.88) 0.16
II (%) 13 (19.70) 8 (12.12)
III (%) 2 (3.03) 0 (0)

Maximal diameter (mm; mean ± SD) 54.59 ± 15.84 53.50 ± 15.07 0.69
Laterality
Left (%) 36 (54.55) 34 (51.52) 0.45
Right (%) 28 (42.42) 26 (39.39)
Midline (%) 2 (3.03) 6 (9.09)

Location
Falcine (%) 24 (36.36) 24 (36.36) 1.00
Anterior skull base (%) 20 (30.30) 20 (30.30)
Convexity (%) 18 (27.27) 18 (27.27)
Middle skull base (%) 4 (6.06) 4 (6.06)

ICA/MCA encasement (%) 10 (15.15) 10 (15.15) 1.00
Sinus invasion (%) 4 (10.60) 4 (10.60) 1.00
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softening of the tumor mass to facilitate the operation (5), and
shortening of the operation duration (6, 9). However, other data
suggest embolization associated with higher rates of neurological
adverse events after surgery (16) and added risk for morbidity
and mortality (14). Recent meta-analysis also reported
controversial conclusion on whether preoperative embolization
would be beneficial in terms of reducing the estimated blood loss
and surgical time (10, 11).

It is noteworthy that most previous studies were conducted in
a manner to enroll consecutive meningioma patients in their
institute, without controlling possible patient- and tumor-related
confounds (10, 12). It may result in heterogeneity between
groups and limits the interpretation of their results. From our
own experiences and previous literatures, factors such as large
tumor size, unfavorable location, artery encasement, and sinus
invasion may complicate the operation and produce potential
risks (9, 17–19). Raper et al. analyze a total cohort of 470
meningioma patients and did not find any significant
differences on surgery time and complications between
embolization and nonembolization groups (7). Blood loss is
significantly lower in the nonembolization group due to
variances in baseline patient and tumor characteristics. As
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shown in their baseline characteristics, tumor location and
maximum tumor diameter differ significantly between groups.

Przybylowski et al. firstly introduced retrospective cohort
matching to control critical confounds between embolization
and nonembolization groups to yield more convincing
interpretation of comparisons (12). Their results indicated that
preoperative embolization did not alter the surgical outcomes of
patients but could lead to a greater chance of improving
functional outcomes. However, their study only included
WHO grade I intracranial meningiomas. In our study, WHO
grades II and III meningiomas account for 17.4% of the total
number of cases we investigated whereas other groups reported
10%–15% of all meningiomas (9, 20). More importantly,
advanced WHO grades II and III meningiomas are associated
with more aggressive behavior (21) which may complicate the
surgical operation and produce potential risks. Thus, it is
reasonable to include the more aggressive and advanced grade
meningiomas in the current study.

Preoperative embolization was carried out in a minority of
patients at our institution. With the large total consecutive
meningioma surgery cases, we were able to perform a
successful 1:1 ratio matching between the embolization and
TABLE 4 | Comparisons of postoperative mRS score between the embolization and nonembolization group.

Last follow-up mRS score Embolization group (n = 66) Nonembolization group (n = 66) p

0 (%) 43 (65.15) 36 (54.55) 0.167
1 (%) 11 (16.67) 9 (13.63)
2 (%) 6 (9.09) 13 (19.70)
3 (%) 2 (3.03) 4 (6.06)
4 (%) 1 (1.52) 3 (4.55)
5 (%) 1 (1.52) 1 (1.52)
6 (%) 1 (1.52) 0
mRS change
Without mRS decline (%) 56 (84.85) 45 (68.18) 0.04
mRS decline (%) 10 (15.15) 21 (31.82)
March 2022 | Volume 12 | Article 8
TABLE 3 | Comparisons of postoperative complications between the embolization and nonembolization group.

Complications Embolization group (n = 66) Nonembolization group (n = 66) p

Brain herniation
Postop hematoma (%) 2 (3.03) 3 (4.54) 1.00
Postop infarction (%) 2 (3.03) 4 (6.06) 0.68
Postop edema (%) 2 (3.03) 4 (6.06) 0.68

Hemiplegia (%) 2 (3.03) 4 (6.06) 0.68
Hemiparesis (%) 7 (10.61) 12 (18.18) 0.22
CN VII palsy (%) 1 (1.52) 1 (1.52) 1.00
Visual defect (%) 0 (0) 3 (4.54) 0.24
Decreased hearing (%) 0 (0) 1 (1.52) 1.00
Aphasia (%) 0 (0) 4 (6.06) 0.11
Mental disorder (%) 1 (1.52) 1 (1.52) 1.00
Infection (%) 0 (0) 1 (1.52) 1.00
Seizure (%) 2 (3.03) 1 (1.52) 1.00
CSF leakage (%) 0 (0) 1 (1.52) 1.00
Respiratory failure (%) 1 (1.52) 4 (6.06) 0.37
Mortality (%) 0 (0) 1 (1.52) 1.00
Patients with postoperative complications (%) 14 (21.21) 26 (39.39) 0.02
5
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nonembolization groups, which met the matching criteria and
minimized the influence of patient- and tumor-related
confounds. Specifically, the maximum tumor diameter, which
differs significantly between groups in the original unmatched
dataset (p < 0.0001), reached a statistical intergroup balance after
matching (p = 0.69). Such bias also exists in other studies (7, 12),
which may indicate surgeons’ preferences to embolize potential
risky meningiomas.

The rationales of preoperative embolization include the
reduction of intraoperative blood loss and softening of the
tumor mass to ease surgical operation and reduce surgery
duration. Intriguingly, we did not find a significant
improvement on the surgical outcomes of embolization,
including estimated blood loss, surgical time, and volume of
blood transfusion. The results are distinct from earlier studies
(6, 9) but in line with Przybylowski’s findings (12). As discussed
above, surgeons prefer embolization in patients with
meningiomas that are highly vascularized and large, which
may increase the chance to find differences on surgical
outcomes. Another important issue is the time interval
between endovascular embolization and cranial surgery.
The greatest tumor softening may occur 7–9 days after
embolization (5). At our institution, meningioma resection
surgery is arranged within 24 h after embolization. This
schedule takes into consideration tumor ischemia, necrosis
(22), and edema which could contribute to elevated
intracranial pressure postembolization. Within such short
period, tumors may not reach the ideal softening point and
thus limits the improvement of surgical outcomes, especially
blood loss and surgical time.

Our data showed that preoperative embolization could
significantly reduce the rate of surgical complication and the
possibilities of mRS decline, which were distinct from others (7,
12). Sensory and motor function deficits were the majority of
postsurgical complications and contribute to degrees of daily life
disabilities, as shown in Tables 3 and 4. However, we did not find
statistically significant differences between groups regarding
surgical outcomes as discussed above. We speculate several
factors may contribute to these findings. To establish a clear
surgical view, surgeons may use aggressive surgical maneuvers
such as retraction and electrocauterization to deal with complex
tumor feeding vasculatures when dissecting vascularity-rich
meningiomas. It may increase the difficulty to protect the
adjacent critical structures (9) and raise potential risks to
damage the proximity eloquent cortex, cranial nerves, and
deep feeding vessels, thus contributing to higher postoperative
complications. Immune attacks were shown to play a critical role
in surgical-induced brain injury (SBI), through inducing cell
death and brain edema (23). Recent murine studies revealed the
meninges host a rich reservoir of myeloid immune cells (24). The
cells may traffic to the brain parenchyma under CNS injury and
autoimmune conditions. Preoperative embolization may
potentially block the infiltration of immune cells and reduce
the surgery-induced immune injuries. The potential roles of
meningeal immune cell repertoire in meningioma need to be
further investigated in future studies. Post-hoc analysis showed
Frontiers in Oncology | www.frontiersin.org 6154
that in cases who suffered from postsurgical complications, the
estimated blood loss was significantly higher. As the two cases of
sphenoid wing meningioma presented in Figure 1, the
nonembolized one suffered from greater blood loss and
postsurgical hemiparesis and long-term limb weakness. These
data indicated that preoperative embolization reduces
postoperative complications and long-term disability, possibly
through improved operative feasibility and safety.

Though the results of the presented study indicate that
preoperative embolization could reduce unfavorable outcomes
of meningioma patients, requirements in identifying which
population would benefit from embolization still exist. In our
study, the decision largely depends on the surgeons’ personal
experiences in consideration with the tumor characteristics
obtained from preoperative MRI and/or CTA. To our current
knowledge, there are no consensus or guidelines about which
patient population are suitable for preoperative embolization.
Iacobucci et al. and Raper et al. suggested that it is reasonable to
consider extensive devascularization for large meningiomas,
tumors located deep in the surgeon’s line of sight, tumors in
proximity to eloquent cortical areas, and tumors without
extensive calcification. Beyond these structural characteristics,
functional MRI imaging might provide objective and
quantitative assessments of vascularity of certain meningiomas
and necessity of preoperative embolization. Adachi et al. utilized
normalized cerebral blood flow values (nCBF) and CBF images
obtained from dynamic susceptibility contrast perfusion-
weighted imaging (DSC-PWI) to predict the necessity of
preoperative embolization (25). Mayercik et al. provided a
noninvasive approach using arterial spin labeling MRI (ASL-
MRI) to identify hypervascular meningiomas (26). We believe
these objective functional imaging modalities may provide a
more precise risk stratification of meningioma surgery.

We recognized that our study has several limitations to be
considered. Though we matched possible confounds, the
retrospective nature limits the robustness of the results. The
conclusions need to be validated in large multicenter controlled
trials. Bias could also arise fromthe surgeons’ individualpreferences
and surgical skills. The time interval between embolization and
resection in our study is much shorter than that was reported in
literatures, which may reduce the possibility of understanding the
benefits associated with good surgical outcomes. We did not
perform subgroup analysis on the relationships between the
extent of devascularization and the outcomes of patients. As
assessment of the angiographic myocardial blush grade is
sometimes subjective, we were unable to carry out advanced
neuroimaging modalities such as DSC-PWI and ASL-MRI to
predict the necessity of preoperative embolization.
CONCLUSION

The single-center matched cohort retrospective study showed
significant lower rates of surgical complications and long-term
disabilities of meningioma patients with preoperative
embolization. There was no significant difference in estimated
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FIGURE 1 | Two representative meningioma cases underwent preoperative embolization (A–H) or direct surgery (I–N). Patient 1, 53-year-old woman. (A–C)
Preoperative Gd-enhanced MRI showed sphenoid wing meningioma. (D) Lateral view of pre-embolization angiography showed hypervascular tumor feeding by
branches originated from the middle meningeal artery. (E) Lateral view of postembolization angiography showed occlusion of the feeding vessel. The estimated blood
loss of patient 1 was 500 ml and did not receive blood transfusion. (F–H) Postoperative Gd-enhanced MRI of patient 1. Patient 1 discharged routinely without
surgical complication and last follow-up showed mRS improved by 1 grade. (I–K) Preoperative Gd-enhanced MRI of patient 2, a 55-year-old woman with sphenoid
wing meningioma. The estimated blood loss of patient 2 was 1,800 ml and total volume of blood transfusion was 1,680 ml. (L–N) Postoperative Gd-enhanced MRI
of patient 2. The patient discharged with right-side hemiparesis and last follow-up mRS declined by 2 grades.
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blood loss, operation duration, and blood transfusion volume
between the embolization and nonembolization groups. Future
studies are needed to investigate which subset of meningioma
patients would benefit from preoperative embolization by
incorporating objective and quantitative imaging approaches.
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Supplementary Figure 1 | Jitter plots were shown to visualize the distribution of
propensity scores of matched and unmatched cases from embolization and non-
embolization group.

Supplementary Figure 2 | eQQ plots were shown to visualize the balance on the
covariates before and after cohort matching.

Supplementary Figure 3 | Love plots were shown to visualize the balance via
absolute standardized mean difference between groups before and after cohort
matching, as distance were estimated using generalized linear model.
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Meningiomas are common primary central nervous system tumors derived from the
meninges, with management most frequently entailing serial monitoring or a combination
of surgery and/or radiation therapy. Although often considered benign lesions,
meningiomas can not only be surgically inaccessible but also exhibit aggressive growth
and recurrence. In such cases, adjuvant radiation and systemic therapy may be required
for tumor control. In this review, we briefly describe the current WHO grading scale for
meningioma and provide demonstrative cases of treatment-resistant meningiomas. We
also summarize frequently observed molecular abnormalities and their correlation with
intracranial location and recurrence rate. We then describe how genetic and epigenetic
features might supplement or even replace histopathologic features for improved
identification of aggressive lesions. Finally, we describe the role of surgery,
radiotherapy, and ongoing systemic therapy as well as precision medicine clinical trials
for the treatment of recurrent meningioma.

Keywords: meningioma, CNS tumors, chemotherapy, radiation therapy, immunotherapy, skull base surgery
INTRODUCTION

Meningiomas are the most common primary central nervous system (CNS) tumor, constituting
more than 35% of adult brain tumors (1). At present, these tumors are classified by the World
Health Organization (WHO) into three grades: WHO grade 1 (benign, representing the majority of
all meningiomas), WHO grade 2 (atypical), and WHO grade 3 (malignant) (2). Although lower
grade tumors are considered benign, these lesions can clinically behave aggressively. In a subset of
individuals, low WHO grade meningiomas will recur despite multimodal management including
surgical resection, radiation therapy, and systemic therapy (3). Studies with long follow-up have
demonstrated recurrence rates as high as 47% after 25 years, but the role of WHO grade in
recurrence is unclear, making it challenging to select patients who would benefit from adjuvant
therapies (4). Indeed, emerging data suggest that many factors not previously included in the WHO
grading schema can alter the prognosis of even benign WHO grade 1 lesions (5–10). As we will
discuss, the recently released WHO 2021 classification marks a pivotal alteration in meningioma
grading by incorporating for the first time key genomic alterations into the grading scheme (2, 11).

In this review, we highlight the incongruence between histologic grading and the clinical course of
meningiomas, particularly aggressively behaving lesions. First, we describe illustrative case examples of
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meningiomas with different presentingWHO grade but uniformly
aggressive clinical course. We then summarize more recently
discovered histopathological and genomic features that may
better predict meningioma aggressiveness. Finally, we describe
the current surgical, radiotherapy, and targeted drug options
available for treatment of aggressive, recurrent meningioma.
CASE EXAMPLES

While most meningiomas exhibit a benign clinical course and
favorable response to treatment with surgery or radiotherapy,
challenging cases are not uncommon. Few evidence-based
treatment algorithms have been developed to address
treatment-resistant meningiomas, in part due to the paucity of
alternatives to the traditional treatments of surgical resection and
radiotherapy (12). In this section we describe the clinical course
and treatments used to treat three meningiomas that exemplify
challenging lesions recalcitrant to treatment and that deviate
from their expected clinical course based on the 2016 WHO
classification scheme.

WHO Grade 1 to WHO Grade 2
A 40-year-old woman presented with blurry vision in her left eye
and was discovered to have a left frontal mass centered above the
sphenoid wing that underwent Simpson Grade II resection and
was diagnosed as a WHO grade 1 meningioma with low Ki-67
index and no brain invasion. Within a year, the patient’s
meningioma recurred, with growth demonstrated on magnetic
resonance imaging (MRI). During her second surgical resection,
involved bone of the skull base near the orbital apex and roof was
removed (Simpson Grade I). Despite the aggressive course,
histopathological analysis once again demonstrated WHO grade
1 meningioma, with invasion of bone, and the patient underwent
adjuvant fractionated radiotherapy to the resection bed.

The patient remained symptom-free for 14 years before
experiencing worsening visual acuity, double vision with
transient left eye deviation, and pain in her left orbit. MRI
demonstrated a 2.5 cm diameter recurrence of her tumor,
invading the left orbital apex and encasing the optic nerve. She
experienced little improvement with a two-week course of
prednisone and her symptoms progressed to left eye visual loss
and proptosis over the course of a month before she underwent
Gamma Knife stereotactic radiosurgery (SRS) as salvage therapy
(15 Gy to the 50% isodose line).

The tumor initially decreased in size on serial MRI, but two
years later the patient presented with epistaxis and sinonasal
congestion, with tumor invasion of the sphenoid sinus,
pterygopalatine fossa, and masticator space. She underwent
tumor embolization followed by subtotal resection via expanded
endoscopic endonasal approach, with histopathological analysis
now consistent with WHO grade 2 meningioma with rhabdoid
features and NF2mutation (genomic sequencing was not available
at the time of prior resections). Within 3 months post-operatively,
the size of the residual tumor increased, and by 6 months post-
operatively the tumor filled the orbit and had increased from 1.8
Frontiers in Oncology | www.frontiersin.org 2159
cm to 4.5 cm in maximal diameter. Despite radical resection
including a frontotemporal craniotomy, orbital exenteration and
radial forearm free flap, the patient had multifocal tumor
recurrence and over the course of 6 months underwent SRS
twice and additional surgery for debulking and symptom relief.
She was initiated on octreotide, pembrolizumab, and everolimus
but was unable to tolerate the treatments due to skin rashes,
thrush, and constipation. Ultimately, the patient elected to proceed
with hospice care for her treatment-refractory meningioma and
passed away soon thereafter.

WHO Grade 2
A 54-year-old man presented with deteriorating right eye vision
over the course of several years and trigeminal nerve distribution
pain, and was found to have a large cavernous sinus, middle
fossa, and infratemporal fossa mass. The patient underwent
tumor embolization followed by craniotomy and subtotal
resection, with a pathological diagnosis of WHO grade 2
meningioma with bony invasion, low MIB-1 index, no
intratumoral necrosis, and no brain invasion. The residual
tumor encasing the carotid artery was treated with fractionated
radiotherapy (54 Gy in 30 fractions).

The patient was lost to follow up but presented 4 years later
with progressive right-sided hearing loss, and his tumor was
found to have invaded the right external auditory canal, middle
cranial fossa, cavernous sinus, sphenoid sinus, and sella. The
patient underwent a craniotomy for tumor resection with
mastoidectomy and temporal bone resection, with residual
tumor encasing the petrous carotid artery deemed too high-
risk to resect. One year later, the residual tumor was found to
have grown to involve the sphenoid sinus and left medial orbital
wall. He underwent embolization and tumor debulking via a
combined endonasal and transfacial approach. Eight months
later, the patient presented with persistent epistaxis requiring
embolization and was found to have extensive recurrence of his
tumor for which he underwent endoscopic endonasal debulking
once again. The pathological diagnosis after all his resections
remained WHO grade 2 meningioma, with sequencing after his
second surgery revealing only a NF2 mutation.

During subsequent observation, the patient developed right
eye blindness and left eye decline in visual acuity. He was deemed
not to be a candidate for surgical or radiation therapies and
therefore received therapy with compassionate use temsirolimus.
Unfortunately, the tumor did not respond, and the patient
developed side effects of severe hyperglycemia and eczematous
dermatitis. Two years after his last surgery, the patient developed
significant sinonasal disease and difficulty eating. A gastrostomy
tube was placed for feeding and the patient underwent palliative
debulking of tumor in his sinonasal cavity before transitioning to
hospice care and expiring 3 months later.

WHO Grade 2 to WHO Grade 3
A 49-year-old female was diagnosed with a left spheno-orbital
meningioma after presenting with left eye proptosis and
underwent tumor embolization followed by craniotomy with
gross total resection (Simpson Grade I) and adjuvant
fractionated radiotherapy with a dose of 54 Gy. Her
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histopathological diagnosis at that time was WHO grade 2
meningioma with increased mitotic activity of 8 mitoses per 10
high powered fields and bony invasion. After 10 years of follow-
up with serial MRI, she was found to have a thin area of recurrent
tumor, which was treated with SRS (20 Gy to the 50%
isodose line).

Three years later, the patient’s tumor was found to have
slightly increased in size on annual MRI scan. This was initially
managed with continued close serial observation, but one year
later the patient presented with proptosis, inferior displacement
of the left globe and diminished left eyelid function with increase
in tumor size. Subtotal surgical resection was performed, and
histopathological diagnosis remained WHO grade 2
meningioma, this time with Ki-67 index of 24.8%, and SMO
mutation detected on genomic sequencing. Her tumor increased
in size two years later, and she was initiated on octreotide and
everolimus. She tolerated octreotide well but developed
mucositis, elevated liver enzymes, anemia, and hyperlipidemia
necessitating decreased dosing of everolimus.

This therapy was continued for 2 years, until serial MRI
showed tumor progression and the patient’s left eye visual acuity
began to decline. She was enrolled in an institutional clinical trial
of proton beam therapy [20 Gy relative biological equivalents
(GyRBE) in 5 fractions], neoadjuvant avelumab (6 doses), and
surgical resection, including complete orbital exenteration, near
total tumor resection, and left thigh free flap for skull base
reconstruction. Histopathological examination of the tissue was
now consistent with WHO grade 3 meningioma with foci of
rhabdoid and papillary arrangements, necrosis, brain invasion,
and 23 mitoses per high powered field. The patient has been
followed with serial MRI showing stable residual disease one
year postoperatively.
HISTOPATHOLOGY & GENETICS

Although most meningiomas are easily diagnosed with
computed tomography or magnetic resonance imaging,
histopathological analysis of tumor tissue remains the
cornerstone of tumor subtyping and grading. In recognition of
the value of molecular features in brain tumor subtyping, the
2016 World Health Organization Classification of Tumors of the
Central Nervous System for the first time integrated molecular
parameters in addition to histological features for classification
of many CNS tumors (13). Unfortunately, no molecular features
were included for an integrated diagnosis of meningiomas, and,
aside from including brain invasion as a histological criterion for
WHO grade 2 meningiomas, no changes were made to
meningioma grading (13). However, certain histopathological
features, such as necrosis, have been found to predict more
aggressive treatment-resistant behavior, and there is a growing
body of evidence that specific molecular features may more
clearly delineate meningioma subtypes that better correlate
with clinical course (5–7, 14–16). The 2021 World Health
Organization Classification of Tumors of the Central Nervous
System integrated these newer data in its recent revision of
Frontiers in Oncology | www.frontiersin.org 3160
meningioma taxonomy, with the addition of molecular
markers denoting a higher grade even in the absence of
traditional anaplastic features on histology (2, 11).

Histopathology
The first internationally agreed upon subtypes of meningioma
were characterized by Bailey and Cushing based on
histopathological features (17). Histopathological analysis
continues to be the basis for characterization of meningiomas,
with the current WHO grading system still retaining 15
meningioma subtypes. While previous WHO revisions further
subclassified 9 subtypes as WHO grade 1, 3 as WHO grade 2, and
3 as WHO grade 3, tumor grade is no longer coupled to subtype
in the 2021 revision (2, 11).

Each update to the WHO classification has resulted in
dramatic shifts in the proportion of meningiomas of each
grade and have improved upon the correlation between WHO
grade and clinical course. For example, the 2000 and 2007
updates to the WHO classification resulted in the number of
meningiomas graded as WHO grade 2 increasing from 5% to
20% (18). With the addition of brain invasion as a criterion for
WHO grade 2 meningiomas in the 2016 update, this proportion
is approximately 35%, and has increased further with the WHO
2021 classification upgrading chordoid and clear cell
meningioma from grade 1 to grade 2 (1, 2).

More recent studies focusing on WHO grade 2 meningiomas
have uncovered histopathological features that identify a more
aggressive clinical subtype within this group of tumors, further
complicating treatment decision making for patients diagnosed
with grade 2 tumors. In 2014, Sun et al. reported that tumor
necrosis predicted radiation resistance in WHO grade 2
meningiomas that were sub-totally resected (15). Additionally,
the co-occurrence of brain invasion and high mitotic index and
the co-occurrence of brain invasion and necrosis have both been
reported to increase the risk of radiotherapy resistance and
recurrence in WHO grade 2 meningiomas (16, 19). Ultimately,
despite these improvements in correlating histopathological
features with clinical outcomes, such features remain subject to
high interobserver and sampling bias, increasing the need for
more reliable molecular markers that predict tumor behavior and
therapy resistance.

Genomic Analysis
The meningioma genomic landscape has been an area of
significant investigation as early as 1994 when Ruttledge et al.
first highlighted the prevalence of mutations in the NF2 gene,
located on chromosome 22q (20). At the time, it was well known
that loss of heterozygosity (LOH) on chromosome 22 was
present in up to 80% of meningiomas. Sequencing of the NF2
tumor suppressor gene in tumors with chromosome 22 LOH
revealed that a significant number of tumors harbor inactivating
mutations of NF2 (20). Mutations in NF2 in the absence of
chromosome 22 LOH are rarely observed in meningiomas,
corroborating the two-hit hypothesis for the function of the
NF2 gene as a tumor suppressor in spontaneous meningiomas.

Notably, higher grade tumors more often harbor NF2
mutations in addit ion to large-scale chromosomal
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abnormalities and overall higher mutational burden (14, 21, 22).
Further investigation of NF2mutations in meningiomas has also
revealed that these mutations are generally associated with
convexity meningiomas rather than meningiomas of the
anterior skull base (Figure 1) (14, 23). Merlin, the protein
encoded by NF2, is as an intracellular scaffolding protein that
indirectly links F-actin, transmembrane receptors and
intracellular effectors. It has been shown to function as a
tumor suppressor by inhibiting cell growth through contact
inhibition and resultant activation of the Rac1 pathway in the
setting of high cell density. Loss of merlin function therefore
results in loss of contact inhibition of growth. NF2mutation also
results in activation of the Hippo, Notch, phosphoinositide 3-
kinase (PI3K)/AKT, mammalian target of rapamycin (mTOR),
and Ras/mitogen-activated protein kinase (MAPK) pathways
with resultant increase in cell proliferation (25–29). As
described later, these insights into the molecular biology of
meningiomas have identified targets for pharmacological
agents such as tyrosine kinase inhibitors that subsequently also
decrease activation of the PI3K, mTOR, and ERK pathways.

Given that 40% of meningiomas do not have mutations inNF2,
more recent investigation has focused on identifying other drivers
of meningioma tumorigenesis using next-generation sequencing
techniques that facilitate genome-wide sequencing in large cohorts
of patients. In 2013, two seminal studies evaluating key genetic
Frontiers in Oncology | www.frontiersin.org 4161
characteristics of meningioma were published (14, 30). Clark et al.
identified mutations in TRAF7 (tumor necrosis factor [TNF]
receptor–associated factor 7), KLF4 (Kruppel-like factor 4), AKT1
(v-akt murine thymoma viral oncogene homolog 1), and SMO
(smoothened) after sequencing a cohort of 300 WHO grade 1 and
2 meningiomas (14). Interestingly, these additional mutations
identified three non-overlapping groups of tumors with distinct
locations: those with chromosome 22 LOH and NF2 mutations
occurring along the convexities and posterior skull base, those
with mutations in SMO occurring in the midline anterior skull
base, and those with mutations in TRAF7, AKT1, and/or KLF4
occurring in the sphenoid wing and floor of the middle fossa
(Figure 1) (14). Identification of these non-NF2 driver mutations
revealed that the meningioma genomic landscape was more
diverse than previously assumed, leading to the identification of
additional meningioma driver mutations including POLR2A,
SMARCB1 germline variants (including SMARCE1), AKT3,
PIK3CA, PIK3R1, PRKAR1A, SUFU, and BAP1 (21, 24, 30–33).
At the same time, Brastianos et al. performed genomic sequencing
of 17 meningiomas with further targeted sequencing on an
additional 48 meningiomas, finding WHO grade 1 meningiomas
have significantly lower rates of genomic disruptions than either
systemic tumors or WHO grade 2 or 3 meningiomas (30). In the
discovery set, some Grade 1 meningiomas were found to have
copy number loss on chromosomes 1p, 7p, 14p, and 19 with copy
FIGURE 1 | Common intracranial locations of meningiomas highlighted in this review with associated DNA driver mutations or chromosomal loss (6, 14, 23, 24).
Locations correlated to a generalized scale ranging from less (green) to more (red) complicated to resect and manage. Meningioma locations not pictured include
clinoid, foramen magnum, cavernous sinus, suprasellar, and tentorial.
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number gains on chromosomes 5 and 10, while higher grade
tumors were associated with copy number loss of chromosomes
10q and 14q. Targeted gene analysis identified non-synonymous
mutations in NF2 (the most common alteration), KDM5C, SMO,
AKT1, RGPD3, and CD300C. The specific SMO mutations were
previously known oncogenic mutations in basal cell carcinoma
and desmoplastic medulloblastoma and were only found in
meningiomas without NF2 alterations. Similarly, the AKT1
mutations were oncogenic mutations previously described in
breast, colorectal, and lung cancer and were mutually exclusive
with NF2 or SMO mutations in meningioma. In validation
cohorts, the AKT1 and SMO mutations were observed in skull
base and higher grade meningiomas. Together, the findings from
Clark et al. and Brastianos et al. laid the foundation for the
inclusion of genomic alterations in the 2021 WHO classification.

The genomic landscape specifically of WHO grade 3
meningiomas has historically been less well characterized. To
address this question, Bi et al. analyzed 134 high-grade
meningiomas. In their cohort of high grade meningiomas,
most tumors were characterized by NF2 mutations, with very
few tumors having mutations in TRAF7, KLF4, AKT1 and SMO,
suggesting that high grade meningiomas have few targetable
genetic mutations. Associations were also reported between
AKTI/PIK3CA mutations and meningothelial subtype, NF2
mutations and fibroblastic subtype, and TRAF7/KLF4
mutations and secretory subtype. Bi et al. also found that high
grade lesions were characterized by increased copy number
alterations, and, interestingly, low grade lesions that progressed
to high grade meningiomas exhibited patterns of genomic
disruption similar to high grade meningiomas and have been
associated with activating TERT promoter mutations (21, 34).
Presence of a TERT promoter mutation is further associated with
progression and poor survival (35, 36). This observation
combined with other groups demonstrating a strong
association between homozygous deletion of CDKN2A/B or
BAP1 mutations and aggressive clinical outcome led to a
significant revision in the 2021 WHO criteria (2, 37–39).

While the 2021 classification recommends considering
sequencing, it is not required for diagnosis (2). Nonetheless,
the current criteria now integrates driver mutations such as NF2,
Frontiers in Oncology | www.frontiersin.org 5162
AKT1, SMO, and PIK3CA for conventional, TRAF7 and KLF4 for
secretory, SMARCE1 for clear cell, and BAP1 for rhabdoid
subtypes (2, 11). Furthermore, a meningioma harboring either
a TERT promotor mutation or homozygous deletion of
CDKN2A/B is classified as a grade 3 anaplastic tumor,
regardless of histologic grade (11).
Expression Profile and Epigenomic Analysis
Given that WHO grade and DNA mutations do not optimally
predict the clinical behavior of meningiomas, recent studies have
used several molecular analysis techniques to create classification
schemes more aligned with meningioma clinical course
(Table 1). Many groups have hypothesized that chromatin
structure and gene expression profiles, governed largely by
DNA methylation, might be more useful in this regard (40–
42). For example, the loss of H3K27 trimethyl (H3K27me3)
identified by immunohistochemistry has been corroborated as a
marker of poor survival and shorter time to recurrence,
specifically in Grade 2 meningioma (43, 44).

In 2017 Sahm et al. performed genome-wide methylation
analysis of 497 meningiomas across all WHO grades and 309
extra-axial tumors that mimic meningiomas histologically (5).
Unsupervised clustering not only segregated meningiomas from
the other tumors but also identified six clinically relevant
methylation classes of meningiomas. Three classes clustered
together and were defined as methylation class benign 1 to 3
(MC ben-1 to MC ben-3) based on having a more benign clinical
course. Two classes, defined as methylation class intermediate A
and B (MC int-A and MC int-B) had an intermediate
progression-free survival, and the final class, methylation class
malignant (MC mal), had a markedly poor progression-free
survival. Notably, while WHO grade 1 meningiomas were
enriched in the benign methylation classes and WHO grade 3
meningiomas in the malignant methylation class, WHO grade 2
lesions, which often have a heterogenous clinical course, were
scattered across all but one of the methylation classes.
Furthermore, NF2 mutations were found in at least 30% of all
methylation classes except for MC ben-2. Consistent with
findings from genomic sequencing studies, non-NF2 and NF2
TABLE 1 | A comparative representation of studies describing molecular reclassification of meningiomas.

Bayley et al, 2022 (10) Nassiri et al, 2021 (7) Maas et al, 2021 (8)

MenG A MenG B MenG C Group 1 Group 2 Group 3 Group 4 Subtype 1 (Low) Subtype 2 (Int) Subtype 3 (High)

TRAF7
AKT1
KLF4
SMO N/A N/A N/A N/A
POLR2A N/A N/A N/A
SMARCB1 N/A N/A N/A
Chr22q Loss
NF2
Chr1p Loss
TERT N/A N/A N/A
Marc
h 2022 | Volume 1
Within each classification scheme, meningioma subgroups are ordered from left to right based on increasingly worse progression free survival. Genetic mutations and chromosomal losses
were compared across each subgroup with black shading indicating predominant mutation/loss in that group, empty cell indicating that the mutation/loss was tested for but was not
present or significantly less predominant in that group, and N/A indicating that the mutation/loss was not tested for or not reported in that study.
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mutations occurred almost mutually exclusively, with non-NF2
mutations being enriched in MC ben-2, while NF2 mutations
were rare in this group (5). Taken together, these findings suggest
that methylation classes are superior to WHO grade for
predicting clinical behavior, especially in the case of WHO
grade 2 tumors, and that although NF2 mutational status may
not be an entirely specific predictor for clinical behavior, non-
NF2 driver mutations may be useful in identifying meningiomas
with a more benign clinical course.

In 2019 Patel et al. reported their classification scheme based
on combined bulk RNA sequencing and whole exome
sequencing analysis of 160 meningiomas (6). They too
reported 3 molecular subgroups, named type A, B, and C that
predicted recurrence more reliably than the WHO grading
schema. Interestingly, they found that more than half of the
tumors in their most aggressive subgroup (type C) were
predicted to be benign by WHO grading criteria. Like prior
studies, the least aggressive tumors (type A) were found to have
no notable copy number alterations while the most aggressive
tumors (type C) were found to have the greatest rates of
chromosome 22q and 1p losses. Importantly, gene set
enrichment analysis of type B and type C tumors revealed loss
of PRC2 complex function in type B and loss of DREAM
complex function in type C tumors, insights which might
guide targeted treatment strategies in the future (6).

More recently, Nassiri et al. performed an integrative analysis
of 121 meningiomas with methylation array, bulk RNA
sequencing, and whole exome sequencing analysis to develop
an integrated classification system to better predict outcome than
the WHO grading system (7). They identified 4 molecular
subgroups of meningioma, MG1-4, and designated each
subgroup based on pathway analysis of enriched genes:
immunogenic (MG1), benign NF2 wild-type (MG2),
hypermetabolic (MG3), and proliferative (MG4). Interestingly,
mapping drugs to target-enriched genes identified possible drug
candidates for specific meningioma subtypes. For example, the
histone deacetylase inhibitor vorinostat, which mapped to the
MG4 subtype, was found to specifically decrease the viability of
the MG4 meningioma cell line in vitro and decrease the size of
MG4 xenografts in vivo, highlighting the value of molecular
analysis of meningiomas both in classification and in
development of novel therapies (7).

Maas et al. and Bayley et al. have similarly created
meningioma classification systems that integrate a combination
of methylation array data, copy number alterations, DNA
mutations, and histopathological findings to better stratify
patients (Table 2) (8, 10). Importantly, Maas et al.
demonstrated that copy number alteration data can readily be
inferred from methylation arrays, thus streamlining the
molecular diagnostic workup of meningiomas, although they
also provide alternative assays (targeted gene analysis or FISH)
for stratification depending on resource availability (8). Bayley
et al. combined DNA methylation, RNA-seq, and cytogenic
profiling on WHO grade 1 and 2 meningiomas yielding three
subgroups of meningiomas, two malignant and one benign.
Notably chromosome 1p loss was strongly correlated with
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malignant tumors (10). These integrated models yielded a
greater accuracy for prognosis compared to RNA-sequencing
and cytogenic profiling or DNA methylation alone.

Meanwhile, Driver at al. incorporated 15 targeted, high-risk
molecular alterations (13 chromosomal alterations and loss of
CDKN2A/B) with histologic (presence of frequent mitoses) and
clinical (extent of resection, tumor volume, and recurrence
status) factors to stratify meningioma. This classification
system highlights the importance of incorporating CDKN2A
mutations, with their classification system resulting in
reclassification of 32% of tumors into either a higher or lower
risk integrated grade compared to their WHO grade (9). Taken
together, these recent studies suggest that a combination of
molecular and histopathological properties need to be
considered for accurate stratification of meningiomas. Indeed,
TABLE 2 | Comparison of contemporary aggressive meningioma prognostication.

Driver
Classification

(9)

Maas
Classification

(8)

RTOG
0539
(45)

WHO
2021
(2)

CNV
1p
3p
4p/q
6p/q
10p/q
14q
18p/q
19p/q
CDKN2A/B

Mitoses
4 to 19
>20

EOR
GTR
STR

Tumor Volume
0-25 cc
>25cc

Recurrence
rimary
Recurrent

WHO Grade
1
2
3

Methylation
Profile
Ben
Int
Mal

Genetic
Alterations
SMARCE1
BAP1
KLF/TRAF7
TERT

Histology
Ma
rch 2022 | Volume
 12 | Article
Key factors of four contemporary meningioma grading schemata, including genetic and
epigenetic alterations, histologic characteristics, and clinical characteristics, are
compared. Within each classification scheme, black shading indicates use of the factor
in the prognostication score.
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use of machine learning techniques may allow for inclusion of
even more information, such as MRI characteristics of tumors,
into intergrated grading schema that more accurately stratify
meningiomas (46).
CLINICAL MANAGEMENT

Active meningioma management includes surgical resection,
radiation therapy, and pharmacological options (47, 48).
Observation is another option, generally reserved for small,
asymptomatic, or incidental lesions and for patients that are
deemed poor candidates for other therapeutic options (49).
These patients are typically monitored with serial MRI scans.
Tumor growth or symptom progression can indicate that
observation has failed, and additional treatment may be
necessary. In a retrospective study of 244 patients, Oya et al.
demonstrated tumor diameter at diagnosis greater than 25 mm,
MRI T2 signal hyperintensity, absence of calcification, and
edema predicted tumor growth (50). Additional retrospective
studies validated these findings and demonstrated tumors > 40
mm at diagnosis and with initial volumetric growth rates of 20%
per year are highly likely to progress (51–53). Presence of focal or
diffuse calcification is perhaps one of the strongest preoperative
radiographic predictors that a meningioma is unlikely to recur,
demonstrating 0% recurrence rate in one retrospective study of
101 patients, compared to nearly 21% recurrence rates in
meningiomas without calcification observed (54). While many
patients with meningioma under observation are asymptomatic,
temporarily mitigating mild symptoms is possible with low-dose
steroids to alleviate edema and antiepileptic medications for
patients that present with seizure.

Surgery
With symptomatic lesions, tumor progression, or mitigating
factors such as patient preference, an active management
strategy is often required. For patients without significant
medical comorbidities, surgical resection is considered first-line
treatment and can often be curative. Selecting a surgical
approach is a nuanced decision based on the specific
meningioma location that must balance surgical risk with a
need to achieve complete resection as described by the
Simpson Grading Scale, defined by removal of the tumor with
tumor-infiltrated dura, bone, and venous sinuses (47, 55, 56).
Fundamentals of meningioma surgery are based on the general
principle that they are extra-axial lesions, and bone must be
removed to permit sufficient exposure of the lesion and minimize
injury to surrounding neurovascular structures. The
meningioma is first devascularized at its base to minimize
bleeding, the core is debulked, and the now malleable capsule
dissected from neurovascular structures. In select cases,
preoperative embolization may aid devascularization. Tumor
removal can be significantly more complicated for
meningiomas with close involvement of cranial nerves or a
venous sinus. Gross total resection of a meningioma is highly
Frontiers in Oncology | www.frontiersin.org 7164
dependent on the consistency of the tumor, its involvement with
surrounding structures, and tumor shape (57–59).

The location of a meningioma greatly affects a surgeon’s
ability to achieve complete resection, with increasing
complexity, for example, for convexity, parasagittal, sphenoid
wing, cerebellopontine, and petroclival meningiomas (Figure 1).
Convexity meningiomas typically present to the surface of the
brain, placing fewer neurovascular structures at risk during
dissection. Thus, given a generally low surgical risk, complete
resection represents the standard of care for both initial surgical
resection and for recurrence of aggressive convexity
meningiomas. Similarly, falcine meningiomas that by definition
arise from the falx but do not involve the superior sagittal sinus
can generally be completely resected, frequently by an
interhemispheric approach (60). In contrast, parasagittal
meningiomas can abut or even invade the superior sagittal
sinus, limiting a surgeon’s ability to achieve a gross total
resection without incurring the risks associated with sinus
thrombosis and venous infarction. Such cases require close
monitoring of residual tumor for progression, with
consideration for adjuvant therapy for clinically aggressive
lesions (61, 62).

Clinoidal, sphenoid wing, and spheno-orbital meningiomas
can also be more technically challenging, particularly with
increasing meningioma size and more medial location along
the sphenoid wing, given proximity to the optic nerve, internal
carotid artery and its branches, and the cavernous sinus (47, 63).
Such tumors may be amenable to frontotemporal craniotomy, an
eyebrow approach, or in some cases a TONES (TransOrbital
NeuroEndoscopic Surgery) approach to remove the lesion.
Additional bony removal to improve resection of larger, more
invasive lesions might include anterior clinoidectomy, optic
nerve decompression, orbitozygomatic osteotomy, and removal
of hyperostotic, tumor-infiltrated bone. Complete resection of
aggressive, recurrent lesions may be limited by encasement of
critical structures such as the internal carotid artery or
infiltration into the cavernous sinus. Fortunately, adjuvant
treatment of such lesions can yield control rates as high as
70%, although more aggressive approaches such as carotid
bypass or cavernous sinus entry to remove additional tumor
should be considered in certain cases (64).

Meningiomas localized within the cerebellopontine angle are
associated with further operative risk due to proximity to the
brainstem, cranial nerves, and high-flow vasculature. The
operative corridor to the cerebellopontine angle depends on
size of the meningioma and relationship to the cranial nerves.
Possible approaches include the retrosigmoid craniotomy and
posterior petrosal approach, among others. A case study of 34
patients with cerebellopontine angle meningiomas demonstrated
a 35.3% rate of cranial nerve deficits postoperatively, particularly
when tumor is greater than 3 cm or extends into the jugular
foramen (65). Given the critical structures surrounding the
cerebellopontine angle, complete resection might not be
possible, particularly with significant extension into the jugular
foramen or with brainstem invasion. Tentorial meningiomas,
which represent 3-6% of intracranial meningiomas, represent a
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similarly technically complex subset of meningiomas. Depending
on the location, surgical approaches include the subtemporal,
suboccipital, or supracerebellar infratentorial approaches (66).

Petroclival meningiomas, originating at the upper clival dura
medial to the trigeminal nerve, represent one of the most
technically challenging meningiomas to treat surgically, given
their ventral location in relation to the brainstem and
involvement of multiple cranial nerves, with high rates of
surgical morbidity (67). Variants such as the sphenopetroclival
meningiomas can further extend into the middle fossa and
invade the cavernous sinus. Complete resection of these
tumors is often not possible and a combination of approaches,
such as retrosigmoid, presigmoid, subtemporal transtentorial
transpetrosal, and pretemporal transcavernous approaches,
may be needed. Recent advances in endoscopy have opened a
new avenue for resection, with the endonasal corridor providing
direct access to the ventrally located meningioma via the clivus,
reducing retraction on the brainstem or cranial nerves and
greatly improving extent of resection (68–71).

Similarly, meningiomas of the anterior midline skull base (e.g.
parasellar or olfactory groove) may be accessed by either
expanded endoscopic approach or open craniotomy, often
through frontotemporal or subfrontal approaches (72, 73). The
expanded endoscopic approach is an increasingly viable option
providing early visibility of the anterior fossa with minimal brain
retraction and provides an opportunity for early decompression
of the optic canal to reduce the risk of optic nerve injury. While
such approaches are associated with increased risk of anosmia
and cerebrospinal fluid (CSF) leak, advent of the vascularized
nasoseptal flap has vastly reduced the rate of CSF leak.

Other locations of intracranial meningiomas are described in
the literature but are less commonly observed and are therefore
not comprehensively discussed in this review. For example,
intraventricular meningiomas, which represent less than 3% of
intracranial meningiomas, account for up to 15% of adult
intraventricular neoplasms and can present with either mass
effect or obstructive hydrocephalus; the most common left
trigonal location is often approached through a superior
parietal lobule or occipital avenues (74). Surgical approach for
each subset of intracranial meningioma not discussed must be
tailored to maximize resection while minimizing risk of injury to
vasculature, cranial nerves, and brain parenchyma.

Radiation Therapy
In elderly or medically ill patients, for surgically inaccessible
tumors, or as an adjunct to open surgery, stereotactic
radiosurgery is a treatment option that is particularly effective
for smaller lesions, with 5 year progression-free survival rates
ranging from 86-100% (18). Although surgery is widely
considered first-line treatment for symptomatic or progressive
meningiomas in a healthy patient population, complex tumors
that are closely involved with critical neurovascular structures
may not permit complete resection. Particularly for aggressive
meningiomas, residual tumor, such as that left within the
superior sagittal sinus, cavernous sinus, or encasing cranial
nerves, is associated with a 5-year recurrence rate greater than
60% (75). Therefore, adjuvant therapy must be considered for
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these lesions and is considered standard of care even after
complete resection for aggressive or grade 3 lesions (76).

Small (< 3 cm) WHO grade 1 meningioma may be treated
with single- or multi-session radiosurgery, though this is not
commonly used in higher-grade meningiomas except in cases of
repeat irradiation (77–79). For larger meningiomas of high grade
or with aggressive features, fractionated radiotherapy alone or in
addition to surgery is often recommended, typically 54 Gy for
grade 1 and 59.4 – 60 Gy for grade 2-3 lesions. Fractionated
radiosurgery following subtotal resection in patients with WHO
grade 1 meningiomas demonstrated 5-year progression free
survival (PFS) of 91%, compared to 52% of patients that had
subtotal resection alone (80). Similar comparisons in WHO
grade 2 and 3 patients demonstrated significant increase in
median PFS from 37 months to 64 months with addition of
adjuvant fractionated radiotherapy, although this benefit is likely
reduced in aggressive and recurrent meningiomas, which may be
identified based on the presence of intratumoral necrosis or brain
invasion, as previously described (81–83).

The efficacy of radiation therapy is highly relevant for surgically
complex tumors where gross total resection is not possible. Large
retrospective analyses of symptomatic patients with petroclival,
cavernous sinus, and cerebellopontine meningiomas reveal tumor
control by radiation therapy in greater than 90% of cases with
significant improvement in cranial nerve function (46.5%),
particularly in petroclival and cavernous sinus meningiomas (84,
85). These findings were replicated in a series of retrospective
analyses meta-analyses specifically looking at patients with
cavernous sinus meningiomas treated with fractionated
radiotherapy, demonstrating a local control rate of approximately
90% at 10 years with cranial nerve deficit improvement in 26-45% of
patients and a 10% rate of new cranial nerve dysfunction (86–90).
Clinical trials further investigating the application of fractionated
radiotherapy in the treatment of meningioma are ongoing with
encouraging results. For example, preliminary results from RTOG
0539, a phase II clinical trial in which patients were assigned
radiation treatment protocols based on grouping into low,
intermediate and high-risk groups by extent of resection, WHO
grade, and recurrence status indicate a PFS of 94% for intermediate-
and 59% for high-risk meningiomas treated with adjuvant
fractionated radiotherapy (45, 91). A lingering question is the
need for adjuvant radiation therapy following gross total resection
of an intermediate grade meningioma, and may be answered by an
ongoing phase 3 clinical trial (NCT03180268). Of note, inclusion in
this trial requires pathologic diagnosis of WHO grade 2
meningioma according to the 2016 criteria, and therefore may
not entirely assess the genetic and epigenetic subclassifications
described in recent years and incorporated into the WHO
2021 classification.

Systemic Therapy
Medical management for meningioma is typically reserved as
salvage therapy in aggressive, recurrent cases without surgical or
radiotherapeutic options. Unfortunately, there is a lack of large-
scale positive controlled trials on which to base recommendations,
highlighting the importance of ongoing clinical trials. Instead,
recommendations are based on small-scale studies evaluating a
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wide variety of drug classes. These include recombinant antibodies
(such as the anti-angiogenesis drug class), small peptides (e.g.
somatostatin analogues), and a range of small molecule targeted
therapies (48, 92–94). Traditional cytotoxic agents have had
limited success (95, 96).

The NCCN guidelines (version 2.2021) for the treatment of
recurrent meningioma has four category 2 recommended
treatments: bevacizumab (2A), sunitinib (2B), a combination of
bevacizumab with everolimus (2B), and somatostatin analogue
(2B, “useful in certain circumstances”). Here we first review the
NCCN recommendations for different salvage therapies before
discussing additional treatment options.

Therapies targeting angiogenesis predominately affect the
Vascular Endothelial Growth Factor (VEGF) pathway. A ten-
fold elevation of VEGF levels have been reported in high grade as
compared to low grade meningiomas (97). Vasogenic edema
associated with meningiomas likewise is correlated with tumor
VEGF expression levels, suggesting promise for therapies
targeting angiogenesis in certain meningiomas (98). Drugs
directly and indirectly targeting this pathway include
bevacizumab (targeted inhibition of VEGF-A), vatalanib
(VEGF/PDGF receptor inhibition), and sunitinib (non-specific
tyrosine kinase inhibitor) (48, 95). Of these agents, bevacizumab
is the best studied, with reported median PFS ranging from 6 to
15 months across several retrospective and prospective phase 2
studies (94, 99–101). As summarized by Graillon et al. in their
recent review, the majority of these studies are small, enrolling
between 8 and 38 patients with grade 2 or 3 meningiomas (94,
100). This combined with heterogeneity of study populations
between studies warrants caution when interpreting consensus
guidelines. When compared to a range of systemic agents as part
of a retrospective study, Furtner et al. also noted those receiving
bevacizumab demonstrated an 80% reduction in tumor diameter
and 107% reduction in peritumoral edema (95). While
promising, a prospective study by Furuse et al. suggests this
may be due to bevacizumab treating post-radiation
intraparenchymal radiation necrosis rather than targeting
viable tumor (100). Bevacizumab is the only NCCN 2A
recommended systemic treatment for recurrent meningioma.
Likewise, the European Association of Neuro-Oncology
(EANO) recommends bevacizumab in cases without alternative
local treatment options, with a European evidence level of III
(48, 102).

One prospective phase 2 and one retrospective study have
examined sunitinib in recurrent meningiomas, enrolling 36 and
11 patients respectively (103, 104). Kaley et al. reported
expression of VEGF-R2 in high grade meningiomas was
associated with a median PFS of 1.4 months compared to 6.4
in patients who lacked its expression. Unfortunately,
hemorrhages were observed in 4 of 36 patients on the study
(two grade 3, one grade 4, and one grade 5), with additional
thrombotic microangiopathy noted in 2 patients (103). More
recently, Cardona et al. reported a median PFS of 9.1 months in
eleven patients treated with sunitinib, notably without reports of
CNS hemorrhage or angiopathy their smaller retrospective
cohort (104). Sunitinib carries a NCCN 2B recommendation
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and a recommendation level C from EANO, though caution is
warranted given potential bleeding risk (48, 102).

Meningiomas demonstrate the highest incidence of
somatostatin receptor expression of all human tumors,
garnering interest in leveraging somatostatin analogues for
treatment of refractory lesions (105). The somatostatin
receptor subtype overexpressed in 70% of meningiomas, SST2A,
strongly binds the widely available analog, octreotide (106). In
vitro, octreotide inhibits meningioma cell proliferation, but does
not induce cell death, particularly in cells expressing high levels
of the SST2A receptor (107). A prospective pilot study that
treated 16 patients with recurrent meningioma with octreotide
yielded a radiographic response in 31% of patients, with an
additional one-third of patients exhibiting stable disease at 6
months, with minimal associated drug toxicity (108). While this
benefit was not observed in a prospective, phase II study of 8
patients with recurrent, treatment-resistant meningioma or
hemangiopericytoma, a large retrospective analysis of 43 (only
11 of whom were grade 2 or 3) patients with refractory
meningioma treated with octreotide demonstrated improved
progression-free survival particularly in skull base lesions (109,
110). Given the possible clinical benefit of octreotide with
minimal toxicity, the CNS NCCN guideline classifies it as a
level 2B drug for patients with recurrent meningioma.

Disruptions in the mTOR pathway are well documented in
high grade meningiomas, with mTOR inhibition associated with
decreased proliferation in vitro (107, 111). This has resulted in
several studies examining combination therapy of everolimus, a
small molecule mTOR kinase inhibitor, to other systemic
treatments for recurrent meningiomas, including octreotide
and bevacizumab (104, 112, 113). The phase II CEVOREM
trial of 20 patients reported a median PFS of 6.6 months of the
combination of octreotide and everolimus, while a median PFS of
12.1 months was reported by Cardona and colleagues for their
retrospective study of 14 patients treated with everolimus,
octreotide, and sunitinib (104). Finally, the combination of
everolimus and bevacizumab has also been promising, with a
median PFS of 22 months in grade 2 and 3 meningiomas (112).
Though it remains unclear if there was additional benefit from
combinatorial therapy, the combination of everolimus and
bevacizumab carries a level 2B recommendation from the
NCCN, with multiple mTOR pathway-targeting drugs being
actively investigated.

Immunotherapeutic agents have demonstrated mixed efficacy
to date in meningioma. Recombinant interferon-a is one such
agent that demonstrated in vitro inhibition of meningioma cells
(114). A prospective study of 35 patients with treatment-
refractory WHO grade 1 meningiomas treated with interferon-
a had promising results, yielding a median progression-free
survival of 7 months. Although no radiographic response was
noted in these patients, the study did demonstrate a modest
control rate compared to historical controls. Unfortunately,
interferon-a had limited efficacy for aggressive, high-grade
tumors; a retrospective study of 35 patients receiving
interferon-a demonstrated just 17% PFS at 6 months and no
evident radiographic response (115). Similarly, immune
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checkpoint inhibition by the programmed death-1 ligand (PD-
L1) pathway (known to be upregulated in high-grade
meningiomas) has failed to demonstrate significant response to
date, with a recent phase 2 study of nivolumab monotherapy in
25 patients failing to demonstrate improved progression free
survival (116). Despite initial setbacks, several immunotherapies
remain under active evaluation including nivolumab,
pembrolizumab, and avelumab.

Also under investigation for the treatment of meningioma are
tyrosine kinase inhibitors. Interest in this category arose from the
finding of activated PI3K and MAPK signaling pathways in
aggressive meningiomas (117–119). Two such tyrosine kinase
inhibitors with proven tolerability and efficacy in other tumors,
sorafenib and regorafenib, were shown to impair cell viability
and increase apoptosis in vitro with meningioma cells and to
improve survival in an in vivo murine xenograft (120). A 2014
phase II clinical study treated 25 patients with aggressive
meningioma with an oral tyrosine kinase inhibitor of VEGFR,
vatalanib, with 6 month PFS of 54% (121). There are multiple
additional tyrosine kinase inhibitors under investigation,
targeting various receptor tyrosine kinase such as EGFR,
PDGF, and FGFR with results pending (122–125).

As described above, molecular analysis of meningiomas has
identified numerous driver mutations in genes that can be targeted
with small molecular inhibitors or other therapeutic strategies. A
promising phase 2 clinical trial, NCT02523014, led by Brastianos
et al. is currently ongoing with 4 arms (2 closed, 2 ongoing)
designed to tailor therapy to the specific molecular alterations
identified in patients’ meningiomas (126). Meningiomas with
SMO or PTCH1 mutations were treated with vismodegib, an
FDA-approved Hedgehog signaling pathway inhibitor. Those
with NF2 mutations received a FAK inhibitor, thought to act as
a synthetic lethal with NF2 loss-of-function, with results from this
arm reported as showing improved PFS at 6 months (33%)
compared to historical controls with minimal adverse effects
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(127). Tumors with AKT1, PIK3CA or PTEN mutations are
treated with capivasertib, an AKT kinase inhibitor, and those
with CDK4, CDK6, CDKN2A, CCND1, CCND2, CCND3, and
CCNE1 treated with abemaciclib, a CDK inhibitor. As additional
molecular drivers of meningioma pathophysiology are identified,
additional targeted therapies will undoubtedly be revealed for
recurrent lesions.
CONCLUSIONS

Although often considered a benign entity, many intracranial
meningiomas are anything but, requiring potentially morbid
surgical resections and radiation treatments with few viable
systemic therapy alternatives. WHO grading predicts
aggressiveness of meningiomas relatively well, but as
demonstrated in the descriptive case examples, is not perfect,
particularly in the broad classes of grade 2 lesions. Recent progress
in characterization of the genetic and epigenetic landscape of these
lesions may significantly improve our ability to better delineate
aggressive tumors. Such tumors may be well-served with
immediate postoperative adjuvant therapy or closer monitoring.
Finally, improved molecular understanding has permitted targeted
therapies including antiangiogenic agents, tyrosine kinase
inhibitors, somatostatin inhibitors, and genetically targeted small
molecular inhibitors with highly anticipated results from ongoing
clinical trials.
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Meningiomas in the parasagittal region were formed by arachnoidal cells disseminated
among arachnoid granulations. The purpose of this study was to characterize the
morphology of chordae willisii, and AGs found in the superior sagittal sinus. This study
used 20 anatomical specimens. Rigid endoscopes were introduced via torcula herophili
into the sinus lumen. The morphological features of arachnoid granulation and chordae
willisii were analyzed, and then arachnoid granulations and chordae willisii were assessed
by elastic fiber stains, Masson’s stains, and imaging analysis. Three types of arachnoid
granulations were present in the examined sinuses. There were 365 counts of arachnoid
granulations in examined sinuses by imaging analysis, averaging 1.36 ± 2.58 per sinus.
Types I, II, and III made up 20.27, 45.20, and 34.52% of 268 patients, respectively.
Microscopy of chordae willisii transverse sections indicated the existence of a single layer
and a multiple-layered dura sinus wall. The dural sinus wall was the thickest one in the
superior sagittal sinus. The thickness of longitudinal lamellae was significantly greater than
trabeculae. This study reveals the anatomical differences between arachnoid granulations
in the superior sagittal sinus. The arachnoid granulations classification enables surgeons
to predict preoperatively growth patterns, followed by safely achieving the optimal range
of parasagittal meningioma resection.

Keywords: parasagittal meningioma, arachnoid granulations, endoscopy, chordae willisii, superior sagittal sinus
INTRODUCTION

The parasagittal meningioma (PSM) subgroup comprises 19.5 to 45% of all intracranial meningiomas
(1–3). Patients with symptoms are generally treated surgically as there are no effective medical
therapies (4, 5). The tendency for these tumors to invade or even encase the superior sagittal sinus
(SSS) requires a multimodal treatment approach to reduce the rate of surgical complications (5–7).
Abbreviations: PSM, parasagittal meningioma; SSS, superior sagittal sinus; AG, arachnoid granulation; CW, chordae willisii.
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The PSM was derived from arachnoidal cap cells distributed in the
arachnoid granulations (AGs) (8). The AG essentially consisted of
four components: a central core, cap cell cluster, arachnoid cell
layer, and fibrous capsule (9, 10). The AG included a network of
arachnoid cells and connective tissue fibers. (11, 12). AG occurs in
the subarachnoid space along the arachnoid membrane, extending
into the dural venous sinuses (13, 14) and results in different
growth patterns of parasagittal meningioma. However, the
relationship between AGs and development of parasagittal
meningioma has not been established.

Based on the degree of sinus invasion by imaging analysis,
PSM has been classified as various types, aiming to choose the
best surgical strategy (15, 16). The membranous structure
has been recognized as an effective barrier limiting the
extension of the tumors (16, 17). The internal membranous
structures in the SSS, especially for chordae willisii (CW),
including the different types (bands, bridges, chords, lamellar,
trabecular, and valve-like lamellae), were visualized and
described as they behaved physiologically with the aid of an
endoscope (18, 19). Nevertheless, CWs around AGs, which
could affect the sinus extension in meningioma, had not been
fully characterized.

We used an advanced rigid endoscope in this study to
physiologically describe the distribution of AGs and paid
attention to CWs in the SSS. Furthermore, we investigated for
arachnoid cell and membranous structure in AG by H&E
staining, Masson’s staining, and elastic fiber staining, aiming to
illuminate possible growth patterns of parasagittal meningioma.
MATERIALS AND METHODS

Subjects
At the Guangxi Medical University’s Department of Anatomy,
20 anatomical specimens taken during the fresh autopsy were
maintained in 10% formalin solution for at least two weeks.
Each specimen was over the age of 18 years. This study was
approved by the ethics committee of Guangxi Medical
University (ID No. KY-2021-007). The following exclusion
criteria were used: 1) craniocerebral trauma, 2) neurological
illness, and 3) sinus disease. The members of the families signed
individual consent permitting the use of resected samples
for research.

Endoscope Assessment
There were 12 male and 8 female specimens with the mean age
at death of 62 ± 10.33 years (range: 45–80 years). To describe the
intraluminal structure in the SSS, the latex was not injected into
vein vessels and sinus. The scalps were removed, and by using a
surgical power device (Xishan, China), the cranial vault above
the axial plane across the nasion and inion was removed. A 4.5-
gauge needle was inserted into the SSS, flushing with tap water
to remove blood clots. With the cadavers in supine, fixed in
Mayfield head holder, an advanced rigid endoscope (Karl Storz,
Germany) with a diameter of 4.0 mm and optics of 0 and 30°
was inserted into the sinus lumen from the forehead to the
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coronal. The endoscopes were connected to a digital camera and
a video system, enabling photographic recording of the relevant
structures. The morphology of the arachnoid granulation and
chordae willisii received special attention. Afterward, the SSS
samples were carefully removed en bloc using a surgical
microscope (OPMI6, Zeiss), and the SSS samples were cut
into 1 cm sections from the torcula herophili. AG and its
surrounding structures were placed in the observatory area
of interest.

Light Microscopy Assessment
Following sectioning, the arachnoid granules and their surrounding
structures were prepared for microscopic assessment. To assess
those morphological characteristics, H&E staining was used in
addition to the particular staining method for detecting collagen
fibers (Masson’s trichrome) and elastic fibers (Victoria blue). A
Zeiss Axioskop plus microscope (Carl Zeiss Microscopy) was used
to analyze and document the histological sections at ×50, ×100,
and ×400 magnification. Axio Vision software was used to capture
and save the images.

MRI-T2WI Analysis
The research involved 268 patients: 167 men and 191 women. At
diagnosis, the mean age was 51.63 ± 12.23 years (range: 34–78
years). In addition to conventional cerebral MR sequences, all of
these patients acquired 3D high-resolution volumetric MR
images [3D T2-SPACE sequence]. Our institutional review
board granted approval for this study. This retrospective
examination of medical data and imaging studies did not need
written informed permission. Consensual analysis of all MR
images was performed by two neuroradiologists. Arachnoid
granulation was hyperintense on T2WI, and CWs were
isointense. Each case was carefully evaluated to determine the
numbers and location. Exclusion criteria included the following:
(1) cerebral vascular diseases involved with SSS; (2) intracranial
tumor involved with SSS; and (3) image data were incomplete or
of poor image quality. As previously described, MRI images were
captured (14, 20).

Statistical Analysis
SPSS 22.0 for Windows was used to perform all statistical
analyses (SPSS Inc., Chicago, Illinois). Descriptive statistics was
used to summarize the categorical data, such as arachnoid
granulations and percentages. Means, standard deviations,
minimums, and maximums were used to express numerical
data. Pearson’s chi-square tests were used to determine any
statistical difference about proportions. Continuous variables
were compared using independent t-test.
RESULTS

Arachnoid Granulation
Endoscopic Observations
Various sizes of AG were presented either single or in a cluster.
The endoscopic study showed AGs with different distributions
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physiologically that we classified in three types based on their
location (Figure 1). The first type (type I): the arachnoid
granulations were fixed on the lateral wall of the sagittal
sinus and faced to the lumen directly (Figure 1a1). The
second type (type II): AGs were located in the chambers
formed by CW and sinus walls; the surface of these AGs was
covered with a transparent membrane (Figure 1a2). The third
type (type III): AGs were demonstrated in the junction between
the side and upper walls and protruded into subarachnoid
space around the sagittal sinus, attached to an arachnoid
tightly (Figure 1a3).

Morphological Observations
The arachnoid cell layer encompassing the central core was
covered by a fibrous capsule with an endothelial investment. A
large number of vacuole-like tissues were present in the neck.
The number of arachnoid cells was more in the apical portion
compared with that in the central core (Table 1 and Figure 2).
The collagen fibers in the junction between AG and the side wall
Frontiers in Oncology | www.frontiersin.org 3174
were arranged irregularly. Type I AG has the largest diameter
and type II AG has the smallest diameter (Table 2).

Imaging Analysis
With the thin layer MRI scanning, three types of AG in SSS were
delineated from normal cerebral tissues with hyper-intensity on
T2WI (Figures 3A–C). Longitudinal lamellae and trabeculae
were also observed in SSS (Figures 3D–E). There were 365
counts of AGs in examined sinuses, averaging 1.36 + 2.58 per
SSS. The percent of Types I, II and III was 20.27%, 45.20%, and
34.52% respectively in 268 patients (Figure 3F and Table 1).
There was no difference in the types of AG between female
patients and male patients (p=0.352)

Chordae Willisii Around the
Arachnoid Granulation
Endoscopic Observations
Various sized chambers were formed by valve-like lamellae, lateral
walls, and upper wall in the SSS. Door-like structures were
developed by valve-like lamellae, and AGs were located in
chambers (Figure 4A). The trabeculae could be found either in
or outside the chambers and appeared either solitary or in clusters
(Figures 4B–D). Laminar chordae were also observed around the
arachnoid granules, and arachnoid granules were fixed to the sinus
wall (Figures 4E, F).

Morphological Observations
Chordae willisii around AGs were arranged irregularly. The
presence of one layer was revealed with microscopic studies of
CW transverse sections and dura sinus wall with multiple layers
(Figures 5A–C). The thickness of longitudinal lamellae around
the AG was the same as the side walls of the SSS and greater than
trabeculae or Valve-like lamellae (Table 1 and Figure 5D).
DISCUSSION

This study demonstrated that arachnoid granulations (AGs)
were located on the surface of the sinus wall, in the lateral
sinus cavity, or the subarachnoid space. Collagen fibers around
AGs were disorderly arranged, and CWs around AGs revealed
the presence of multiple layers. The anatomical and histological
characteristics of AGs could result in different parasagittal
meningioma growth patterns.

Structure of AGs
AGs were pseudopodia anatomic structures that protrude into
the venous sinuses lumen. AGs were detected by an anatomy
and MRI scan. Some studies stated the presence of intrasinus
structure in the SSS with the aid of a rigid endoscopy. They
found arachnoid granulation protruded from the venous lacuna
into the lumen of the SSS. With age, the percentage of patients
with AGs in SSS increases significantly and there are no AGs in
the dura sinuses regarding numerous individuals of various
ages (14). The AGs in the cranial bones were discovered for the
first time around the SSS at the age of 10, and their number
FIGURE 1 | Distribution of arachnoid granulation (black arrow) in cerebral
venous sinus. Arachnoid granulation in the lumen (a1, B), lateral sinus (a2, C)
and subarachnoid space (a3, D).
TABLE 1 | Characteristics of AG, CW and dural wall in the superior sagittal sinus.

Arachnoid cell number in AG subregion Mean ± SD

Apical portion 87.6 ± 6.58
Central core 11.6 ± 2.41
Neck 8.80 ± 1.92
Bottom 37.80 ± 4.66

CW thickness around AG mm (Mean ± SD)
trabeculae 0.26 ± 0.19
Valve-like lamellae 0.42 ± 0.36
Longitudinal lamellae 0.73 ± 0.51

Dural wall thickness mm (Mean ± SD)
Side wall 0.82 ± 0.48
Upper wall 0.92 ± 0.39
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grows dramatically with time. AGs were more prevalent in the
cranial bones than in dura sinuses after the age of 60. Three-
dimensional high-resolution magnetic resonance imaging
sequences such as T2-weighted sampling perfection with
Frontiers in Oncology | www.frontiersin.org 4175
application optimized contrasts using different flip-angle
evolution and post-contrast T1-weighted magnetization
prepared rapid gradient echo was used to diagnose AGs in
our study (21). AGs could be clearly observed by an endoscopy
FIGURE 2 | Morphological characteristics of arachnoid granulations. Endothelial cells and arachnoid cells present in the cap cell section (a1; HE staining, ×200); Loose
connective tissue can be seen in the central core, with a net-like structure (a2; HE staining, ×200); Dense connective tissue at the base (a3; HE staining, ×200); A large
number of vacuole-like tissues present in the neck (a4; HE stain, ×200); Comparison of the number of arachnoid cells in different parts; *: means compared with central core,
neck and bottom, (P < 0.05) (B).
TABLE 2 | Type of AG in cadaveric specimens and 268 patients.

AG Type AGs by endoscopy AGs by imaging AGs by morphological (mean ± SD, mm)
No. (%) No. (%)

Type I 33 (16.58) 74 (20.27) 0.75 ± 0.36
Type II 91 (45.73) 165 (45.20) 0.31 ± 0.28
Type III 75 (37.68) 126 (34.52) 0.52 ± 0.26
FIGURE 3 | Three types of arachnoid granulation in the superior sagittal sinus were delineated from normal cerebral tissues with hyper-intensity on T2WI. CWs were also
present in the lumen of superior sagittal sinus. Arachnoid granulation in the lumen (A), lateral sinus (B), and subarachnoid space (C). Both longitudinal lamellae (D) and
trabeculae (E) in the lumen of superior sagittal sinus. Graphs showing comparisons of the number of type I, type II and type III in the superior sagittal sinus (F).
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and are divided into three types based on their anatomical
position. The three types of AGs were also confirmed on the
MRI of normal population.

Many studies focused on the histological characteristics of
AGs. AGs were made of four distinct components: a central core,
a cap cell cluster, an arachnoid cell layer, and a fibrous capsule
(22). The arachnoid cell layer that encircled the central core was
mostly covered by a thin fibrous capsule with an endothelial
investment. The arachnoid cell layer was thickened in places,
forming cap cell clusters (23). The central core is contained by
arachnoid cells network mixed with connective tissue fibers.
Vimentin was found to be localized to intermediate filaments
as determined by ultrastructural immunohistochemistry.
Frontiers in Oncology | www.frontiersin.org 5176
Depending on their location, the arachnoid cells showed a
marked variety in both the cell forms and the number of
intermediate filaments or desmosomes. The ultrastructure of
arachnoid cell membranes was also investigated by a
conventional transmission electron microscope in human AGs.
Arachnoid cells exhibited extensive membrane in granulations,
namely, desmosomes, gap junctions, tight junctions, and
intermediate junctions (9). The arachnoid cells in AGs are not
only densely adherent to form a firm structure for CSF transit,
but the arachnoid cells also lining the CSF channel exhibit
intensive cell–cell contact (24, 25). Similar to previous studies,
AGs refer to a narrow neck, broad body, and wide bottom in the
dura. The bottom portion protruding into the dura mater formed
FIGURE 4 | Endoscopic view of chordae willisii around arachnoid granulation in the superior sagittal sinus. (A) Valvelike chordae (white arrow); (B–D) Trabecular
chordae (white arrow); (E, F) Longitudinal lamellae (black arrow).
FIGURE 5 | Chordae willisiis around arachnoid granulation were arranged irregularly (A). Chordae willisiis revealed the presence of one layer (B), and dura sinus wall
with multiple layers (C). Comparison of thickness of trabecular chordae, longitudinal lamellae, valve-like lamellae and dural sinus wall in the superior sagittal sinus (D).
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a single or finger-like dural sheath. We found that type I AGs
were larger than type II AGs and the arrangement of collagen
fibers in the bottom of type I was more disordered than that of
type III. Furthermore, the arachnoid cells were evenly distributed
in the body, bottom, and neck.

Chordae Willisii Around the
Arachnoid Granulation
The morphological characteristics of CW in the SSS resulted in
the classification of CW into three distinct forms: lamellae
resembling valves, longitudinal lamellae, and trabeculae. The
most prevalent form was valve-like lamellae, whereas the
longitudinal lamellae were the least common form (26). CMs
were visualized and described with the aid of a rigid endoscopy.
They also identified three types of CW in all examined
specimens (27, 28). Similar to previous research, they also
confirmed that CW was the most common in the
parietooccipital region of the SSS and its most common type
was the valve-like. The relationship between CW and dura
sinus walls was demonstrated, and CW divided the lumen of
the dura sinus into two separate parts. The thickness of CWs
was variable in different parts of dural sinuses (29). In our
study, we paid more attention to CW around AGs. We found
that valve-like lamellae were presented in type II AG,
trabeculae in type I AG, and longitudinal lamellae in type III
AG. The collagen fibers on the sinus wall were loosely arranged
in type I AG.
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Clinical Significance
Parasagittal meningioma grew inside the dural sinus and may
displace or conform to the CW with lumen occlusion without
expanding through it (30). The chordae may thus provide a
barrier to its spreading into adjacent dura sinus. If the tumor
enlarges and extends through CW well behind, the chordae
may complicate the process by acting as a barrier to getting
behind it and entirely removing the tumor. The dura sinus
wall incision, which is often limited to the area where the
tumor infiltrates the wall, does not have to provide
appropriate exposure, making it necessary for extension
behind CW (29). Based on anatomical and histological
characteristics of AGs and CWs, we summarize the different
growth patterns of PMS (Figure 6). The tumors originating
from type I AGs grew inside or outside the SSS lateral wall,
and tumors outside the sinus wall could completely achieve
tumor resection. To ensure venous blood flow in the SSS,
tumor protruding into sinus was partially removed. Residual
tumor was treated with radiotherapy three months after
operation and observed by imaging. The tumor originating
from type II AGs grew into the lateral sinus and subdural
space. For CWs blocked tumor growth into the sinus lumen,
resectioning the tumor on the outside of CW could safely and
completely achieve maximum tumor resection. The tumors
originating from type III AGs grew into subdural space. The
dura mater, which was invaded by the tumor, could also be
resected completely.
A B

D

E F

C

FIGURE 6 | For different anatomical type of arachnoid granulation, schematic diagram illustrating the hypothesized different growth patterns of parasagittal
meningioma was presented. Preoperative, intraoperative and postoperative pictures of different types of meningioma were used to illustrate the type of tumor origin
and the interface for maximum safe resection of tumors during operation. (A) Type I AGs. (B) tumor growth patterns of Type I AGs and tumor resection interface
(green dotted line) during surgery. (C) Type II AGs. (D) tumor growth patterns of Type II AGs and tumor resection interface (green dotted line). (E) Type III AGs.
(F) tumor growth patterns of Type III AGs and tumor resection interface (green dotted line).
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Limitations
We recognize that our study has a number of limitations. First,
cadaveric heads vascular replica did not perfectly reflect the flexibility
of intracranial vessels. Second, it makes no recommendations for
avoiding intraoperative damage to CWs during tumor removal.
Third, it does not identify which part of the tumor invaded the
dura mater.

Conclusion
This study uses anatomical and histological techniques to reveal
the different anatomical types of AGs. Meanwhile, the
morphological structure of CWs around AGs was described.
Based on the anatomic characteristics of AG, we speculate the
different growth patterns of PMS, which guided the surgeon to
remove the tumor safely.
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A Nicotinamide
Phosphoribosyltransferase Inhibitor,
FK866, Suppresses the Growth of
Anaplastic Meningiomas and Inhibits
Immune Checkpoint Expression by
Regulating STAT1
Yuxuan Deng1, Boyi Hu2, Yazhou Miao1, Jing Wang2, Shaodong Zhang2, Hong Wan2,
Zhen Wu1, Yifan Lv1, Jie Feng2, Nan Ji1, Deric Park3 and Shuyu Hao1*

1 Department of Neurosurgery, Beijing Tiantan Hospital, Capital Medical University, Beijing, China, 2 Beijing Neurosurgical
Institute, Capital Medical University, Beijing, China, 3 Department of Neurology, University of Chicago Medical Center,
Chicago, IL, United States

Anaplastic meningioma is classified as a World Health Organization (WHO) grade III tumor
and shows a strong tendency to recur. Although the incidence of anaplastic meningioma
is low, the high rate of recurrence and death still makes treatment a challenge. A
proteomics analysis was performed to investigate the differentially expressed proteins
between anaplastic meningiomas and fibrous meningiomas by micro-LC-MS/MS. The
key metabolic enzyme nicotinamide phosphoribosyltransferase (NAMPT) showed
upregulated expression in anaplastic meningiomas. However, targeting NAMPT to treat
anaplastic meningiomas has not been reported. In vitro, NAMPT inhibitor -FK866 reduced
the viability of anaplastic meningiomas by inducing cell cycle arrest at the G2/M phase.
Intriguingly, the NAMPT inhibitor -FK866 decreased the protein expression of immune
checkpoints PD-L1 and B7-H3 by down-regulating the STAT1 and p-STAT1 expression
in vitro. Furthermore, FK866 suppressed the growth of anaplastic meningiomas in an in
vivo xenograft model. The expression of Ki-67 and immune checkpoint proteins (PD-L1
and B7-H3) showed significant differences between the group treated with FK866 and the
control group treated with DMSO. In conclusion, the expression of NAMPT, which plays a
crucial role in energy metabolism, was upregulated in anaplastic meningiomas. The
NAMPT inhibitor -FK866 significantly suppressed the growth of anaplastic
meningiomas in vitro and in vivo. More strikingly, FK866 potently inhibited immune
checkpoint protein (PD-L1 and B7-H3) expression by regulating STAT1 in vitro and in
vivo. Our results demonstrated that NAMPT inhibitors could potentially be an effective
treatment method for patients suffering from anaplastic meningiomas.
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INTRODUCTION

Anaplastic meningioma is classified as a World Health
Organization (WHO) grade III tumor. The incidence of
anaplastic meningioma is low, but the high rate of recurrence
and related deaths make treatment a challenge. The 5-year
overall survival rate for patients with anaplastic meningioma is
35%–61% (1–3). The treatment strategy is complete tumor
resection (4). Radiotherapy approaches are also used for the
treatment of anaplastic meningiomas when surgery alone is
insufficient (5). However, there is no known effective medical
therapy for anaplastic meningiomas (6). Therefore, it is necessary
to find a novel therapy for patients with anaplastic meningiomas.

Nicotinamide phosphoribosyltransferase (NAMPT) is an
enzyme involved in nicotinamide adenine dinucleotide (NAD)
biosynthesis (7). NAD is an important coenzyme for redox
reactions, making it central to energy metabolism. Moreover,
NAD is a cofactor or substrate for hundreds of enzymes, and it
can directly and indirectly influence many key cellular functions,
including metabolic pathways, DNA repair, chromatin
remodeling, cellular senescence and immune function. Because
of the Warburg effect (8), cancer cells need to maintain a redox
state and synthesize building blocks to support tumor
proliferation and progression, which means they need high
levels of NAD. Previous studies have shown that NAD is
synthesized from tryptophan, nicotinic acid (NA) and
nicotinamide (NM) through three major pathways: the de
novo, Preiss-Handler, and salvage pathways (9–11) (Figure 3).
NAMPT is the key rate-limiting enzyme in the salvage pathway.

High levels of NAMPT expression have been observed in
many studies (12–15). NAMPT can facilitate tumor initiation
and progression and it can induce cancer stem cell-like
properties in colon cancer and glioma (15, 16). In breast
cancer, NAMPT can facilitate tumor cell proliferation and
invasiveness (17). It is also important for prostate cell growth
and survival (18). Recent studies have also shown that
NAMPT serves as a promoter of an immunosuppressive
environment. Travelli et al. found that NAMPT can facilitate
the mobilization of immature myeloid-derived suppressor cells
(MDSCs), and this mobilization can be suppressed by NAMPT
inhibitors (19). Audrito V, et al. found that NAMPT plays an
important role in macrophage differentiation to the M2
phenotype and polarization in tumorigenesis-associated
macrophages in leukemia (20). In general, NAMPT can
promote the progression of tumors and regulate the tumor
immune microenvironment.

Given the high turnover of NAD in cancer cells and the fact
that NAMPT is the rate-limiting enzyme in the salvage pathway,
inhibitors of NAMPT were first reported as possible anticancer
agents by Hasmann et al. in 2003 (21). As a kind of small-
molecule NAMPT inhibitor, FK866 has shown anticancer
activity in several tumor models by depleting NAD levels
(21–23). Other studies have shown that FK866 can inhibit the
growth of tumors and induce the apoptosis of cancer cells (24,
25). However, the specific anticancer mechanism of FK866 is still
unknown in anaplastic meningiomas.
Frontiers in Oncology | www.frontiersin.org 2181
Previous studies have shown that the inhibition of NAMPT
expression can dramatically reduce the activation of STAT1 (26).
STAT1 performs various important biological functions in
normal cells, such as promoting cell death, inhibiting cell
growth, stimulating the immune system, and regulating cell
differentiation. In tumors, STAT1 is often considered to be a
promotor of antitumor activity, but STAT1 induction has also
been implicated in cancer progression. For example, STAT1
plays a critical role in mediating IFN-induced PD-L1
transcription in cancer cells (27), blocking T cell activation and
causing tumor immune escape.

In this study, we assessed whether NAMPT plays a critical
role during the tumorigenesis of anaplastic meningiomas and
investigated the potential mechanism by which FK866
suppresses the growth of tumors. We also aimed to determine
whether NAMPT regulates the immune checkpoint in anaplastic
meningiomas by regulating STAT1.
METHODS

Patients and Specimens
Six patients were diagnosed with fibrous meningiomas and four
patients were diagnosed with anaplastic meningiomas. The
diagnosis was based on pathological examination. All patients
underwent surgery at Beijing Tiantan Hospital, Capital Medical
University. Fresh tumor tissue samples from these patients were
frozen at − 80°C in isopentane and stored in liquid nitrogen. All
tumor tissue samples were used for proteomic analysis. All nine
of tumor tissues were used for Western blot analysis and
immunohistochemical staining. This study was approved by
the Ethics Committees of Beijing Tiantan Hospital (KY2021-
158-01). Informed consent was obtained from all enrolled
subjects, and the study was performed in full compliance with
all principles of the Declaration of Helsinki.

Protein Preparation and Nano-Liquid
Chromatography With Tandem Mass
Spectroscopy (Micro-LC-MS/MS) Analysis
The workflow of protein preparation and proteomics analysis is
shown in Figure 1. The protein from tissue samples was
extracted with lysis buffer (4% SDS and 100 mM HEPES, pH
7.6). The homogenate was sonicated for 10 min on ice. After
centrifugation at 25,000 g for 30 min at 4°C, the supernatant was
collected and stored at − 80°C. The total protein concentration
was measured with a bicinchoninic acid (BCA) kit (23227,
Pierce, Rockford, IL, USA).

Equal protein samples from each of six fibrous meningiomas
or four anaplastic meningioma tissues were combined into a
single pool, as shown in Figure 1. A mass of 200 mg of each
pooled sample was reduced using reducing reagent at 60°C for 1h
and alkylated with cysteine blocking reagent at room
temperature for 10 min as described in the iTRAQ protocol
(Applied Biosystems). Trypsin was added to the sample at a mass
ratio of 1:50 (enzyme:protein) and incubated at 37°C overnight.
The digested samples were labeled with 113 and 116 iTRAQ tags,
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respectively, as shown in Figure 1, according to the
manufacturer’s protocol (AB Sciex). The tagged peptides were
dried via vacuum centrifugation and combined in one tube. The
pooled sample was separated on apoly-LC SCX column (4.6 ×
250 mm, 5 mm, 100 Å) using an Nexera XR instrument (LC-
20ADXR, Shimadzu), and the labeled peptides were detected by
ultraviolet radiation using SPD-20A (Shimadzu, Japan). In this
study, a total of 55 fractions were collected, dried by speed
vacuum centrifugation, and combined into 12 fractions
according to the SCX chromatogram. Each fraction was
injected onto a desalting column (10 × 0.3 mm, 5 mm-C18,
120 Å) and separated on an analytical column (0.3 × 150 mm,
3mmC18, 120 Å) using an Eksigent microLC instrument
(Eksigent, Dublin, CA, USA). The samples separated via
capillary high-performance liquid chromatography were
subsequently analyzed using a Triple TOF 5600+ system
(AbSciex, USA).

Protein identification and proteome annotation were
performed using the ProteinPilot™ software package 5.0
(Applied Biosystems) and searched against the SwissProt
database (March 2020). The following search parameters were
utilized to analyze the MS/MS data: trypsin as the digestion
enzyme with a maximum of two missed cleavages allowed; fixed
modifications of carbamidomethyl (C) and iTRAQPlex (K and
N-terminus); variable modifications of oxidation (M); peptide
Frontiers in Oncology | www.frontiersin.org 3182
mass tolerance of ±20 ppm; fragment mass tolerance of ±0.1 Da;
and peptide FDR ≤ 0.01.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the iProX partner repository (28) with
the dataset identifier PXD032342.

Bioinformatics Analysis
The differentially expressed proteins were analyzed via
enrichment analyses using Gene Ontology (GO) (available at
www.geneontology.org) for the identification of associated
biological processes and molecular functions.

Cell Culture and Viability Measurement
The anaplastic meningioma cell line (CRL-3370) was obtained
from the American Type Culture Collection. The cell culture
medium consisted of DMEM supplemented with 10% fetal
bovine serum (FBS) (Gibco, USA). The cell line was
maintained at 37 °C in a humidified incubator with 5% CO2.

Cell viability was determined using Cell Counting Kit-8
(CCK-8) (Biosharp, China, BS350B). Briefly, 5mg FK866
(Selleck, USA, S2799) was dissolved in 1.2771 ml dimethyl
sulfoxide (DMSO) (Sigma, USA, D2650), then 10 mM FK866
was obtained. Then 10 mM FK866 was diluted with DMSO to
obtain 10 mM FK866. After incubation with DMSO or different
concentration of FK866 (25mM, 12.5mM, 2.5mM, 0.01mM,
0.005mM) for 24h, 48h or 72 h, 10 µl of CCK-8 reagent was
added to each well, and the plates were further incubated in an
incubator for 2h. Subsequently, the absorbance was measured at
450 nm by a microplate reader (Biotex, Synergy H1, USA). The
cell viability (%) was calculated as follows: (average OD of treated
groups at 24, 48 or 72 h/average OD of untreated groups at the
same time point) x 100%.

Colony Formation Assay
The indicated cells were digested and resuspended and counted
under a microscope. The cells were cultured in 6-cm plates at a
density of 500 cells per well. The cells were cultured under
normal culture conditions with DMSO or FK866 for 7 days. The
supernatant was removed, the cells were fixed with
paraformaldehyde, and the cells were dyed with purple crystal.
Then, the plates were washed with PBS twice. The whole field of
view was photographed and counted. ImageJ (V1.48, NIH,
Bethesda, MD, USA) was used for counting and measurement
of colony mean size as described earlier (29). In brief, after
converting the image to 8-bit format, the threshold was adjusted
to exclude the dazzle. Then, colonies were counted and measured
using the “Analyze Particles” function.

Western Blot Analysis
Tumor cells were lysed using RIPA buffer with a protease
inhibitor cocktail (Millipore Sigma). Lysates were separated by
SDS-PAGE (Bio-Rad) and transferred to PVDF membranes. The
membranes were probed for NAMPT (Abcam, ab236874),
STAT1 (CST, 14994), phosphorylated(p)-STAT1 (CST, 9167),
PD-L1 (CST, 13684), B7-H3 (CST, 14058) and b-actin
(Abcam, ab20272).
FIGURE 1 | The workflow of proteomic strategy.
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Immunohistochemical Staining
Immunohistochemical staining was performed on consecutive
sections from xenograft tumors removed from nude mice treated
with vehicle controls and FK866 (5 mg/kg by intraperitoneal
(i.p.) injection once per day). The tumor samples were fixed in
10% buffered formalin and embedded in paraffin. The sections
cut from paraffin embedded blocks were deparaffinized with
xylene and ethanol, and then immersed for 40 min in 10 mM
citric acid buffer (pH 6.0) or EDTA antigen retrieval solution
(pH 9.0). The activity of endogenous peroxides was quenched for
20 min in 3% H2O2 in methanol. After rinsing in PBS, the
sections were incubated at 4°C with anti-Ki-67 (Abcam,
ab16667), anti-PD-L1 (CST, 13684) and anti-B7-H3 (CST,
14058) antibodies overnight. Then, a brown immunostain was
developed using 3,3-diaminobenzidine tetrahydrochloride and
hydrogen peroxidase, and counterstained with hematoxylin. The
sections were then dehydrated, cleared with xylene and scanned
with a digital slice scanning system (Leica, AT2, USA).

Reverse Transcription-Quantitative
Polymerase Chain Reaction (RT-qPCR)
Total RNA was isolated from IOMM cell line using QIAzol Lysis
Reagent (Qiagen Sciences, Maryland, USA). cDNA was
synthesized using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, CA, USA). The cDNA
was subsequently analyzed using QuantStudio 5 (Applied
Biosystems, CA, USA). The amplification program was as
follows: initial denaturation step at 95°C for 30 s, followed by
40 cycles at 95°C for 15 s and 60°C for 60 s. The expression of
each specific gene was calculated relative to the expression of the
internal reference gene GAPDH using the 2–DDCt method. The
primer sequences are shown in Supplementary Table 1. All
assays were performed in triplicate.

Staining With 5-ethynyl-2′-deoxyuridine
(Edu)
An EdU (RiboBio, China, C10310-1) assay was used to
determine the cell proliferation rate. Cells were seeded in 96-
well plates (1×103 cells/well) and cultured with DMEM (10%
FBS) for 48 h. Then, 100 µl of EdU solution (50 µM) was added
to each well and incubated for 2 h at 37°C. Then, the cells were
fixed with 4% formaldehyde for 30 min and permeabilized with
0.5% Triton X-100 for 10 min at room temperature. Next the
cells were washed with PBS for 5 min and 1X ApolloR reaction
cocktail was added to each well (100 µl/well). Thirty minutes
later, the cells were incubated with 100 µl Hoechst 33342 for
30 min. Finally, the cells were observed with an inverted
microscope (Zeiss, Axio Observer. ZI, USA).

Cell Cycle Assay
The Cell Cycle and Apoptosis Analysis Kit (Biosharp, China,
BL114A) was used to detect cell cycle of IOMM cells treated with
FK866 or DMSO. The cells were washed with cold PBS, fixed in
70% ethanol, and stored at 4°C for subsequent cell cycle analysis.
The fixed cells were washed with PBS once and then re-
suspended in 1 mL of PI staining reagent (50 mg/ml
Frontiers in Oncology | www.frontiersin.org 4183
propidium iodide and 1 mg/ml RNAse in 1 ml of sodium
citrate buffer, pH 7.4). The samples were incubated in the dark
for 30 min before cell cycle analysis. The distribution of cells in
the cell cycle was measured by an Amnis imaging flow cytometer
(ImageStreamX MarkII), and quantitation of cell cycle
distribution was performed using FlowJo 10.6.2 Software. The
percentages of cells in the G1, S and G2 phases were calculated.

Xenograft Experiments
To construct the subcutaneous tumor xenograft mouse model,
2×106 IOMM cells were suspended in 100 mL of solution (PBS)
and injected subcutaneously into the right dorsal flank of 6–8-
week-old female nude mice. Tumors were allowed to establish
until the tumor size was measurable, and then the mice were
randomly assigned to be treated for two weeks with vehicle
controls or FK866 (5 mg/kg i.p. once per day). The dose of the
compound was determined based on previous studies (30–32).
FK866 was suspended in 45% propylene glycol + 5% Tween 80 +
double distilled H2O (ddH2O). Tumor size was measured twice
per week by two investigators as follows: tumor size (mm3) =
[d2 x D]/2, where d is the shortest diameter and D is the largest
diameter. After two weeks of treatments, tumor samples were
surgically removed and the tumor weights were measured as a
surrogate for tumor burden.

Statistical Analysis
The data obtained from the above experiments were statistically
analyzed with SPSS 22.0 software. The measurement data are
expressed by as the mean ± standard deviation (SD). T tests were
performed to compare the differences between two groups. One-
way ANOVA was performed to compare the differences between
the three groups. Each experiment was repeated at least 3 times.
P < 0.05 was considered to be statistically significant.
RESULTS

NAMPT Was Upregulated in Human
Anaplastic Meningioma Tissues
In the present study, we explored differentially expressed
proteins between fibrous meningioma and anaplastic
meningioma tissues by performing a proteomic analysis. In
total, 429 differentially expressed proteins were identified. Of
these proteins, 352 proteins were upregulated and 77 proteins
were downregulated in anaplastic meningioma tissues (with both
a P value and false discovery rate (FDR) both < 0.05, with fold
change > 1.5 or < 0.67) (Supplementary Material 2).

Based on the protein class of Protein Analysis Through
Evolutionary Relationships (PANTHER) Classification System
in the Gene Oncology (GO) database (www.geneontology.org)
(33), all of these differential proteins were classified (Figure 2). A
large portion of the differentially expressed proteins was involved
with metabolite interconversion enzymes (PC00262). A third of
the metabolite interconversion enzymes were transferases
(PC00220). Of these transferases, 14 proteins were upregulated
and 8 proteins were downregulated in anaplastic meningiomas.
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The expression of NAMPT was obviously different between
fibrous meningiomas and anaplastic meningiomas.

To validate the differential expression of NAMPT between
fibrous meningiomas and anaplastic meningiomas, we detected
the protein level of NAMPT in fibrous meningioma samples
(n=6) and anaplastic meningiomas samples (n=3) by Western
blot analysis. There was a significant difference in NAMPT
Frontiers in Oncology | www.frontiersin.org 5184
expression between fibrous meningiomas and anaplastic
meningiomas (P=0.0229) (Figures 3B, C). The expression of
NAMPT was significantly higher in the anaplastic meningioma
tissues than in the fibrous meningioma tissues. We also detected
the expression of NAMPT in tissues by immunohistochemical
staining. There was a significant difference of NAMPT
expression between fibrous meningioma tissues and anaplastic
A

B

C

FIGURE 2 | (A) The twenty enriched biological processes according to GO analysis. Most of differentially expressed proteins are metabolite interconversion enzymes
(PC00262). (B) The different functions of the metabolite interconversion enzymes (PC00262). Oxidoreductase (PC00176) and transferase (PC00220) enzymes accounts
for more than half of the metabolic interconversion enzymes. (C) Diagram listing the transferases related to the differentially expressed proteins. The y-axis
represents the fold change, and the x-axis lists the names of transferases. Red represents a high expression level in anaplastic meningiomas, while blue
represents a low expression level.
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meningioma tissues (P=0.0024) (Figures 3D, E). The expression
of NAMPT was significantly higher in anaplastic meningiomas
than in fibrous meningioma tissues.

The Inhibition of NAMPT by FK866
Suppressed the Proliferation of IOMM
Cells In Vitro
In this study, the inhibitory effect of FK866 on the viability of
IOMM cells was investigated at different concentrations (0-25
mM) (Figure 4A). The viability of the IOMM cells was detected
at different times (24, 48 and 72 h). A dose-dependent inhibition
of cell growth was observed with increasing FK866 concentration
at 24, 48 and 72 h. We also thought that a high concentration of
FK866 induces toxicity in normal cells. We therefore chose the
dose of 2.5 mM in subsequent in vitro studies to examine the
effect of FK866 on IOMM cells. A significant difference was
observed between the DMSO group and the FK866-treated
groups at 2.5 mM after 48 h of incubation (p=0.0022)
Frontiers in Oncology | www.frontiersin.org 6185
(Figure 4B). The effect of FK866 on IOMM proliferation was
also detected by colony formation and EdU assays. The colony
formation assays revealed that FK866 inhibited colony formation
of IOMM cells (Figure 4C). Colony numbers were significantly
different between the FK866‐treated group and DMSO-treated
group (p=0.0032) (Figure 4D). The results of the EdU assay
are shown in Figures 4E, F. The number of cells in the
proliferative phase was significantly between the FK866‐treated
group and the DMSO-treated group (p=0.0025). There were
fewer cells in the proliferative phase in the FK866-treated group
than in the DMSO-treated group. In summary, FK866 inhibited
the proliferation of IOMM cells.

The Inhibition of NAMPT Was Effective
Against Cell Cycle Progression
To understand how FK866 influenced the proliferation of the
IOMM cell line, flow cytometry was used to analyze the effect of
FK866 on the cell cycle. The percentage of cells in the G2/M
A

B

D E

C

FIGURE 3 | (A) NAD is synthesized from tryptophan, nicotinic acid (NA) and nicotinamide (NM) through de novo, Preiss-Handler, and salvage pathways. (B, C) The
relative expression of NAMPT (NAMPT/b-actin) in fibrous meningioma samples (n=6) and anaplastic meningiomas samples (n=3) was detected by Western blotting.
(D, E) The expression of NAMPT in fibrous meningioma samples and anaplastic meningiomas samples was detected by immunohistochemical staining. FMs: fibrous
meningiomas AMs: anaplastic meningiomas. **p < 0.01.
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phase was significantly different between the FK866-treated
group and the DMSO-treated group (p= 0.0025) (Figures 5A, B).
The proportion of cells in the G2/M phase among FK866-treated
IOMM cells had increased. In addition, a significant difference in
Frontiers in Oncology | www.frontiersin.org 7186
the number of cells in the S phase was also observed between
the FK866-treated group and the DMSO-treated group
(p=0.0041) (Figures 5A, B). FK866 reduced the number of cells
in the S phase.
A B

D

E

F

C

FIGURE 4 | (A, B) Inhibitory effects of FK866 on IOMM cells as demonstrated using the CCK-8 assay. The cells were treated with various concentrations of FK866
(0–25 µM) for 24, 48 and 72 h. (C, D) The proliferation of IOMM cells treated with FK866 or DMSO was detected by colony formation assay. (E, F) Percentage of
EdU positive cells among IOMM cells. **p < 0.01, ****p < 0.0001.
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The NAMPT Inhibitor-FK866-Suppressed
Immune Checkpoint Expression and
Proliferation of IOMM Cells by
Downregulating the Expression of STAT1
Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) was preformed to detect the mRNA relative
expression of NAMPT and STAT1. The results showed that
FK866 can elevate the mRNA expression of NAMPT
(Figure 5C) and reduce the mRNA expression of STAT1
(Figure 5D). And the mRNA relative expression of NAMPT
and STAT1 showed significant differences between the DMSO
group and the FK866 group (p=0.0003 and p=0.0022). Western
blotting was preformed to detect the expression of STAT1 and p-
STAT1. A significant difference was observed between the
DMSO group and the FK866 group (p=0.0019 and p=0.0353)
(Figure 5F). The results showed that FK866 reduced the
expression of STAT1 and p-STAT1 (Figure 5E). Intriguingly,
STAT1 can promote the expression of the immune checkpoint
(PD-L1) (27, 34–36), which can lead to immune escape (26).
Therefore, we performed Western blotting to detect the
Frontiers in Oncology | www.frontiersin.org 8187
expression of immune checkpoint proteins. The expression of
PD-L1 and B7-H3, indeed, showed significant differences
between the DMSO group and the FK866 group (p=0.0053
and p=0.0250) (Figure 5H). FK866 may decrease the
expression of PD-L1 and B7-H3 by downregulating STAT1
and p-STAT1 (Figure 5G).

The Small-Molecular Inhibitor of NAMPT,
FK866, Inhibited the Growth of Anaplastic
Meningiomas and Immune Checkpoint
Expression In Vivo
To confirm the effect of FK866 on anaplastic meningiomas in
vivo, we injected IOMM cells to generate an in vivo xenograft
model (Figure 6A). Mice bearing IOMM subcutaneous
xenograft tumors were randomized into two groups: (i) the
Control and (ii) FK866 (5 mg/kg) groups (Figure 6B). Our
results showed that tumor volumes were significantly lower in
animals treated with FK866 than in animals treated with DMSO
(p<0.0001) (Figure 6C). The tumor weight was significantly
different between the FK866 group and the Control group
A B

D

E F

G H

C

FIGURE 5 | (A, B) Distribution of the cell cycle in IOMM cells treated with FK866 or DMSO. (C, D) Changes in NAMPT (NAMPT/GAPDH) and STAT1 (STAT1/
GAPDH) mRNA relative expression in IOMM cells treated with FK866 or DMSO. (E, F) Changes in STAT1 (STAT1/b-actin) and p-STAT1 (p-STAT1/b-actin) protein
relative expression in IOMM cells treated with FK866 or DMSO. (G, H) Changes in PD-L1 (PD-L1/b-actin) and B7-H3 (B7-H3/b-actin) protein relative expression in
IOMM cells treated with FK866 or DMSO. *p < 0.05, **p < 0.01, ***p < 0.001.
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(p=0.0079) (Figure 6D). Taken together, these results suggested
that FK866 can be an effective curative therapy in anaplastic
meningiomas. Moreover, changes of Ki-67, PD-L1 and B7-H3
expression in vivo were detected by immunohistochemical
staining. The expression of Ki-67, PD-L1 and B7-H3 showed
Frontiers in Oncology | www.frontiersin.org 9188
significant differences (p=0.0030, p=0.0113 and p=0.0077)
(Figure 6F). The IOMM meningioma models treated with
FK866 had low levels of Ki-67, PD-L1 and B7-H3 expression
(Figure 6E). This suggested that FK866 can inhibit the growth of
tumors and prohibit immune escape.
A

B

D

E

F

C

FIGURE 6 | (A, B) Mice bearing IOMM meningiomas were treated with intraperitoneal injections of FK866 or DMSO on day 10, and the tumors were collected on
day 25 (N=5/group).(C) The tumor volume at 3, 6, 9, 12 and 15 days after treatment. Tumor size (mm3) = [d2 x D]/2, d is the shortest diameter and D is the largest
diameter. (D) The results of tumor weight analysis. (E, F) Immunohistochemical staining for Ki-67, PD-L1, B7-H3 in IOMM cell-derived meningiomas treated with
DMSO and FK866. *p < 0.05, **p < 0.01, ****p < 0.0001.
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DISCUSSION

In this study, we used proteomic analysis to identify the
differentially expressed proteins between fibrous meningiomas
and anaplastic meningiomas. Then, NAMPT was identified as
the critical protein during the tumorigenesis of anaplastic
meningiomas. As the key rate-limiting enzyme in the salvage
pathway of NAD synthesis, NAMPT has recently been shown to
be a promoter of cancer (12–14). Sun M. Hong et al. reported
that NAMPT can promote the proliferation of colorectal cancer
cells (37). Zahra Hesari et al. reported that NAMPT promotes
tumor progression and invasion of breast cancer cells (38).
NAMPT can also facilitate pancreatic ductal adenocarcinoma
cell growth (30). An increasing number of studies have proven
that targeting NAMPT can be a feasible strategy for inhibiting
tumor progression. However, targeting NAMPT to treat
anaplastic meningiomas has not been reported. The NAMPT
inhibitor, FK866, has shown anticancer activity in several tumor
models (21–23) and has been tested in clinical trials (39). Li-
Yuan Zhang et al. reported that FK866 can inhibit cell
proliferation and induce G2/M cell-cycle arrest in glioblastoma
cells (40), which corresponded to our results. We first validated
that NAMPT plays a critical role in the tumorigenesis of
anaplastic meningioma and can be a therapeutic target.
Therefore, we posited that FK866 can suppress the progression
of malignant meningiomas and experiments were performed to
validate this assumption. In general, FK866 has a potential
therapeutic effect on anaplastic meningiomas.

Previous studies have shown that the inhibition of NAMPT
can dramatically reduce the activation of STAT1 (26). We
wondered whether a NAMPT inhibitor suppresses the
proliferation of IOMM cells by reducing STAT1. The results
showed that inhibiting NAMPT by FK866 can reduce the
expression of STAT1. The role of STAT1 in cancer is disputed.
Most studies have suggested that STAT1 is a tumor suppresser
(41). However, STAT1 can promote the progression of tumors in
pleural mesothelioma (42), breast cancer (43) and head and neck
cancer (44). Hongwei Lv et al. validated results showing that the
NAMPT protein can facilitate the expression of STAT1. p-
STAT1 expression was reduced in NAMPT-deficient cells or
FK866-treated cells (26). In our study, the results showed that
FK866 can reduce the expression of STAT1 and inhibit its
activation. Intriguingly, a novel study revealed that STAT1
occupies a conserved element within the first intron of
NAMPT. By binding this site, STAT1 can promote NAMPT
expression in tumor-associated macrophages (45). It seems that
there is a positive feedback mechanism involving STAT1 and
NAMPT. Further study is needed to determine the relationship
between these factors.

Recent studies have shown that NAMPT is a promoter of an
immunosuppressive environment. Travelli et al. found that
NAMPT can facilitate the mobilization of immature myeloid-
derived suppressor cells (MDSCs), which can be suppressed by
NAMPT inhibitors (19). Audrito V et al. found that NAMPT
plays an important role into macrophage differentiation to the
M2 phenotype and polarization into tumorigenesis-associated
macrophages in leukemia (20). A number of previous studies
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have shown that NAMPT affects immune cells in tumors.
However, the mechanism by which NAMPT regulates immune
molecules in cancer cells needs to be determined. The
relationship between NAMPT and immune checkpoints is still
confusing. In glioblastoma, NAMPT inhibitors can upregulate
PD-L1 in tumor cells, which makes combination therapy with
NAMPT inhibitor and blockade of the PD-L1/PD-1 axis more
efficient (46). However, Hongwei Lv et al. reported that
inhibition of NAMPT reduced PD-L1 expression and that
NAMPT deficiency impaired the therapeutic effect of PD-L1
checkpoint blockade on liver cancer in mice, which was further
validated in melanoma samples obtained from patients (26). In
our study, NAMPT inhibitors were used to suppress the growth
of anaplastic meningiomas; at the same time, the expression of
PD-L1 and B7-H3 was reduced, which means that FK866 can
improve the tumor microenvironment and inhibit immune
escape. Further work needs to be performed to determine the
mechanism by which FK866 regulates the expression of immune
checkpoints. This line of inquiry is important since the results
may enable us to improve the efficacy of immune therapy
for patients.

There are two major limitations in this study that could be
addressed in future research. First, the study focused on the
therapeutic effect of NAMPT inhibitor FK866 on anaplastic
meningiomas and immune checkpoints expression. However,
NAMPT knockdown experiments could be performed to
investigate the mechanism about how NAMPT reduced
STAT1 and immune checkpoints expression. Second, Although
NAMPT was found at proteomic profiling and validated by
western-blot and IHC, sample sizes could be increased for
proteomic analysis to identify the more differentially expressed
proteins at NAD metabolism.

In conclusion, we showed that anaplastic meningiomas have a
high level of NAMPT expression, and we inhibited the growth of
tumors in vivo and in vitro by applying an NAMPT inhibitor
FK866. Notably, NAMPT inhibitors can reduce PD-L1 and B7-
H3 expression in tumor cells, indicating their potential as
targeted therapeutics for immune therapy.
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Objective: The surgical strategy for falcotentorial junction tumors remains complex.
Different approaches are selected according to the location and growth pattern of the
tumor and the operator’s experience. This report reviews our single-institution experience
in the surgical management of falcotentorial junction tumors.

Methods: We retrospectively reviewed the clinical and imaging data, surgical strategy,
and follow-up outcomes of 49 patients treated from 2007 to 2020.

Result: All 49 patients (12 male, 37 female, mean age: 56.3 ± 11.3 years) underwent safe
tumor resection. The most common complaints were headache (43%), dizziness (39%),
and unstable gait (16%). Thirty percent of the tumors showed calcification, and the
computed tomography scans revealed hydrocephalus in 36% of the patients. On
magnetic resonance imaging, 43% of the tumors were unilateral. According to the Asari
classification, the tumors were divided into inferior (16%), superior (29%), anterior (22%),
and posterior (33%) types. The occipital interhemispheric approach (88%) and
supracerebellar–infratentorial approach (10%) were primarily used to reach the tumors.
The pathology examination results revealed that 85.7% of the tumors were meningioma
and 14.3% were hemangiopericytoma. Of the 49 patients, 15 achieved a Simpson grade I
resection, and 29 achieved a Simpson grade II resection. The follow-up rate was 77.6%
(38/45); 94.7% of patients (36/38) achieved a favorable outcome, and 9 experienced
tumor recurrences.

Conclusion: Surgical approach selection depends on the growth characteristics of the
tumor and the degree of venous or sinus involvement. The occipital interhemispheric
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approach is the most commonly used and safest approach for falcotentorial junction
tumors with multiple brain pressure control assistance techniques.
Keywords: falcotentorial, hemangiopericytoma, meningioma, surgery, hybrid operation
INTRODUCTION

Falcotentorial junction tumors are located at the anterior portion
of the junction between the falx and the tentorium (1–3). Rare
falcotentorial junction tumors, such as meningiomas or
hemangiopericytoma, are substantial surgical challenges due to
their deep location and the presence of adjacent critical
neurovascular structures. Different approaches can be selected
according to the location and growth pattern of the tumor and
operator preference (3–10). This study reviews our center’s
experience in the surgical management of falcotentorial
junction tumors.

METHODS

Patient Cohort
The authors retrospectively reviewed the medical charts from
our hospital’s main campus from June 2007 to April 2020 and
roughly identified a total of 131 clinical cases of potential
falcotentorial junction tumors. By carefully reviewing the
clinical data and radiological images and excluding
“peritorcular” tumors with torcular involvement or velum
interpositum meningiomas (1–3, 11, 12), 49 patients with
comprehensive medical data were enrolled in this study. The
institutional review board of the authors’ hospital approved this
study. The STROBE guidelines for observational cohort studies
were followed. Due to the retrospective nature of the study,
informed consent was waived.

The age, sex, clinical presentation, radiological findings,
tumor location, surgical details, pathology, postoperative
complications, surgical outcome, and follow-up data of the
patients were collected and analyzed. The classic Asari
classification, including inferior, superior, anterior, and
posterior typing, was used to define the tumor location (13).
There were four types. The anterior type means the tumor
extension between the inferior sagittal sinus and the great vein
of Galen). The inferior type means the tumor extension between
the great vein of Galen and the straight sinus. The posterior type
means the tumor extension along the straight sinus, and the
superior type means the tumor extension above the
cerebellar tentorium.

The Simpson grade was used to assess the extent of the
resection. CT scanning was completed at 1 month after
surgery. The MRI contrast was completed at 6 months after
surgery. After that, if there was nothing special, a follow-up MRI
contrast was required annually. Patient follow-up was conducted
at the outpatient clinic or by telephone interview, and the
recurrence rate and outcome were assessed. The modified
Rankin Scale (mRS) score was used to quantify the outcome,
in which a favorable outcome was defined as mRS ≤2.
2193
Literature Review
The authors performed a literature search on PubMed for articles
on falcotentorial junction tumors published in English in the last
10 years. The search strategy was as follows: “(falcotentorial
meningioma) OR (pineal region meningioma) [Allfield]”. A total
of 68 results were retrieved; after reading their full texts, seven
articles describing case series reports (more than 5 cases) were
included for the literature review.
Statistical Analysis
Statistical analysis was performed using SPSS 22.0 (IBM, USA).
Numerical variables are presented as the mean ± standard
deviation (range). A p-value <0.05 was set as the threshold
of significance.

RESULTS

Clinical Characteristics
The clinical characteristics of all 49 patients with falcotentorial
junction tumors are summarized in Table 1 (more detailed
information can be found in the Supplementary Table). There
were 12 males (24.5%) and 37 females (75.5%) in our series, aged
33 to 81 years (mean, 56.3 ± 11.3 years). The chief complaints
were nonspecific symptoms such as headache (n = 21, 42.9%)
and dizziness (n = 19, 38.8%), followed by unstable gait (n = 8,
16.3%), blurred vision (n = 5, 10.2%), limb weakness (n = 4,
8.2%), facial numbness (n = 2, 4.1%), and seizures (n = 1, 2.0%).
Some lesions were found accidentally (n = 6, 12.2%).

All patients were preliminarily diagnosed with meningioma
preoperatively. The computerized tomography (CT) results
showed 15 patients (30.6%) with calcification inside the tumor
and 18 (36.7%) with hydrocephalus. On magnetic resonance
imaging (MRI), the tumor was unilateral in 21 patients (42.9%)
and bilateral in 28 (57.1%). According to the Asari classification,
8 tumors (16.3%) were of the inferior type, 14 (28.6%) were of the
superior type, 11 (22.5%) were of the anterior type, and 16
(32.7%) were of the posterior type. The magnetic resonance
venography (MRV) revealed a straight sinus occlusion rate
of 79.6%.

Surgical Strategy
In terms of surgical approach selection, the occipital
interhemispheric approach (OIA, n = 43 87.8%) and
supracerebellar–infratentorial approach (SCITA, n = 5, 10.2%)
were mainly used. Only 1 tumor was resected by the subtemporal
approach (2.0%, Figure 1). Three patients (12.2%; cases 6, 46,
and 47) underwent preoperative external ventricular drainage,
and 1 patient (2.0%, case 48; Figure 3) underwent preoperative
tumor embolization.
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Surgical Outcome and Follow-Up
Gross total resection (Simpson grades I and II resection) was
achieved in 44 (89.8%) surgeries; Simpson grades III and IV
resections were achieved in 1 (2.0%) and 4 (8.2%) surgeries,
respectively. For those patients with a diagnosis of
hemangiopericyma, preoperative embolization may be helpful
to reduce the blood supply in these cases. We have adopted such a
strategy in recent clinical practice. All the patients with WHO II
or beyond accepted radiotherapy after operation. The major
Frontiers in Oncology | www.frontiersin.org 3194
postoperative complications were hydrocephalus treated by a
V–P shunt (n = 2, 4.1%) and visual field impairment caused by
contusion (n = 2, 4.1%). The pathology examination results
confirmed a diagnosis of meningioma for 42 patients (85.7%)
and hemangiopericytoma for 7 patients (14.3%). The mean
follow-up time was 82.1 ± 39.9 months (15 to 169 months).
The follow-up rate was 77.6% (38/49). Nine patients (23.7%) were
found to have tumor recurrence in these followed-up patients.
The pathology for 2 patients was hemangiopericytoma (WHO II),
and the other 7 patients had meningioma (WHO I). No case
reached Simpson I resection during the operation. Five cases
reached Simpson II resection, and 1 case reached Simpson III
resection. The other 3 cases were Simpson IV during operation. In
total, 94.7% cases (36/38) achieved a favorable outcome.

Literature Review
In the retrieved literature, the OIA or its modifications (occipital
transtentorial approach, parieto-occipital, occipito-suboccipital)
were the preferred approach for falcotentorial junction tumors
(85.7%). Visual field impairment and hydrocephalus requiring
shunting were the major surgical complications. The pathology
examination results typically led to a diagnosis of meningioma,
and most of the patients achieved a favorable outcome.

Case Illustration
Case 1
A 52-year-old man complained of blurred vision and unsteady
gait for 2 months. The physical examination showed left
hemianopsia, and both left and right vision were 0.1. The MRI
results revealed a falcotentorial meningioma, which had an
isointense signal on T1-/T2-weighted imaging and
homogeneous enhancement on contrast-enhanced MRI. The
MRV showed that the straight sinus was occluded (Figure 2A).
We implanted an Ommaya reservoir at 1 week before tumor
resection and maintained drainage at 200 ml per day. The patient
then underwent tumor resection using the OIA. During the
operation, the majority of the tumor base was located at the falx
end and the tentorium. The tumor was removed in a piecemeal
fashion. Finally, the tumor and the base were totally removed
(Simpson grade I resection). The postoperative CT showed no
hemorrhage or infarction (Figure 2B). The pathology
examination result revealed that the tumor was a
hemangiopericytoma, WHO grade I. The 26-month follow-up
showed no tumor recurrence.

Case 2
A 33-year-old man complained of headache for 2 months. The
CT results revealed a mixed-density, right occipital lesion. The
MRI revealed a right occipital, mixed-signal lesion and flow voids
on T1- and T2-weighted imaging. The lesion showed obvious
enhancement on contrast-enhanced MRI. The MRV showed an
obstructed sagittal sinus (Figure 3A). We performed the
operation in a hybrid operating room. The cerebral digital
subtraction angiography (DSA) results revealed abundant
tumor blood supply. The feeding arteries were the right
posterior cerebral artery (PCA), right external carotid artery
(ECA), right meningiohypophyseal trunk, and left ECA
TABLE 1 | Clinical characteristics of patients with falcotentorial junction tumors.

Clinical characteristics Value

Age (mean) 56.3 ± 11.3 years
Sex
Male 12 (24.5%)
Female 37 (75.5%)

Clinical presentation
Headache 21 (42.9%)
Dizziness 19 (38.8%)
Unstable gait 8 (16.3%)
Accidentally found 6 (12.2%)
Blurred vision 5 (10.2%)
Limb weakness 4 (8.2%)
Others 3 (6.1%)

Laterality
Unilateral 21 (42.9%)
Bilateral 28 (57.1%)

Asari types
Anterior 11 (22.5%)
Inferior 8 (16.3%)
Posterior 16 (32.7%)
Superior 14 (28.6%)

Straight sinus occlusion
Yes 39 (79.6%)
No 10 (20.4%)

Preoperative GOS ≥4 49 (100%)
Surgical approach
Occipital interhemispheric approach 43 (87.8%)
Supracerebellar–infratentorial approach 5 (10.2%)
Subtemporal approach 1 (2.0%)

Surgical results (Simpson grade)
Simpson I 15 (30.6%)
Simpson II 29 (59.2%)
Simpson III 1 (2.0%)
Simpson IV 4 (8.2%)

Major postoperative complications
Hydrocephalus 2 (4.1%)
Brain contusion 2 (4.1%)

Pathology
Meningioma 42 (85.7%)

Fibrous type, WHO grade I 28 (57.1%)
Epithelial type, WHO grade I 12 (24.5%)
Angiomatous type, WHO grade I 1 (2.0%)
Transitional type, WHO grade I 1 (2.0%)

Hemangiopericytoma 7 (14.3%)
WHO grade I 1 (2.0%)
WHO grade II 3 (6.1%)
WHO grade III 3 (6.1%)

Follow-up 38 (77.6%)
Recurrence 9 (23.7%)
mRS ≤2 36 (94.7%)
mRS >2 2 (5.3%)a
mRS, modified Rankin Scale; WHO, World Health Organization.
aIncluding case 18 who passed away naturally in year 2015.
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(Figure 3B). Onyx-18 was used for feeding artery embolization
for the right PCA, right occipital artery, and left occipital artery.
The DSA reexamination showed that 90% of the blood supply
was embolized (Figure 3C). Craniotomy was then performed.
The occipital interhemispheric transtentorial approach was used
to reach the tumor under navigation. The tumor was tenacious,
with partial calcification. Piecemeal removal was performed, and
we achieved a Simpson grade II resection. The postoperative CT
results showed no hemorrhage or infarction (Figure 3D). The
pathology examination results revealed that the tumor was a
hemangiopericytoma, and the 10-month follow-up showed no
tumor recurrence.

DISCUSSION

Relationship Between the Tumor Growth
Pattern and Approach Selection
MRI and angiography can provide abundant information on the
location of the lesion and adjacent vascular structures, and the
Asari classification can be used to define the tumor extension
into four tiers according to the MRI findings (13). The choice of
surgical approach depends on the relationship between the
tumor, the deep venous system, and the tentorium (1, 13). The
Asari classification gives us an imaging classification according to
tumor extension. In most studies, OIA or one of its modifications
was selected as the primary approach for falcotentorial junction
tumors (Figure 1 and Tables 1, 2) (6, 12, 14, 15). Routine OIA
was quite suitable for tumors that originated from the falx
(similar to the superior Asari type) immediately above the
junction of the vein of Galen with a straight sinus, especially if
the tumor displaced the galenic venous system inferiorly. Parietal
extension of the OIA (parietooccipital approach) can be
performed for the posterior group, and transtentorial
Frontiers in Oncology | www.frontiersin.org 4195
maneuver can be added for the anterior, inferior, and
posterior groups.

We believe that the key point regarding the selection of
surgical approach is whether the straight sinus is occluded.
Theoretically, if an occluded straight sinus is observed on
MRV, the OIA can be applied for all four Asari groups,
supplemented by transtentorial maneuver (8, 16). Ergonomics
may be the reason that neurosurgeons preferred the OIA.
However, an unobstructed straight sinus should not be
occluded under any circumstances. Although the SCITA was
also suggested and might lower the chance of severe deep
neurovascular compromise, the need for a semi-seated patient
position might increase the risk of air embolism and surgeon
fatigue. The author preferred to apply the SCITA only if the
tumor was classified into the anterior or the inferior group,
without a straight sinus occlusion, and/or the Galenic venous
system was elevated. Bleeding from an injured straight sinus
might be an issue for hemostasis with SCITA. Currently, the
authors use a “head-up” park bench position for the SCITA to
lower the risk of air embolism and improve the surgeons’
ergonomics and bleeding control (17). Regardless of the choice
of surgical approach, the galenic venous system and collateral
circulation should be preserved during surgery, both of which are
more important than achieving gross-total removal. Based on
these strategies, the authors achieved a favorable outcome rate
of 94.7%.

Postoperative Complications
The two major postoperative complications were hydrocephalus
and visual field impairment, both in the authors’ practice and in the
literature (Figure 1 and Tables 1, 2). The rate of preoperative
hydrocephalus was considerable, and the condition usually
presented with radiographic evidence (3, 5, 6, 12, 14, 15). Some
FIGURE 1 | Sankey diagram showing the relationship among location, Asari type, and surgical approach selection.
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patients had to receive an external ventricular drain or endoscopic
third ventriculostomy before the surgery, and in most cases, the
condition was relieved after tumor removal. The remaining cases
required further V–P shunts to cure the hydrocephalus. In our
cases, Ommaya implantation was performed for those pre-
operation hydrocephalus conditions. It could be used not only
for pre-operative hydrocephalus relief but also for post-operation
hydrocephalus temporary therapy.

Regarding visual field impairment, it appeared that fewer
cases were reported in our research than in previous studies.
Given the advances in anesthesia and related techniques, we can
achieve appropriate intracranial pressure control. In addition, we
prefer to control intracranial pressure via gravity assistance,
Frontiers in Oncology | www.frontiersin.org 5196
cerebrospinal fluid release by lumbar puncture, or
extraventricular drainage. If necessary, a brain spatula is used
to prod the falx to gain more operating space instead of pulling
on the occipital lobe.

The hybrid concept, in combination with microsurgery
and interventional therapy, is incorporated into the
neurosurgical procedure to help lower intraoperative
bleeding for complex lesions and reduce iatrogenic damage
to the brain parenchyma (case 48). Given the progress in
modern anesthesia, the combination of endoscopic and
hybrid interventional embolization may be helpful for
promoting minimally invasive incision and reducing
complications (18).
A

B

FIGURE 2 | A 52-year-old man complained of blurred vision and unsteady gait for 2 months. The physical examination results showed left hemianopsia, and both VOS and VOD were
0.1. The MRI results revealed a falcotentorial meningioma, which had an isointense signal on T1-/T2-weighted imaging and homogeneous enhancement on contrast-enhanced MRI. The
magnetic resonance venography results showed that the straight sinus was occluded (A). We implanted an Ommaya reservoir at 1 week before tumor resection and maintained the
drainage at 200 ml per day. The patient then underwent tumor resection using the occipital interhemispheric approach. During the operation, the majority of the tumor base was located
at the falx end and the tentorium. The tumor was removed in a piecemeal fashion. Finally, the tumor and the base were totally removed (Simpson grade I resection). The postoperative
CT showed no hemorrhage or infarction (B). The pathology examination results revealed that the tumor was a hemangiopericytoma, WHO grade I.
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A

B

D

C

FIGURE 3 | A 33-year-old man complained of headache for 2 months. The CT results revealed a mixed-density, right occipital lesion. The MRI results revealed a
right occipital, mixed-signal lesion and flow voids on T1- and T2-weighted imaging. The lesion showed obvious enhancement on contrast-enhanced MRI. The
magnetic resonance venography results showed an obstructed sagittal sinus (A). We performed the operation in a hybrid operating room. The cerebral digital
subtraction angiography (DSA) results revealed abundant tumor blood. The feeding arteries were the right posterior cerebral artery (PCA), right external carotid artery
(ECA), right meningiohypophyseal trunk, and left ECA (B). Onyx-18 was used for feeding artery embolization for the right PCA, right occipital artery, and left occipital
artery. The DSA reexamination results showed that 90% of the blood supply was embolized (C). Craniotomy was then performed. The occipital interhemispheric
transtentorial approach was used to reach the tumor under navigation. The tumor was tenacious, with partial calcification. Piecemeal removal was performed, and
we achieved a Simpson grade II resection. The postoperative CT results showed no hemorrhage or infarction (D). The pathology examination results revealed that
the tumor was a hemangiopericytoma.
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TABLE 2 | Literature review and summary of previously published studies on pineal meningioma.
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Pathology Surgical-related complication H

Li, et al.,
2011 (14)

10 53.3 4/6 Infratentorial >
supratentorial (3)

Poppen (10) GTR (6) Meningioma Intracranial infection (1)
Intraventricular hemorrhage and
pneumocephalus (1)

9/
10
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Nowak et
al., 2014
(12)
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(Simpson
III: 4)
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P
sh
P
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Qiu et al.,
2014 (15)
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R
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Joham
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et al.,
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Recurrence
Among the nine patients who experienced recurrence in our study,
none achieved a Simpson grade I resection. The corresponding
pathology showed two cases of angiopericytoma (WHO II) and
seven cases of meningioma (WHO I). Six tumor locations were of
the superior type, and four of the tumors were calcified. Similar to
the literature, recurrences are mainly observed in patients after
nonradical resection and/or with atypical or anaplastic
meningiomas or hemangiopericytoma (3, 5). Usually, MR
contrast images were obtained after operation to make sure the
tumor residual, during the follow-up period, and following therapy.
Recurrence is the outcome event in this study. For the primary
recurrent tumor, craniotomy tumor resection is optimal. The
appropriate stopping point comes when it is difficult to remove
the tumor totally.
Limitation
The retrospective nature of this study may have led to a selection
bias. A total of 22.4% of patients were lost to follow-up, which
may be a confounder that led to the high recurrence rate. Small
samples may also induce complication loss, such as seizure attack
or sinus injury in our study.
CONCLUSION

The OIA is the most commonly used and safest approach for
resecting falcotentorial junction tumors with multiple brain
pressure control assistance techniques, followed by the SCITA.
The selection of surgical approach must be based on imaging
features, such as laterality, Asari types, and the presence of a
straight sinus occlusion.
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Meningiomas, the most frequent primary intracranial tumors of the central nervous system
in adults, originate from the meninges and meningeal spaces. Surgical resection and
adjuvant radiation are considered the preferred treatment options. Although most
meningiomas are benign and slow-growing, some patients suffer from tumor
recurrence and disease progression, eventually resulting in poorer clinical outcomes,
including malignant transformation and death. It is thus crucial to identify these “high-risk”
tumors early; this requires an in-depth understanding of the molecular and genetic
alterations, thereby providing a theoretical foundation for establishing personalized and
precise treatment in the future. Here, we review the most up-to-date knowledge of the
cellular biological alterations involved in the progression of meningiomas, including cell
proliferation, neo-angiogenesis, inhibition of apoptosis, and immunogenicity. Focused
genetic alterations, including chromosomal abnormalities and DNA methylation patterns,
are summarized and discussed in detail. We also present latest therapeutic targets and
clinical trials for meningiomas' treatment. A further understanding of cellular biological and
genetic alterations will provide new prospects for the accurate screening and treatment of
recurrent and progressive meningiomas.

Keywords: meningioma, mechanisms, cell proliferation, neo-angiogenesis, apoptosis, immunogenicity,
genetic alterations
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INTRODUCTION

Meningiomas generally originate from the meninges and
meningeal spaces. They are the most frequently occurring
primary intracranial tumors of the central nervous system in
adults, with an incidence of 7.86 cases per 100,000 people every
year (1). According to the 2021 World Health Organization
(WHO) tumor classification, meningiomas are classified as
benign (>80%), atypical (15%–20%), and anaplastic (1.0%–
3.0%), depending on the mitotic rate, brain invasion, or
specific histological features (2–4). Although the majority
(~80%) of meningiomas are benign and could be cured or
become stable through surgical resection, some present with
high-risk behaviors and poor prognosis, including early or high-
rate recurrence and rapidly progressive course even after
radiotherapy (5). More interestingly, among meningiomas with
benign pathological features, 7–25% histologically tend to relapse
or become malignant after surgical resection (6). Atypical and
anaplastic meningiomas are naturally substantially more
aggressive, and their recurrence rates in 5 years reach up to
30–50% and 90%, respectively (7, 8). Radiotherapy is
recommended for partially resected Grade II and all Grade III
meningiomas. Nevertheless, a subset of patients with Grade II
meningiomas may live through a benign clinical course with no
need for radiotherapy (9). The histological grade does not fully
reflect the biological behavior of meningiomas to currently guide
treatment. Hence, there is a need to explore useful predictors of
the clinical behavior or overall prognosis of meningiomas.

Previous studies have shown that the risk factors of
meningiomas are complex, including age, sex, radiation,
trauma, diabetes mellitus, and arterial hypertension (1, 7), and
the progression of recurrent meningiomas involves numerous
factors, including Simpson grade IV/V resection, a larger tumor
size, tumor location, high vascular endothelial growth factor
receptor (VEGFR) expression, WHO Grade II/III, high Ki-67
expression, and lack of progesterone receptor expression (10).
Recurrent meningiomas may be accompanied with malignant
transformation and multiple treatments or limited optional
drugs, making management much more challenging (7, 11).
Therefore, a further understanding of the molecular
mechanisms underlying the recurrence or progression will help
predict the clinical behavior, which is beneficial for early
recognition of high-risk meningiomas and timely adjustment
of treatment protocols.
Abbreviations: WHO, World Health Organization; FOXM1, Forkhead box
protein M1; VEGFR, Vascular endothelial growth factor receptor; MDM2,
Murine double minute 2 protein; FAK, Focal adhesion kinase; CDKN2A/B,
Cyclin-dependent kinase inhibitor 2A/B; DMD, Dystrophin-encoding and
muscular dystrophy-associated; AKT1, v-Akt murine thymoma viral oncogene;
HIF-1a, Hypoxia-inducible factor 1a; PI3K, Phosphatidylinositol 3-kinase;
mTOR, mammalian Target of rapamycin; CDK, Cyclin-dependent kinase;
BAP1, Breast cancer 1-associated protein-1; TERTp, promoter of Telomerase
reverse transcriptase; p-CREB, phosphorylated Cyclic-AMP responsive element-
binding protein; RAS, Rat sarcoma; PFS, Progression-free survival; KLF4,
Krüppel-like factor 4; VEGF, Vascular endothelial growth factor; MC,
Methylation classification; PD-1, Programmed death 1; PD-L1, Programmed
death-ligand 1.
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In addition to the traditional WHO grading, the latest studies
on meningiomas have provided insights into the genomic
alterations, including DNA somatic copy number, DNA point
mutation, DNA methylation, and transcriptomic and proteomic
data (12). Advances in molecular classification through DNA
methylation have gradually been approved by researchers (1, 6, 9,
12, 13). Similar to other central nervous system neoplasms, such
as glioma, Nassiri reported that meningiomas could be classified
into different molecular groups with distinct and prototypical
biological features after a comprehensive analysis combining
copy number, DNA methylation, and mRNA sequencing data
(12), complementing existing WHO grades. Here, based on the
most up-to-date biomedical research knowledge, we review the
potential cellular biological mechanisms and molecules involved
in the recurrence or progression of meningiomas from several
perspectives, including the excessive proliferation of tumor cells,
neo-angiogenesis, inhibition of apoptosis, immunogenicity, and
genetic alterations involving chromosomes and genes related to
meningiomas (3, 13). Further, we summarize existing
therapeutic targets and clinical trials for meningiomas’
treatment. We expect this information to allow for an
exploration of more accurate prognostic markers and potential
targeted therapies for meningiomas.
CELL PROLIFERATION

Recurrent or progressive meningiomas usually begin with
excessive cell growth and proliferation. Evidence suggests that
tumor cell growth and proliferation are tightly linked to cell-
cycle dysregulation (4). Disordered cell-cycle proteins, the
uncontrolled regulation of transcription factors, and mutations
in cell-cycle-related genes can promote cell proliferation and
differentiation in meningioma (14–17). The cell-cycle-related
proteins topoisomerase IIa and mitosin, which play important
roles in regulating mitotic chromosome condensation and
separation (18), are positively associated with a high risk of
meningioma recurrence (15). Forkhead box protein M1
(FOXM1), a master transcription factor for cell growth and
proliferation, is closely associated with hepatocellular
carcinoma (19), prostate cancer (20), glioma (21), and basal
cell carcinoma (22). FOXM1 is thought to accelerate G1/S and
G2/M transition to promote mitotic progression (14). A recent
comprehensive molecular profiling study indicated that the
expression of FOXM1 is relevant to increased proliferation and
poor clinical prognosis (23). Similarly, the results obtained in a
newly established model of meningioma showed that FOXM1
overexpression increases proliferation in benign meningioma,
whereas its depletion decreases proliferation in malignant
meningioma (24). As such, thiostrepton, a FOXM1 inhibitor,
combined with radiation therapy, was found to noticeably
prevent the proliferation of malignant meningioma cells
(Figure 1) (24).

Gene mutations in v-Akt murine thymoma viral oncogene
(AKT1), homolog 1 smoothened, frizzled class receptor (SMO),
focal adhesion kinase (FAK), cyclin-dependent kinase inhibitor
2A/B (CDKN2A/B), and dystrophin-encoding and muscular
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dystrophy-associated (DMD) are also considered to be associated
with cell proliferation in meningioma (17). AKT1 encodes the
AKT1 kinase (a serine/threonine-protein kinase), and the
overactivation of AKT1 can lead to uncontrolled cell growth
and proliferation via the phosphatidylinositol 3-kinase (PI3K)/
AKT/mammalian target of rapamycin (mTOR) signaling
pathway (Figure 1) (25, 26). mTOR, mainly regulated by the
PI3K/AKT pathway, is highly expressed in various tumors and is
closely associated with cell growth and proliferation (17). Studies
have indicated that the overactivation of mTOR results in a high
mitotic index (27) and contributes to the recurrence of
meningioma (28) and poorer outcomes (27).

SMOmutations lead to cell-specific proliferation and mediate
the development of meningioma through uncontrolled
activation of the sonic hedgehog signaling pathway (25, 29,
30). FAK, which encodes a cytoplasmic protein tyrosine kinase
that mediates cell growth, proliferation, and survival, is
overexpressed in some meningiomas (31). Ribociclib, a cyclin-
dependent kinase (CDK) inhibitor, was evaluated for its effect on
other highly mutated genes (other than the common NF2), such
as AKT1 and SMO (NCT02933736) (Table 1) (38). Moreover, a
national Alliance-sponsored cooperative group phase II clinical
trial evaluated the efficacy of SMO, AKT1, and FAK inhibitors
for recurrent or progressive meningiomas with targetable
a l tera t ions in SMO, AKT1, and NF2, respect ively
(NCT02523014/A071401) (5). Vismodegib, included in an
ongoing Alliance clinical trial, is a hedgehog pathway-targeting
Frontiers in Oncology | www.frontiersin.org 3203
agent tested for SMO/PTCH1-mutated progressive/recurrent
meningiomas (NCT02523014) (32).

CDKN2A encodes p16INK4A and p14ARF, and CDKN2B
encodes p15INK4B. p15INK4B and p16INK4A prevent S-phase
entry by inhibiting the CDK4/cyclin D complex and are generally
mutated in Grade II and III meningiomas. p14ARF prevents cell
proliferation in the G1 phase and decelerates p53 degradation
through downregulation of the proto-oncogene murine double
minute 2 protein (MDM2) (41). The mutation or deletion of
CDKN2A and CDKN2B has been linked to a poorer prognosis in
meningioma (42). A CDK inhibitor combined with ribociclib
could be a potential treatment approach for meningiomas with
mutations in the tumor-suppressor genes CDKN2A and
CDKN2B (NCT02933736) (32). Moreover, mutations in the
tumor-suppressor gene p53 also affect the occurrence and
development of meningioma (43). When mutations occur, p53
changes from a tumor suppressor to a tumor promoter owing
to structural changes that suppress its roles in inhibiting cell
growth and apoptosis, leading to cancer (44). The p53 mutation
rate is higher in atypical and malignant meningiomas, and
most importantly, it is higher in recurrent than in non-
recurrent diseases (45). Some researchers also found that the
combination of p53 and Ki67 could be a promising predictor of
recurrence in meningiomas (45). DMD encodes dystrophin,
which regulates cytoskeleton remodeling and cell proliferation
in response to extracellular signal stimulation (46, 47). The
deletion of DMD contributes to progressive meningioma and a
FIGURE 1 | Potential biological mechanisms of recurrent and progressive meningiomas. This figure briefly summarizes several cellular biological mechanisms and
molecules contributing to recurrent and progressive meningiomas. The abnormal proliferation of tumor cells, downregulation of apoptotic processes, neo-angiogenesis,
and immunogenicity together promote recurrence and progression (the red lines show an inhibitory effect and the blue arrows show a promoting effect).
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shorter overall survival (16), partly due to the defective inhibition
of cell proliferation leading to disease progression (48). Breast
cancer 1-associated protein-1 (BAP1), a deubiquitylating
enzyme, is a tumor suppressor. Familial and sporadic BAP1-
deficient meningiomas tend to be rare, and aggressive malignant
tumors (grade III) are associated with increased aggressiveness
and poorer prognosis (49). Tazemetostat, a BAP1 inhibitor,
increases the level of the PCR2 complex protein EZH2,
activated by BAP1, and might be a potential drug for rhabdoid
meningioma caused by BAP1 loss (NCT02860286) (50).

In addition to the genes mentioned previously herein, a 2018
study showed that mutations in the promoter of telomerase
reverse transcriptase (TERTp) enhance the degree of malignancy
of meningiomas and lead to poor prognosis (51). Other studies
have corroborated that TERTp mutations predict poor survival
in progressive/high-grade meningiomas (33, 52, 53). Telomere
maintenance is a marker of tumor formation, and most tumors
express telomerase to prevent telomere shortening (52).
Telomerase activation caused by TERTp mutations enforces
cell immortalization and promotes the growth of tumors (51),
which could be observed in recurrent and malignant tumors
(54). Furthermore, a 2021 study revealed that TERT alterations
are a biomarker of meningioma progression and reduce
progression-free survival after adjuvant radiotherapy (55).
Hence, we suggest that TERTp mutations can significantly
predict poor prognosis in meningiomas, but no effective
targeted drugs have been found to date.

In recent years, it has been reported that the loss of H3K27
trimethylation (H3K27me3) plays a prominent role in the
recurrence of meningioma (56). Further research found that
the loss of H3K27me3 predicts early recurrence and death for
grade 2, but not for grade 3, meningioma (57). H3K27me3 affects
DNA damage repair and contributes to several biological
processes, including cell differentiation, proliferation, and
stem-cell plasticity (58). The latest study found that ONC206,
a DRD2 antagonist and ClpP agonist, is orally bioavailable,
penetrates the blood-brain barrier, and exhibits anti-cancer
efficacy without toxicity, and it is currently the subject of an
ongoing trial (NCT04541082) for H3K27M-mutant, malignant
Frontiers in Oncology | www.frontiersin.org 4204
meningiomas and other central nervous system tumors (34).
However, its therapeutic effect on tumorigenesis or cancer
recurrence with respect to H3K27me3 requires further
clinical trials.
NEO-ANGIOGENESIS

Neo-angiogenesis is one of the most important features of higher-
grade meningiomas. On the one hand, it makes the tumor grow
rapidly, and on the other hand, it makes surgical resection more
difficult based on the rich blood supply. Tumor vessel density is a
key feature during oncogenesis and is tightly correlated with the
upregulation of vascular endothelial growth factor (VEGF),
placental growth factor, and insulin-like growth factor-binding
protein-3 (59). A recent follow-up study investigated VEGF and
its three receptors in meningiomas and demonstrated a significant
increase in VEGF-A levels in WHO grade III meningiomas (60).
VEGF-A, an endothelial cell-specific mitogen, contributes to new
blood vessel growth (35, 61). Upon overexpression, VEGF-A
contributes to the rapid growth of tumors (35) and regulates
maturation and stabilization during the late stages of tumors (62).
VEGF-A is a powerful mitogenic and angiogenic disulfide-linked
homodimer, which is secreted from tumors and increased under
conditions of ischemia for the rapid expansion of tumor vessels (63).
VEGF-A is tightly associated with refractory or higher-grade
meningiomas (35), becoming a potential therapeutic target with
the foundation of anti-angiogenic agents blocking the VEGF
pathway (64). Antiangiogenic drugs, such as bevacizumab,
vatalanib, and sunitinib, were reported to reduce the recurrence
rate of meningiomas significantly (1). Two prospective phase II
trials involving patients with refractory meningiomas have
evaluated the efficacy and safety of bevacizumab (36). One study
of 40 patients treated with bevacizumab indicated that the
progression-free survival (PFS) at 6 months is 87% for grade I
meningiomas, 77% for grade II meningiomas, and 46% for grade III
meningiomas (NCT01125046). Another clinical trial in 2016
combining bevacizumab with everolimus found a median PFS of
22 months for those with recurrent and progressive meningiomas
TABLE 1 | Summarization of key molecules and potential targeted therapy in recurrent and progressive meningiomas.

Targets Inhibitors Ongoing Clinical Trial Reference

Cell proliferation AKT1 Capivasertib
Ribociclib

NCT02523014
NCT02933736

(5, 32)

SMO Vismodegib
Ribociclib

NCT02523014
NCT02933736

(5, 32)

FAK Vismodegib NCT02523014 (5)
CDKN2A/B Ribociclib NCT02933736 (32)
BAP1 Tazemetostat NCT02860286 (33)
H3K27me3 ONC206 NCT04541082 (34)

Neo-angiogenesis VEGF-A Bevacizumab Vatalanib Sunitinib Apatinib mesylate
Erlotinib hydrochloride

NCT01125046
NCT00348790 NCT00589784 NCT04501705
NCT00045110

(35, 36)

Immunogenicity PD-1 Nivolumab Pembrolizumab NCT02648997
NCT04659811
NCT03279692

(37)

Chromosomal
abnormalities

NF2 and/or
SMARCB1

Everolimus Vistusertib Dasatinib Selumetinib NCT00972335
NCT03095248 NCT00788125 NCT03095248

(5, 35, 38–
40)
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after surgery and/or radiation therapy (95% CI 4.5–26.8). This
combination could block disease progression in 88% of patients
(NCT00972335) (35, 36). Both vatalanib (NCT00348790) and
sunitinib (NCT00589784) are tyrosine kinase inhibitors targeting
VEGFR and were shown to act partly on recurrent meningiomas.
Furthermore, other trials like those for apatinib mesylate
(NCT04501705) and erlotinib hydrochloride (NCT00045110)
found on ClinicalTrials.gov have demonstrated that VEGFR is an
emerging therapeutic target.

In addition to VEGF-A, phosphorylated cyclic-AMP
responsive element-binding protein (p-CREB) is a novel high-
risk molecule abundantly expressed in the endothelia of tumor
vessels in all meningiomas, and high p-CREB levels are closely
associated with the recurrence of meningiomas (65). p-CREB
was found in various tumors, including glioma, because of its
physical properties, including binding to upstream signaling
kinases and downstream genes (66). It is a transcription factor
that participates in numerous cellular processes and induces
VEGF expression, leading to neo-angiogenesis in meningiomas
(65). Barresi et al. reported that p-CREB expression can be
identified in tumor vessels but disappears in the vessels of the
normal adult and neonatal leptomeninges, implying that p-
CREB is related to neo-angiogenesis (65). The relationship
between p-CREB and VEGF has not been fully elucidated and
requires further study.

The levels of inflammation in perivascular areas of the tumor,
induced by ischemia or other proteins, can also affect the neo-
angiogenesis of meningiomas. VEGF-A is a downstream target of
hypoxia-inducible factor 1a (HIF-1a), a molecular marker of
hypoxia (67). A large cohort study of 263 patients with
meningiomas found that upregulated levels of HIF-1a and
VEGF-A could significantly predict the recurrence of
meningiomas (68). Moreover, HIF-1a and VEGF-A are
correlated with peritumoral edema (69), which was demonstrated
to be associated with poor prognosis in meningiomas.
RESISTANCE TO APOPTOSIS

Apoptosis, a well-known form of cell death that occurs in
response to external stimuli or internal stresses, is generally
inhibited in tumor cells, resulting in uncontrolled proliferation
(70). Numerous studies have indicated that the Wnt signaling
pathway has an important role in resistance to apoptosis in
neurological disorders, such as stroke (71, 72), spinal cord injury
(73, 74), neuroblastoma (75), and glioma (76). The Wnt
signaling pathway was recently reported to be associated with
the apoptosis of meningioma cells via three pathways, the
classical Wnt/b-catenin signaling, the planar cell polarity
pathway, and the Wnt-Ca2+ pathway (77–80). Inhibition of the
Wnt/b-catenin pathway by plant medicines leads to apoptosis in
human meningioma cells (81). The long non-coding (lnc) RNA
SNHG1 was found to inhibit apoptosis in BEN-1-1 and IOMM-
Lee cells, and SNHG1 deficiency restrains cell growth and
accelerates apoptosis in meningioma cell lines via the Wnt
pathway (79). Moreover, downregulation of the lncRNA
Frontiers in Oncology | www.frontiersin.org 5205
LINC00702 reportedly inhibits Wnt activity and induces
apoptosis in malignant meningioma (78). Thus, the Wnt
pathway seems to play a negative regulatory role in the
apoptosis of meningioma cells; however, the precise underlying
mechanism remains unclear.

Recent studies have reported several potential mechanisms
of resistance to apoptosis in meningioma. CD163 is a type I
membrane protein, the overexpression of which leads to
reduced apoptosis in human meningioma cells (82). CLND6,
also called claudin6, is a component of tight junctions that
contributes to maintaining cell–cell junctions in epithelial cells
(83). The downregulation of CLND6 has been associated with
tumor occurrence, and its overexpression accelerates apoptosis
in cancer cells (84–87). Additionally, CLND6 has been found to
regulate migration and invasion capacities in malignant
meningioma cell models (88). Rat sarcoma (RAS) is a
member of the small GTPase family that participates in the
regulation of embryonic development, differentiation, cell-cycle
progression, and cell survival (89). The downregulation of RAS
activity leads to significantly reduced ERK and AKT
phosphorylation, suppresses proliferation, and induces the
apoptosis of human meningioma cells (88). Furthermore, let-
7d, a member of the let-7 family, has been regarded as a tumor
suppressor in various cancers (90–92). Let-7d promotes
apoptosis and suppresses the proliferation of meningioma by
targeting AEG-1 (93). Based on a genomics analysis of 300
meningiomas, Clark et al. reported that mutations in TNF
receptor-associated factor 7 (TRAF7) are also common, and
they identified the accumulation of mutations in Krüppel-like
factor 4 (KLF4), AKT1, and SMO (29). TRAF7, a pro-apoptotic
protein containing an N-terminal RING finger domain, an
adjacent TRAF-type zinc finger domain, a coiled-coil domain,
and seven C-terminal WD40 repeats, affects several signaling
pathways , inc luding the NF-kB pathway, and the
ubiquitination of proteins, such as c-FLIP (29, 94). TRAF7 is
usually mutated together with KLF4, AKT1, or the
phosphatidylinositol-4, 5-diphosphate 3-kinase catalytic
subunit a protein (PIK3CA) (95, 96). KLF4 is a transcription
factor. AKT1 activates the PI3K/mTOR pathway (96). In 2016,
mutations in PIK3CA were found to be frequent drivers of
certain meningiomas (97). Mutations in TRAF7, KLF4, AKT1,
or PIK3CA are commonly associated with grade 1 meningioma,
whereas combined mutations might be associated with a high
recurrence rate (98). Therefore, therapies targeting the pro-
apoptotic roles in recurrence and malignancy via different
approaches might contribute to improved prognosis.
IMMUNOGENICITY

Subsets of patients still experience a progressive clinical course
even after surgery and radiation, because tumors can evade the
immune system via certain mechanisms, leading to the
formation of an immunosuppressive tumor microenvironment,
including the upregulation of programmed death-1 (PD-L1),
suppressive cells, such as regulatory T cells, or other unknown
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proteins (99). Nassiri found that meningiomas are immunogenic,
characterized by massive immune infiltration and pertinent
pathways including immune regulation and signaling (12). The
proteins associated with immune regulation include IL-1, TNF,
ING-a, and PD-1. Depending on these data, immunotherapy
could be another treatment for these malignant meningiomas
(99, 100). NF2 mutations and the loss of chromosome 22 are
frequently observed in these meningiomas (12). Therefore,
Yeung et al. explored the immunological landscape of
meningiomas in an NF2-mutant murine meningioma model
and found that these tumors were heavily infiltrated by anti-
inflammatory M2 macrophages. Intervention with an anti-CSF1/
CSF1R antibody was found to normalize the tumor
microenvironment, indicating that targeting the CSF1/CSF1R
axis might be a potential treatment for malignant meningiomas
(99). PD-1 and PD-L1 are closely associated with higher-grade
meningiomas. PD-1 inhibitors , such as nivolumab
(NCT02648997) and pembrolizumab (NCT04659811), have a
significant effect on preventing the recurrence of meningiomas.
A phase II study in 2022 showed that pembrolizumab exerts
promising efficacy on a subset of recurrent and progressive grade
2 and 3 meningiomas (NCT03279692). This study reported a
lower PFS-6 rate of 0.48 and median PFS of 7.6 months for
higher-grade meningiomas compared to those in previous
studies (37). Masaki summarized several clinical trials
invest igat ing whether PD-1 might affect recurrent
meningiomas (100). In addition, the effect of IFN-a was
demonstrated in several highly vascularized tumors, such as
gliomas and meningiomas (32). A clinical trial of IFN-a-2B
found that it could improve the prognosis of grade I recurrent
meningiomas and induce disease stability (101).
CHROMOSOMAL ABNORMALITIES

Epigenomics studies have revealed that transcriptional and
epigenomic regulatory mechanisms occupy an important part
in recurrent and progressive meningiomas. Except for gene
mutations and some special molecules, chromosomal
abnormalities have been the hot topics these years. It was
reported that higher rates of copy-number alterations and
karyotypic abnormalities are linked to higher-grade
meningiomas (9). Chromosome 22 is the most commonly
reported abnormal chromosome in meningiomas. It shows
alterations in more than half of meningiomas, especially in
benign tumors, with a large proportion of deletions of
chromosome 22 occurring in the neurofibromatosis type 2
gene (NF2) region, which contributes to the development of
meningiomas (4, 102). NF2 promotes contact inhibition and
tumor suppression by inhibiting mitotic signaling in the cell
cortex (90). However, another study suggested that NF2 might
not be involved in meningioma progression (103). A study
including 775 samples revealed that the loss of NF2 or co-
occurrence with recurrent SMARCB1 mutations frequently
occurs in atypical meningiomas. SMARCB1, located on
chromosome 22, might induce the progress ion of
Frontiers in Oncology | www.frontiersin.org 6206
meningiomas. In addition, NF2 alterations combined with
abnormalities in AKT1 and mTOR are associated with the
overgrowth of various tissues, which could be responsible for
the recurrence of meningiomas (104).

Strong expression of SSTR2A receptors, inhibition of the
osteoglycin/mTOR pathway, and activation of NF2 signaling
promote apoptosis in malignant meningioma cells (39, 105). A
recent phase II CEVOREM trial showed that the combination of
everolimus, an mTOR inhibitor, and octreotide, a somatostatin
agonist, has an antiproliferative effect on meningiomas
(NCT00972335) (39). Atypical NF2 mutants demonstrate
chromosomal instability, which might be related to tumor
invasiveness (106). Brigatinib, an inhibitor of multiple tyrosine
kinases, was capable of stopping the growth of NF2-deficient
xenograft meningiomas for the inhibition of multiple tyrosine
kinases, including EphA2, Fer, and focal adhesion kinase 1
(FAK1) (107). A FAK inhibitor (GSK2256098) was identified
to significantly improve the survival rates of patients with
recurrent or progressive NF2-mutated meningiomas
(NCT02933736) (108). Further, a phase II trial revealed
another MEK1/2 inhibitor, selumetinib, to have an effect on
NF2-related meningiomas (NCT03095248) (5, 38). These
advances on NF2-related meningiomas represent a major step
forward in therapeutics.

Except for chromosome 22, loss of chromosome 1p was
related to recurrent meningiomas, despite total resection and
was involved in the activation of the cell cycle (23, 109). Further,
the loss of chromosome 14q and complex karyotypes (multiple
chromosome mutations) have also been reported as independent
recurrence-specific prognostic indicators of meningiomas or
malignancy development (103, 106, 110–112). The genes
located on chromosome 1p include TP73, CDKN2C, RAD54,
EPB41, GADD45A, and ALPL, while the genes inactivated on
chromosome 14q are NDRG family member 2 and maternally
expressed gene 3 (113). Moreover, the loss of chromosomes 9p,
6q, 10, and 18q or the abnormal gain of 1q, 9q, 12q, 15q, 17q, and
20q has been recently reported (17, 96, 114).
DNA METHYLATION PATTERNS

In addition to those on the aforementioned mutations, studies
have been conducted in recent years to understand genetic and
epigenetic alterations in meningiomas. Researchers have
attempted to compare meningioma grading with DNA
methylation classification (MC) (6). Sahm et al. distinguished
six methylation classes among 479 patients and found that
these classes might predict more current clinical courses than
histology (115). DNA MC could finally prove superior to
traditional light microscopy in distinguishing recurrent or
progressive meningiomas. The DNA MC was divided into
two major epigenetic groups, including six subclasses, MC
benign 1–3, MC intermediate A and B, and MC malignant,
which did not correspond exactly to the WHO grade.
Interestingly, most NF2 mutations were observed in MC
benign-1 meningiomas, and other NF2 mutations were
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scattered in the different groups. Mutations in four main genes,
AKT1, SMO, KLF4, and TRAF7, were identified in MC benign-2
tumors. The frequency of CDKN2A and TERT mutations was
higher in MC intermediate-B and MC malignant groups. MC
benign-1 was related to the loss of chromosome 22q, MC
benign-3 was related to frequent mutations in chromosome 5,
and MC intermediates A/B and MC malignant were related to
the loss of chromosome 1p. The loss of chromosome 22q was
related to MC intermediate-B and MC malignant (116)
(Table 2). All of these mutations were found to be tightly
associated with the recurrent or progressive meningiomas
described previously herein, proving that DNA methylation
patterns are helpful for the risk stratification of meningiomas.
The authors also showed that DNA methylation patterns
provide a more precise prediction of progression-free survival
outcomes at 10 years of follow-up than does WHO grading. The
predictive power of single or combined DNA MCs was
determined to be stronger than that of WHO grades,
especially for meningiomas with a WHO grade I histology
and patients at a lower risk of recurrence among WHO grade II
meningiomas (p = 0.0096) from the Brier prediction test (115).
For those genes presenting with mutations associated with any
clinical courses, such as NF2, DNA methylation guides further
risk stratification compared to that with whole-genome
sequencing only. Nassiri et al. also found that DNA
methylation, combined with clinical factors, leads to a reliable
individualized estimation of the 5-year recurrence risk of
meningiomas (40). Moreover, DNA methylation patterns
could distinguish intracranial meningiomas from metastatic
meningiomas. A case report in 2020 showed that DNA
methylation clusters distinguished liver metastasis samples
from intracranial meningioma samples, indicating that DNA
methylation is also a robust method for diagnosing metastatic
lesions (117).

A 2022 study classified meningiomas into three methylation
groups, similar to the study by Sahm and co-workers (102), and
showed that DNA methylation is more accurate than
histopathology in identifying high-risk tumors and is closely
correlated with gene expression in meningiomas (118). This
study further compared the predictive accuracy of DNA
methylation with that of RNA-sequencing and cytogenetics
and found a strong concordance between these groups. The
authors also demonstrated that both DNA promoter methylation
and copy-number variability correlated with differential gene
Frontiers in Oncology | www.frontiersin.org 7207
expression (118). Further, a recent study analyzed four types of
alterations together, namely DNA somatic copy-number
aberrations, DNA somatic point mutations, DNA methylation,
and messenger RNA abundance, and found that these could be
classified into four groups (M1–4) owing to distinct biology as
follows: immunogenic (M1), benign NF2 wild-type (M2),
hypermetabolic (M3), and proliferative (M4) (12) (Table 2).
Table 2 describes the different classifications of meningiomas.
From the authors’ perspective, the M2 group might be associated
with angiogenesis and vasculature development. Hypermetabolic
(MG3) meningiomas are enriched in protein pathways involved
in nucleotide and lipid metabolism and could be related to
degradation of the extracellular matrix and endothelial
proliferation. Moreover, proliferative (MG4) meningiomas are
enriched in proteins and genes regulating the cell cycle and
proliferation. Distorted DNA methylation processes can be
associated with the most aggressive molecular groups (M3–4).
Those patients with MG3 and MG4 meningiomas have
significantly shorter times to recurrence (log-rank test, P = 5 ×
10−15) (12). No other studies have discussed the direct
association between DNA methylation and biological
mechanisms. These data show that DNA methylation has a
powerful predictive value. The combination of DNA
methylation and other features might be a new direction for
identifying high-risk recurrent or progressive meningiomas. In
the future, classifications based on more molecular features
might be more accurate to predict the prognosis and guide the
treatment of meningiomas.
CONCLUSIONS AND PERSPECTIVES

Here, we reviewed the potential mechanisms underlying
recurrent and progressive meningiomas from focused
perspectives, specifically the excessive proliferation of tumor
cells, neo-angiogenesis, the inhibition of apoptosis, and genetic
alterations. We also describe some potential therapeutic targets
and prognostic biomarkers for meningiomas from these
perspectives. Although we discussed these pathological
processes separately, studies have shown that they do not
occur in isolation. The histological classification of tumors has
shown that those high-risk meningiomas often have the
following characteristics: abundant blood vessels, increased
nuclear mitosis, increased cell density, loss of tumor inherent
structure, blurred basement membrane, and cerebral invasion or
metastasis. In the final subsection, we also summarized the
chromosomal abnormalities associated with these recurrent or
progressive meningiomas, but research on the key biological
pathways and their characteristics is still limited. We briefly
compared the latest classification of meningiomas based on DNA
methylation with the WHO grade and showed that the DNA
methylation classification provides a more current prognosis,
which requires further confirmation. Because of the complex and
subtle changes caused by genetic abnormalities or other
undetected factors, the precise mechanism underlying the
pathology of meningiomas remains an enigma. Therefore, an
TABLE 2 | Overview of different classifications of meningiomas in latest studies.

DNA Methylation
Classification (MC)

WHO Grade Possible Biological
Group

MC Benign 1 (Mc ben-1) Grade I/II immunogenic
benign NF2 wild-type

hypermetabolic
proliferative

MC Benign 2 (Mc ben-2) Grade I
MC Benign 3 (Mc ben-3) Grade I/II
MC intermediate A (Mc int-A) Grade I/II
MC intermediate B (Mc int-B) Grade II/III
MC malignant (Mc mal) Grade II/III
(115) (12)
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in-depth understanding of the development of recurrent and
progressive meningiomas is further required to block the disease
process and improve the prognosis of the disease.
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No portion of this manuscript has previously been presented. Meningiomas, the most
common primary intracranial tumors, are histologically categorized by the World Health
Organization (WHO) grading system. While higher WHO grade is generally associated with
poor clinical outcomes, a significant subset of grade I tumors recur or progress, indicating
a need for more reliable models of meningioma behavior. Several groups have developed
risk scores based on molecular or immunologic characteristics. These classification
schemes show promise, with several models preliminarily demonstrating similar or
superior accuracy to WHO grading. Improved understanding of immune system
recognition and targeting of meningioma subtypes is necessary to advance the
predictive power, as well as develop new therapies. Here, we characterize meningioma
molecular drivers, predictive of recurrence and progression, and describe specific aspects
of the immune response to meningiomas while highlighting critical questions and ongoing
research. Relevant manuscripts of interest were identified using a systematic approach
and synthesized into this focused review. Finally, we summarize the ongoing and
completed clinical trials for immunotherapy in meningiomas and offer perspective on
future directions.

Keywords: meningioma, immunotherapy, immune microenvironment, prognostic model, risk score, meningioma
WHO grade I
INTRODUCTION

Meningiomas are the most common primary intracranial neoplasm, comprising approximately 40%
of all primary central nervous system tumors (1). Treatment for symptomatic or enlarging tumors
consists of maximum safe surgical resection with radiation therapy applied to residual, recurrent, or
high-risk lesions (2). There are no effective chemotherapy regimens for meningiomas and clinical
trials for targeted therapies are ongoing (3). Meningiomas are classified according to World Health
Organization (WHO) grade, with the majority (69-78%) classified as grade I, followed by grades II
and III (20.4-30% and 1-1.6%, respectively) (4, 5). Grades II and III tumors recur more frequently,
with rates varying between 28-52% and 40-84%, respectively (6–9). The degree of surgical resection
correlates with the risk of tumor recurrence or progression and is classified by the Simpson grading
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scale (10). However, many tumors recur despite aggressive
resection. Simpson grade 1 involves gross total resection of the
tumor with removal of affected dura and bone and has a 5-year
recurrence rate ranging from 0 to 21% (11). Grade 2, which
involves gross total resection with cautery of dural margin, and
grade 3, gross total resection, are associated with 5-year
recurrence rates of 5-33% and 0-40%, respectively (11).
Subtotal resection, classified as grade 4, is associated with a
5- and 10-year recurrence rate of 49-52% and 83%, respectively
(12, 13). While higher WHO grades are associated with worse
clinical outcomes, a grade I designation does not reliably predict
tumor behavior, as 10-47% of grade I meningiomas recur or
progress (14, 15).

WHO grade-matched meningiomas exhibit considerable
heterogeneity, particularly in genetic alterations and immune
cell infiltration. This diversity implies that a molecular and
inflammatory classification framework might ultimately prove
superior to the WHO grading system for predicting meningioma
behavior. Predictive risk scores based on these factors have
shown promise in identifying both high-risk grade I tumors
and low-risk grade III tumors. One such molecular classification
system defined four unique consensus molecular phenotypes and
found that an “immunogenic” phenotype was associated with
improved clinical outcomes (16). These findings indicate that a
detailed understanding of how the immune system recognizes
and attacks specific meningioma subtypes could more reliably
predict progression.

In this focused review, we consider meningioma tumor
characteristics, such as mutations, chromosomal aberrations,
and hypermethylation, that may carry prognostic value
independent of WHO grade. We also discuss specific aspects
of the immune response to meningiomas, including tumor-
intrinsic factors such as mutational burden as well as the
mechanics of immune recognition and tumor cell elimination.
Finally, we synthesize the available data and highlight some of
the necessary steps to develop a molecular and immunologic
classification scheme for meningiomas.
METHODS

We systematically reviewed the relevant literature on molecular and
immune environments of meningiomas, published on Pubmed
from database inception to April 2022. We identified 750 studies,
using the search string “(Meningioma AND immunology) OR
(Meningioma AND chemokine) OR (Meningioma AND
molecular AND classification)”. Included studies must (1)
describe meningiomas and (2) include characterization of
immunologic or molecular disease features. Exclusion criteria
include (1) non-English primary language (2) abstract only with
no full-text manuscript (3) studies of other brain tumors with no
data on meningiomas and (4) no discussion of clinical implications
of molecular/immune markers. 66 manuscripts were included after
abstract screening, and 40 manuscripts were included after full text
review. Remaining studies of interest were accessed based on the
reference lists of these manuscripts.
Frontiers in Oncology | www.frontiersin.org 2213
MOLECULAR DRIVERS OF MENINGIOMA
RECURRENCE AND PROGRESSION

Meningiomas have several key molecular alterations that
have been extensively described (17, 18). The 2021 WHO
classification criteria incorporates 10 genes that are frequently
altered in meningiomas, including NF2, AKT1, TRAF7, SMO,
PIK3CA (19). Additionally, TERT promoter mutations have been
significantly associated with progressive recurrence in grade I
meningiomas (20). Since 40-60% of sporadic meningiomas have
a loss of NF2 expression, meningiomas can be molecularly
categorized into NF2 mutants and non-NF2 mutants, with
the latter predominantly comprised of TRAF7, KLF4, AKT1,
SMO, and P13K mutations (17, 18). Some of these molecular
biomarkers have been independently associated with
meningioma progression and recurrence (21, 22). In low grade
meningiomas, Youngblood et al. established a link between
mutations in the HH and TRAF7 genes and increased
recurrence rates (23). Recently, a number of studies have
demonstrated the prognostic implications of PI3K/AKT/mTOR
pathway mutations (24–26). One study of over 80 samples found
that an activating AKT1 mutation, upstream of mTOR, was
associated with recurrence and present in 32% of grade I tumors
(27). Mutations in the SMO gene have also been associated with
poor prognosis in grade I meningiomas (28). In a study of over
500 patients, Sievers et al. found that meningiomas with
CDKN2A/B homozygous deletions had a significantly shorter
time to progression or recurrence (29)

Several studies have also revealed that chromosomal
aberrations, such as 1p/14q codeletion, correlate with
recurrence (30–33). In one study of mostly grade I orbital
meningiomas, progressive tumors were more likely to have loss
of chromosome 1p and 6q (34). Specific metabolite
concentrations within tumor tissue have also been associated
with clinical outcome. Pfisterer et al. used magnetic resonance
spectroscopy to demonstrate that higher glycine to glutamine/
glutamate ratio, glutamine to glutamate ratio, and creatine
concentration is associated with rapidly recurring meningiomas
(35). Another study characterized a highly metabolically active
subgroup of benign meningiomas, linked to mutations in genes
regulating transcription and metabolism, and found this
subgroup to be associated with increased recurrence rates (36).

Radiation also has an important effect on the molecular
background and immune environment. Agnihotri et al.
compared the mutational and methylation profiles of
radiation-induced meningiomas, as a result of childhood
radiotherapy to the brain, with those of sporadic meningiomas.
Radiation-induced meningiomas were associated with structural
rearrangements of the NF2 gene, loss of chromosomes 1p and
22q, and decreased focal gene mutations that are characteristic of
non-NF2 tumors (37). Using whole genome sequencing, RNA
sequencing, and ChIP sequencing for histone H3K27ac,
Paramasivam et al. identified important differences between
sporadic meningiomas and those arising after radiation (38).
This study showed that although both sporadic and radiation-
induced meningiomas have features of homologous
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recombination repair (HRR) failure, the underlying cause varies,
with the former exhibiting greater genomic instability resulting
in deficiency of HRR genes and the later having exhausted HRR
at sites of radiation-induced DNA damage.

Characterizing the embryological origins of the meninges has
elucidated location-specific meningioma biomarkers that show
promise as prognostic indicators (39). Kalamarides et al.
characterize prostaglandin D synthase-positive meningioma
precursor cells and the embryonic window when mutations in
these cells cause meningioma development with distinct genetic
signatures (40). Using over 250 meningioma cases, Okano et al.
found that tumors originating from the paraxial mesoderm were
associated with mutations in AKT, KLF4, SMO, and POLR2A,
whereas neural crest-derived meningiomas were associated with
NF2 mutations (41). Additionally, this group identified POLR2A
mutations as a risk factor for recurrence.

The field of radiomics, which typically uses machine learning
to correlate quantitative imaging characteristics with tumor
features, has emerged as a promising, noninvasive method of
studying the molecular characteristics of tumors. While several
studies use imaging to accurately predict clinical outcome in
meningiomas (42, 43), researchers have only recently examined
the associations between imaging and the molecular landscape of
meningiomas. One study of 314 meningioma samples identified
specific radiologic features that predicted recurrence and overall
survival and found that tumors with certain features were more
likely to have higher somatic mutational burden, DNA
methylation, and expression of the pro-mitotic transcription
factor FOXM1 (44). In a prediction model using over 60 grade
II meningiomas, Shin et al. found that lower apparent diffusion
coefficient 10th percentile was an independent predictor of TERT
promoter mutation (45). Although the current understanding of
meningioma radiomics is in its nascency, the field shows great
promise for diagnostic and therapeutic application.

Recent efforts have made strides towards synthesizing
molecular risk factors into predictive models. Schmidt et al.
conducted a transcriptomic analysis that identified 8
differentially expressed genes, including PTTG1 and LEPR which
were associated with poor prognosis (46). Another group used
microarray transcriptomics to cluster meningiomas into three
prognostic groups, showing that CKS2, UBE2C, and TFPI2 were
associated with recurrence (47). Patel et al. generated a
transcriptomics-based grading system which was superior WHO
grade in predicting recurrence. This study found that the group
associated with the highest recurrence rate typically showed loss of
the DREAM complex, which regulates the cell cycle (48). Chen
et al. identified a 36-gene signature characteristic of clinically
aggressive meningiomas and developed a risk score that reliably
predicted recurrence and survival (49). This risk score was
significantly associated with overall survival, whereas WHO
grade was not, suggesting increased prediction accuracy. Dai
et al. identified over 1600 differentially expressed genes, enriched
in PI3K-Akt signaling pathways, extracellular matrix organization,
and cytokine-chemokine receptor interactions, among others (50).
While this group did not develop a prediction model for
recurrence based on these enriched pathways, further
Frontiers in Oncology | www.frontiersin.org 3214
characterization of these genes in aggressive meningiomas shows
promise for improved classification schemes.

Epigenetic factors correlate with meningioma recurrence and
progression. Loss of trimethylated histone H3K27 has been
associated with recurrence of grades I and II tumors (51) (52)
(53). One study described a 49-gene expression signature associated
with high-risk tumors and found that hypermethylation of genes
associated with cell-cycle regulation and the WNT signaling
pathway, such as UCHL1 and SFRP1, predicted aggressive
behavior (54). Using 140 meningioma samples, Olar et al.
established a 64-CpG loci methylation predictor to categorize
tumors into two prognostic groups, which were independently
associated with recurrence (55). Both Sahm et al.’s classification
into 6 prognostic groups based on methylation of 40 genes and
Nassiri et al.’s methylome-based model more accurately predict 5-
year recurrence-free survival than clinical factors and WHO grade
(56, 57). Recently, Maas et al. developed a molecular-morphologic
score, based on histology, copy-number variation, and methylation
class, that significantly outperformed WHO grading in predicting
recurrence (58). Berghoff et al. defined three prognostic methylation
clusters, based on 126 meningioma samples, that are significantly
better at predicting PFS than WHO grade is (22). Synthesizing
DNA methylation, RNA sequencing, and cytogenetic data, Baylev
et al. classified meningiomas into three biological groups with
unique signatures and distinct prognoses (59). These efforts
demonstrate the potential superiority of molecular classification
schemes over histologic classification in predicting
meningioma outcomes.
IMMUNE SIGNATURES OF MENINGIOMAS

Alongside advances in molecular characterization, there has been
recent progress in understanding the immune composition of
meningiomas (Figure 1) . The meningioma immune
microenvironment is mostly comprised of macrophages,
T cells, and mast cells. Macrophages are the predominant
immune cell in meningiomas (60–62). Proctor et al. found that
tumor-associated macrophages account for almost 20% of all
cells in meningioma tissues, and that M2 polarization is
associated with recurrence (63, 64). An increase in peripheral
myeloid-derived suppressor cells (MDSCs) and programmed
death ligand 1 (PD-L1)+ monocytes is seen in patients with
high-grade meningiomas (65). Interestingly, a study of patients
with grade I and II meningiomas described expansion
of peripheral “MDSC-like” monocytes, with MDSC markers
but no T cell suppressive activity, and increased functional
MDSCs in tumor samples, suggesting the importance of
MDSC induction at the tumor site (66). A study of 40 brain-
invasive meningiomas found that 25% had macrophages or
microglia at the tumor-brain interface (67). These findings
suggest a central role for macrophages in driving meningioma-
immune cell interactions.

Cytotoxicity of tumor-infiltrating lymphocytes is essential
to immune responses against tumor cells. Regulatory T cells,
programmed cell death protein 1 (PD-1)+ CD8+ cells, and
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PD-1+ CD4+ cells are associated with high-grade and aggressive
tumors (65, 68, 69). High density of regulatory T cells are also a
prognostic marker for recurrence (68, 70). In a study of over 200
high-grade meningiomas, Rapp et al. report that increased
cytotoxic tumor-infiltrating lymphocytes are associated with
prolonged PFS (71). Tumor location may further play a role
in T cell infiltration. Comparing skull base to convexity
meningiomas, Zador et al. found increased activity of oncolytic
gamma-delta T cells in grade I skull base tumors (72). On the
other hand, cavernous sinus meningiomas exhibit decreased
immune cell infiltration, including cytotoxic lymphocytes,
regulatory T cells, and tumor-associated macrophages (TAMs),
as compared to convexity meningiomas (73). While this study
does not independently correlate these immune findings
to outcomes, further characterization of site-specific immune
microenvironments may better predict the role for immunotherapy
based on location and elucidate fundamental mechanisms of
immune cell egress into specific intracranial compartments.

In a systemic review of studies evaluating the meningioma
immune environment, mast cells were found to be present in up
to 90% of meningiomas classified as grades 2 and 3 and were
primarily located in perivascular areas (74). Peritumoral edema
was also correlated with mast cell infiltration. Another study of
secretory meningiomas, comprising 1.1% of meningiomas at this
institution, showed increased mast cell infiltration and edema
when compared to non-secretory tumors (75). Although this
subtype is rare and it is not clear whether mast cell presence is
Frontiers in Oncology | www.frontiersin.org 4215
causative, the presence of mast cells may be leveraged as a
prognostic tool. In a study of grade I meningiomas, convexity
tumors were more associated with the presence of activated mast
cells compared with skull base tumors, and cytokine-cell
networks showed mast cells were most strongly correlated with
IL-6 (72).

Other important cells present in the tumor microenvironment
include dendritic cells. Interestingly, when Chen et al. used
CIBERSORT technology in 68 meningioma samples to
characterize the immune environment, increased dendritic cells
were found to be significantly associated with poor prognosis.
Samples were categorized as “high” or “low” dendritic cell count
based on the median content of cells, and differentially expressed
genes were identified in each group. The B cell receptor signaling
pathway was found to be activated in the “low” group, indicating
increased presence of B cells in these groups. The authors
hypothesized that increased dendritic cells may directly or
indirectly reduce B cell infiltration in meningiomas, leading to
worse outcome (76).

Alterations in antigen presentation appear to play an
important role in meningioma biology. Tumor mutations lead
to generation of neoantigens that can be processed by antigen
presenting cells (APCs) and loaded onto major histocompatibility
complex (MHC) molecules. Both soluble neo-antigens as well as
APCs can travel via the meningeal lymph vessels to the deep
cervical lymph nodes (77). Because meningiomas are extra-axial
and have varying degrees of brain invasion, the relative
A B

FIGURE 1 | (A) Meningioma tumor antigens are taken up by antigen presenting cells and carried to the meningeal lymphatic system, which drain to the deep
cervical lymph node. After antigen presentation and immune activation occurs in the lymph node, immune cells are trafficked to the tumor site. A “cold” meningioma
microenvironment consists of immunoregulatory cytokines, and immunosuppressive cell populations such as M2 polarized macrophages and regulatory T cells.
(B) Molecular classification schema developed using a multimodal characterization approach by Nassiri et al., including the most frequently point-mutated genes
within each category. Recurrence-free survival (RFS) at 5 years and the ESTIMATE score, quantifying immune infiltration based on expression of genes, are reported
for each group. Created with BioRender.com.
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contributions of brain-specific vs head and neck lymphatics in
driving antigen availability is unclear. Particularly, it is important
to determine the contribution of the glymphatic system, which is
characterized by the exchange of cerebrospinal fluid and
parenchymal interstitial fluid with eventual drainage into the
deep cervical lymph nodes via narrow periarterial channels
(78). Of potential importance, lymphatic vessels located in the
meninges are much wider than these periarterial channels.
Accordingly, the APCs presenting antigens could more readily
drain through the meninges vs. periarterial channels, which may
be limited to soluble antigens (79). Additionally, T cells, B cells,
and dendritic cells are present in meningeal lymphatics and
participate in immune surveillance (80). Lastly, studies
describing the effects of meningiomas on the cerebral
vasculature have shown increased permeability to proteins (81).
As such, it is possible that meningiomas are not protected by the
full complement of immunoregulatory mechanisms in the CNS
and, therefore, may be more susceptible to immune clearance
compared with other brain tumors once an adequate immune
response has been initiated.

The link between the glymphatic and meningeal lymphatic
systems is poorly understood. To-date there are no studies
examining the implications of these systems on antigen
presentation in meningiomas. As data emerge on this topic, it
may be of particular interest to characterize how proximity of the
tumor to lymphatic vessels, degree of immune surveillance, and
vascular permeability affect prognosis. Although T cell migration
from peripheral lymph nodes to meningioma tissue has yet to be
explored directly, extrapolating data from other brain tumors
and CNS inflammatory conditions it is likely that antigen-
educated lymphocytes travel via the afferent meningeal
lymphatic vessels. Immune cells then home to brain tumors by
chemokine stimulation (82). It remains to be shown which
pathways mediate meningioma antigen-specific responses.
However, meningiomas have been found to express several
cytokines and chemokines, indicating that they are
immunologically active (83, 84). Barbieri et al. found that at
least one of the CXC receptors 1-5 was constitutively expressed
in over 75% of meningiomas (85). Expression of CX3CL1, a
chemokine that mediates migration of T cells, dendritic cells, and
natural killer (NK) cells, positively correlates with tumor grade,
whereas CXCL16, a T cell and monocyte chemoattractant, has
increased expression in grade I samples (86). In a study
characterizing differentially expressed genes between meninges
and atypical meningiomas, Cao et al. found that CXCL2 and
CXCL8 levels were not only upregulated in tumor tissue, but also
independently associated with overall survival and recurrence
(87). Another group investigated the role of monocyte
chemoattractant protein-1 (MCP-1) in meningiomas and
found high expression and a positive correlation between
MCP-1 expression and macrophage infiltration (88). Similarly,
CCL2, a monocyte chemoattractant, was found to be highly
expressed in meningioma tissue (89). Cytokine-cytokine receptor
interaction networks have already been developed to inform
prognostic scoring of meningioma samples (72, 90). A consistent
finding of these studies is that the cytokine milieu is
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extraordinarily heterogenous between tumors, and some have
posited that ligand/receptor imbalance may impact tumor
progression (86). Taken together, these data suggest that a
predictive model accounting for the interactions between
immune cells and meningiomas could have a prognostic potential.
INTERACTIONS BETWEEN MOLECULAR
PATTERNS AND IMMUNE SIGNATURES

Tumor mutational patterns influence the composition of the
immune microenvironment. Broadly, increased mutational
burden has been reported in progressive and high-grade
meningiomas and may correlate with inflammation (91). Gill
et al. described more peritumoral edema in patients with
increased single nucleotide variants (92) and higher tumor
mutational burden is associated with increased immune cell
infiltration (33). Rutland et al. evaluated 145 meningioma
samples and found that a scattered distribution of lymphocytes
was associated with increased point mutations (93). In a phase II
clinical trial of 25 patients receiving nivolumab for grade II/III
meningiomas, patients with higher mutational burden were more
likely to respond to immunotherapy (94). The patient with the
longest recurrence-free survival was also deficient in MSH2, a
DNA mismatch repair gene (95). These studies provide evidence
that, as in many other neoplasms, availability of high-quality
antigens is a driver of immune responses against meningiomas.

While overall mutational burden may influence immune
infiltration, several specific mutational patterns have related to
unique immune signatures. Williams et al. described three
molecular patterns of high-grade and progressive grade I
meningiomas, and the majority of these 850 aggressive tumors
were classified as NF2-mutant (96). NF2-mutated grade I
tumors have a higher density of M2 macrophage infiltration
than that of tumors with AKT1 activating mutations, suggesting
that this genetic subset of grade I meningiomas may drive
immunosuppression. Alternatively, AKT1 activation may also
cause M1 polarization (97). M1 macrophages, along with NK
cells and recently activated lymphocytes, are also enriched in
tumors with chromosome 22 monosomy, indicating that genes
on chromosome 22 may be closely linked to immunosuppression
(98). Genetic alterations in meningiomas have been linked to
activity of immune checkpoint pathways. Among non-NF2-
mutated tumors, TRAF7 and AKT1 mutations are associated
with expression of PD-L1, IDO, and TDO2 (99). Tumors with
SMO and PIK3CA mutations have been linked to cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4)+ lymphocyte
infiltration (100). One study found a significant association
between DNA polymerase epsilon mutations and CD8+
infiltration as well as improved PFS (101). Mast cell infiltration
has also been correlated with specific molecular drivers: Xie et al.
developed a risk score by analyzing differentially expressed genes
related to resting mast cells, immune cell abundance, miRNA-
mRNA co-expression network, and drug-gene interaction
prediction. Importantly, the 9 key genes identified were
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important in the signaling of TNF-alpha, IL-17, and other
cytokines, supporting the importance of further elucidating the
interplay between molecular and immunologic signatures (90).

Several groups have used data processing tools to further
characterize how the molecular tumor signature impacts the
immune environment. Nassiri et al. recently performed a
molecular analysis of 124 meningiomas of various locations
and histological subtypes that included DNA sequencing, DNA
methylation, RNA expression and single cell RNA sequencing.
They reported 4 distinct molecular subgroups based on an
integrative analysis of multi-platform genomic and epigenomic
data. One of the subgroups (MG1) was characterized by
expression of several immune pathways. This group of patients
had recurrent NF2 mutations and loss of chromosomal arm 22q
that resulted in biallelic inactivation of the NF2 gene.
Interestingly, this group was significantly enriched in T cell
and macrophage genes and demonstrated the highest levels of
cytokine and immune checkpoint molecule expression among
the subgroups. This group of patients also exhibited the longest
recurrence free survival. In contrast, subgroup MG4 was
characterized by expression programs that allow for higher
proliferation of tumor cells and contained the fewest
macrophage-associated genes. This group had the highest
recurrence rate compared to the other groups as well as the
highest tumor mutational burden. While the latter finding
contrasts with some previous reports, this data indicates that
proliferation of tumor cells may outpace immunologic clearance.
If this is the case, this subgroup may have a higher response rate
to immune checkpoint inhibitors (16). Chen et al. created two
clusters based on high versus low expression of RNAmethylation
regulators (m6A regulators) and correlated the groups to
immune infiltration. There were significant differences between
infiltration of plasma B cells, resting mast cells, and neutrophils,
as well as expression of IL-15 and IL-18 (102). These findings
suggest that incorporating the presence of specific mutations into
a predictive model may have value and guide implementation
of immunotherapy.

PD-L1 is one of the most frequently studied checkpoint
molecules in meningioma. Several studies have shown that PD-
L1 expression is independently correlated with worse clinical
outcome (103, 104). Additionally, Karimi et al. found that co-
expression of PD-L1 with hypoxia-induced genes, such as
NFKB2 and CA9, correlates with tumor progression (105).
While these studies have established an association between
PD-L1 expression and tumor progression, the use of PD-L1
alone as a biomarker may be limited by generally infrequent
expression. Johnson et al. reported PD-L1 positivity values of 3%,
6%, and 18% for grades I, II, and III, respectively (106). The
Tumor Immunity in the MicroEnvironment (TIME) scale, which
categorizes tumors according to PD-L1 and tumor-infiltrating
lymphocyte (TIL) positivity, has been implemented to predict
responses to immunotherapy in several types of tumors (107).
Yeung et al. used multiplex quantitative immunofluorescence to
classify 73 meningiomas according to the TIME scale and found
that most fell into the poor responder groups of PD-L1lowTILlow

and PD-L1lowTILhigh. Notably, PD-L1 was more highly expressed
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on CD68+ macrophages than tumor cells, and PD-L2 was more
strongly associated with T cell proliferation and cytotoxicity than
PD-L1 (108). Both PD-L2 and B7-H3 expression have been
associated with mutations of the mTOR pathway, including
PI3K, AKT1, and mTOR (100). Interestingly, this study found
PD-L2 to be most enriched in grade I meningiomas. Taken
together, these findings indicate that PD-L2 and B7-H3 may play
a more central role in meningiomas and, accordingly, PD-1
blockade may have activity in PD-L1 negative tumors. Based on
the emerging relationship between tumor genomics and the
immune microenvironment, further exploration of genomic
alterations and immune-based risk predictors is warranted.
CLINICAL STUDIES

Clinical implementation of immunotherapy for meningiomas is
still in its nascency. Early studies investigating the use of
interferon alpha for recurrent meningiomas produced negative
results (109). One retrospective case series of patients with
recurrent grade II or III meningiomas treated with interferon
alpha noted no radiographic responses at first evaluation and
progression free survival was 17% at 6 months (110). A phase 2
study investigating interferon alpha for recurrent grade I
intracranial meningiomas also reported no neuroradiographic
responses, and PFS at 6 months was 54% (111).

Immune checkpoint inhibition has shown anecdotal promise
and is currently being evaluated in clinical trials. Two case
reports have been published describing the use of nivolumab
for recurrent meningiomas. A case report of a patient on
nivolumab for advanced lung cancer who also had recurrent
right sphenoid wing meningioma reported significant reduction
in both tumor size and brain edema following initiation of
therapy (112). Another report described a response to
checkpoint blockade in a MSH2-deficient tumor. After therapy
the patient had a marked increase in CD8+ T cell infiltration of
the tumor. The patient continued to receive nivolumab bi-weekly
for over 2 years and experienced a marked response (95).

Based on these early reports, there are now several ongoing
clinical trials aimed at evaluating checkpoint blockade for
meningiomas (Table 1). While three of the trials are recruiting
patients for anti-PD1 monotherapy, most studies include at least
one treatment arm investigating combination therapy regimens.
Given Han et al.’s findings that patients who received radiation
have higher expression of PD-L1, four trials are investigating the
synergy between immunotherapies targeting the PD-1/PD-L1 axis
and various types of radiation therapy (103). In a phase II study of
the anti-PD1 agent pembrolizumab, patients have improved PFS
rates at 6 months, compared to historical controls, and a non-
significant association between increased PD-L1 expression and
reduced tumor growth (113). Additionally, two trials include
treatments targeting the CD28-CTLA-4 pathway. While
nivolumab with or without ipilimumab therapy in recurrent
atypical meningiomas does not show improvement in 6 month
PFS, a subset of tumors with increased mutational burden may
have higher response rates (94, 95). Successful completion of these
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trials will provide valuable insights into the clinical utility of
immune checkpoint blockade for meningiomas.
CONCLUSION

Ongoing work focused on tumor-immune interactions has the
potential to afford valuable insights into the drivers of
meningioma behavior. The link between tumor cell alterations
and the immune landscape is particularly intriguing intersection.
Although immune-based characterization of meningiomas has
only recently garnered interest, ongoing efforts in this area will
drive more robust prediction models and new therapeutic
strategies for patients with recurrent and progressive tumors.
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Background: Grade 2/3 meningiomas have locally aggressive behaviors often requiring
additional treatment plans after surgical resection. Herein, we explored the clinical
significance of next-generation sequencing (NGS) in characterizing the molecular
profiles of high-grade meningiomas.

Methods: Patients with intracranial meningioma who underwent surgical resection in a
single institution were retrospectively reviewed. Clinicopathologic relevance was evaluated
using recurrence-free survival (RFS) as an outcome measure. NGS for the targeted gene
regions was performed in 40 participants.

Results: Among the 713 individuals in the study population, 143 cases (20.1%) were
identified as having grade 2 or 3 meningiomas with a significantly lower female
predominance. While the difference in RFS between grade 2 and 3 meningiomas was
insignificant, a few conventional grade 2 cases, but with TERT promoter hotspot mutation,
were highly progressive and refractory to the treatment. From the NGS study, recurrent
mutations in TRAF and AKT1 were identified with a higher prevalence (17.5% and 12.5%,
respectively) compared with grade 2/3 meningiomas reported in previous literature.
However, their relations to other histopathologic properties or clinical factors were
rarely observed.

Conclusions: Grade 2/3 meningiomas show a broad spectrum of molecular profiles, as
they have heterogeneous histologic characteristics.

Keywords: meningioma, atypical meningioma, anaplastic meningioma, next-generation sequencing, TERT
promoter mutation
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INTRODUCTION

Meningioma is a single pathologic entity of benign extra-axial
tumors in the central nervous system (CNS) with a broad
morphological spectrum reflected in various histopathologic
subtypes (1). Although exhibiting a mostly benign nature, up
to 25% of cases have shown to have aggressive behaviors, as
classified as grade 2 or 3 (2, 3). The primary mode of treatment is
surgery; however, due to anatomical obstacles or some other
circumstances, complete tumor resection is often unachievable.
The tumor characteristics, together with the surgical outcome,
have been considered an important prognostic factor associated
with local recurrence, and additional treatment plans are always
considered for grade 2/3 meningiomas.

Recently, numerous studies have suggested molecular
signatures representing aggressive tumor characteristics and
several specific biomarkers, i.e., TERT promoter mutation and
CDKN2A/B homozygous deletion, which have been added to the
updated diagnostic criteria for anaplastic meningiomas (1, 4).
This, in an addition to the rapid adoption of next-generation
sequencing (NGS) beside clinical practice, has increased the
interests in genomic characterization of specific meningioma
subtypes (3). Thus, we explored the clinical significance of
molecular diagnostic studies in grade 2/3 meningiomas. We
also validated previously published recurrent mutations and
their clinicopathologic relevance in our cohort with the
NGS study.
MATERIALS AND METHODS

Study Population
This study was intended for patients with intracranial
meningioma. The study population was retrospectively selected
from the institutional tumor registry. Patients who had agreed
with biobanking and genetic testing of tumor tissue for a
scientific purpose have enrolled under the approval of the
institutional review board. Patients were not compensated for
their participation, and each participant provided written
informed consent. All experiments were performed following
the relevant guidelines and regulations.
Tissue Acquisition and
Histopathologic Diagnosis
Formalin-fixed paraffin-embedded (FFPE) tissue specimens were
obtained after surgical resection. Two senior pathologists (K.S.L.
and G.C.) independently reviewed the hematoxylin and eosin
(H&E)-stained slides and confirmed the diagnosis according to
the fourth edition of the World Health Organization
classification of tumors of the CNS (WHO CNS) to identify
the histological subtypes of meningiomas.

Immunostaining was performed for a single representative
sample block showing specific histomorphologic characteristics
from each case. Sections were transferred to poly-L-lysine coated
adhesive slides, dried, deparaffinized, and rehydrated. The slides
Frontiers in Oncology | www.frontiersin.org 2223
were subsequently subjected to heat-induced antigen retrieval.
The following antibodies were used according to the
manufacturer’s instruction: c-MET (prediluted, rabbit
monoclonal antibody, Ventana, Tucson, AZ, USA), EGFR
(1:150, mouse monoclonal antibody, Dako, Camarillo, CA,
USA), p16 (prediluted, mouse monoclonal antibody, Ventana,
Tucson, AZ, USA), and Ki-67 (1:50, mouse monoclonal antibody,
Dako, Carpinteria, CA, USA). The sections were incubated with
appropriate reagents from the Dako REAL EnVision Detection
System (Dako, Glostrup, Denmark) and were counterstained with
Mayer’s hematoxylin. Each case was categorized as either positive
— when it showed moderate-to-strong cytoplasmic and/or
membranous positivity in tumor cells — or negative, as controls
without antibodies. For p16 staining, loss of expression was
recorded if the tumor cells showed complete negative, while
partial expression was considered positive.

TERT Promoter Mutation Analysis by
Pyrosequencing
A sample FFPE block with the most representative morphologic
characteristics was selected from each case, and tumor areas were
manually microdissected from the unstained slides. DNA was
extracted using the Maxwell 16 FFPE Purification Kit (Promega,
Madison, WI, USA) according to the manufacturer’s instructions.
The TERT promoter region covering the hotspot mutations C228T
(g.1,295,228C>T in GRCh37) and C250T (g.1,295,250C>T) were
amplified by polymerase chain reaction (PCR) using the
HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA, USA)
and primers forward 5’-GTCCTGCCCCTTCACCTT-3’ and
reverse 5’-CAGCGCTGCCTGAAACTC-3’, which was run on
Verti 96-well Thermal Cycler (Applied Biosystems, Waltham,
MA, USA) with the following conditions: 96°C for 5 min; 44
cycles with 96°C for 30 s, 64°C for 30 s and 72°C for 1 min; 72°C
for 10 min and 4°C for hold. The quality of PCR products was
confirmed by gel electrophoresis on 2% agarose gel. Pyrosequencing
of the TERT promotermutations C228T and C250Twas carried out
on the PyroMark Q24-MDX system (Qiagen, Valencia, CA, USA)
with a sequencing primer 5’-ACCCCGCCCCGTCCCGACCCC-3’,
based on the manufacturer’s instructions. TERT promoter mutation
was considered positive if T allele frequency at the mutation sites
was ≥10%.
Genomic Characterization by Next-
Generation Sequencing
DNA was extracted from the FFPE tissue sample using the
QIAamp DNA FFPE Tissue Kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. The extracted
DNA was quantitated using a Quantus fluorometer (Promega,
Madison, WI, USA) and Agilent 4200 TapeStation system
(Agilent Technologies, Santa Clara, CA, USA). DNA was
sheared into fragments with a mean peak size of approximately
180 bp to 200 bp, using Adaptive Focused Acoustics (Covaris,
Woburn, MA, USA). The paired-end libraries were prepared
with a SureSelectXT HS Target Enrichment System kit (Agilent
Technologies, Santa Clara, CA, USA), based on the
June 2022 | Volume 12 | Article 885155
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manufacturer’s instruction, using commercially available
targeted panels that cover NF2, AKT1, TRAF7, KLF4, SMO,
PIK3CA , SMARCB1 , and other cancer-related genes
(Supplementary Table 1). The quality of the DNA library was
evaluated using a Bioanalyzer 2100 (Agilent Technologies, San
Francisco, CA, USA) and quantified using a Qubit dsDNA HS
Assay kit and a Qubit 2.0 fluorometer (Life Technologies,
Carlsbad, CA, USA). The libraries were paired-end sequenced
(2 × 150 bp) using a NextSeq 550Dx (Illumina, San Diego, CA,
USA) or a HiSeq 2500 (Illumina, San Diego, CA, USA).

Sequencing data quality assessment and trimming were
performed using FastQC v0.11.8 (RRID : SCR_014583). The
sequence reads were aligned to the reference genome GRCh37
(hg19) using BWA v0.7.15 (RRID : SCR_010910), Picard v2.16.0
(RRID : SCR_006525), and Samtools v1.3.1 (RRID :
SCR_002105). Single nucleotide variants (SNVs) and indels
were identified using GATK v4.1.4.0 (RRID : SCR_001876),
where a threshold of at least 10 reads and an allelic frequency
of ≥10% were used for variant calling. The sequencing variants
were annotated using SnpEff & SnpSift v5.1 (RRID :
SCR_005191/SCR_015624). The variants found in the
population databases, the Exome Aggregation Consortium
(RRID : SCR_004068), and the Genome Aggregation Database
(RRID : SCR_014964), were filtered out to demonstrate somatic
mutations minimizing germline contamination. All variants
were interpreted based on the Association for Molecular
Pathology (AMP) standards and guidelines (5).
Clinical Evaluation
All patients received regular follow-up after initial treatment.
Magnetic resonance images (MRIs) were performed within 48
hours after surgery, and the extent of resection was evaluated by
neurosurgeons. For patients with visible residual tumors, adjuvant
stereotactic radiosurgery or radiotherapy was usually performed
within three to six months from surgery. Patients with grade 2 or 3
meningiomas were referred to the institution’s multidisciplinary
neuro-oncology outpatient clinic, where a team of neurosurgeon,
neuroradiologist, pathologist, medical oncologist, and radiation
oncologist participated in a discussion to select the most optimal
therapeutic plan for each patient.

Patients were usually followed up every six months for the
first two years and then annually thereafter. The recurrence-free
survival (RFS) was calculated from the date of surgical resection
to the first recurrence of meningioma requiring further
therapeutic plans. Evidence of local tumor recurrence was
provided by MRI showing meningioma in a location
contiguous with the previous operation site.
FIGURE 1 | Selection of study population.
Statistical Consideration
For descriptive statistics, the frequency with percentages was
provided for categorical data and median with interquartile
ranges for continuous data. Differences between grades 1 and
2/3 meningiomas were compared using the Chi-square test for
categorical variables and the t-test for continuous variables. The
Frontiers in Oncology | www.frontiersin.org 3224
statistical correlations between genomic features and
clinicopathological parameters were evaluated using the
Fisher’s exact test. Differences in RFS between distinct
subgroups were assessed by the log-rank test. The prevalence
of known recurrent variants in this study was compared to the
pooled data from external cohorts using the Chi-squared test.
Each result from statistical tests was considered statistically
significant if a two-tailed p-value was less than 0.05. All
statistical analyses were performed using R v3.6.3 (RRID
: SCR_001905).
RESULTS

Baseline Characteristics
A total of 713 cases with intracranial meningiomas who received
surgical treatment between 2003 and 2020 were reviewed
(Figure 1). The median age of the study population was 56
(47-65) years, and females made up 71.6% of the population.
Grade 2/3 meningiomas were identified in 143 (20.1%) cases.
Patients with grade 2/3 meningiomas tended to have a lower
female predominance compared with those with grade 1 tumors
(Table 1): male, 44.8% vs. 24.3% (p < 0.001). There was no
significant association between grades and the location of tumors.

A sample of 40 patients with grade 2/3 meningiomas
participated in the targeted NGS panel study, whose tissue
specimens were acquired between 2012 and 2019. The baseline
characteristics of the sample and the study population were
evenly distributed. Most candidates provided the tissue
specimens from the initial surgery, except three patients with
recurrent meningiomas who had a history of prior surgery and/
or stereotactic radiosurgery. The candidates had no past medical
June 2022 | Volume 12 | Article 885155
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history of underlying malignancies at the time of tissue
acquisition, except one patient who had extracranial metastasis
and received systemic chemotherapy with hydroxyurea before
tumor sampling.
Clinical Outcome and Molecular Diagnosis
The study population was followed up for 59.1 (30.0-98.0)
months. During the follow-up period, 59 cases of grade 1
meningiomas and 40 cases of grade 2/3 meningiomas had an
event of recurrence, showing distinct outcomes (p < 0.001)
(Figure 2A). Five-year recurrence-free survival (RFS) estimates
were 86.0 [95% CI, 82.7-89.5%] and 66.8% [95% CI, 58.5-76.2%]
for grade 1 and 2/3 meningiomas, respectively.

For grade 2/3 meningiomas, Simpson grade I resection was
achieved in 33 (23.1%) cases, followed by 44 (30.8%) cases for
Frontiers in Oncology | www.frontiersin.org 4225
grade II, 19 (13.3%) cases for grade III, 43 (30.1%) cases for grade
IV, and 4 (2.8%) cases for grade V resection. While the survival
difference between grades 2 and 3 was insignificant, the
achievement of Simpson grade I resection significantly
influenced the clinical outcome in grade 2 meningiomas (p =
0.005) (Figure 2B). Other treatment factors regarding adjuvant
stereotactic radiosurgery or radiotherapy did not significantly
change the outcome.

In the sample population, local recurrence has been
developed in 10 patients during the follow-up period of 68.5
(55.8-97.3) months. Simpson grade I resection was achieved in
10 (25.0%) cases. Those patients with recurrence received
additional treatment with stereotactic radiosurgery, and two of
them underwent reoperation for surgical resection of the
recurred tumor. The five-year RFS was 65.4% for a subset of
participants whose long-term follow-up data were available,
representing the grade 2/3 meningiomas in the study cohort.

To evaluate the clinicopathologic relevance regarding the
molecular diagnostic criteria in WHO CNS 5, we assessed the
TERT promoter and CDKN2A/B status of meningioma. The
TERT promoter hotspot mutation PCR was available for 52 cases
(40 samples and additional 12 cases) with grade 2/3
meningiomas. Positive results were identified in three cases;
these were conventionally diagnosed as atypical meningiomas
with high mitotic activity, and all recurred during the follow-up
period and highly refractory to the selected treatments
(Figures 3–5). Interestingly, two of them had distant
metastasis with rapid progression. Those formerly diagnosed as
grade 3 meningiomas (7 cases) did not present a positive TERT
promoter mutation. The molecularly integrated classifying group
with conventional grade 3 and positive TERT promoter mutation
showed a poorer outcome than the others (Figure 2C).

We also assessed the immunohistochemistry of CDKN2A
(p16) that homozygotic deletion of the corresponding gene
would be represented by loss of expression. Among 40 sample
participants, 17 patients with grade 2 meningiomas were
reclassified into a higher grade, as they presented negative p16
staining. However, the immunohistochemical status of CDKN2A
did not show a significant difference in RFS (Figure 2D).
Mutational Profiling of
Grade 2/3 Meningiomas
All 40 samples achieved the institutional quality standard of the
NGS study. The tumor purity of FFPE samples ranged from 50 to
90%. The sequencing achieved the 100× coverage of 98.0% (96.2-
98.5%) for the target regions with a mean depth of 750 (517-901)
(Supplementary Table 2). A total of 160 somatic variants from
66 different genes were identified (Supplementary Table 3). The
mutational profiles were highly heterogeneous, and no statistical
association between genomic alterations and clinicopathologic
features was observed (Figure 6).

SNVs and indels were the most frequent in NF2 (42.5%),
which consists of eight frameshift, three stop-gain and five splice
site variants. Other mutations in previously documented genes
associated with meningiomas, including AKT1 (one missense
TABLE 1 | Baseline characteristics of the study population.

Study cohort (n=713) Sample (n=40)

Grade 1 (n=570) Grade 2/3 (n=143)

Age (yr) 56 [47, 64] 57 [47, 67] 55 [48, 66]
≥65 136 (24) 45 (31) 11 (28)
Sex
Male 138 (24) 64 (45) 16 (40)
Location
Convexity 164 (30) 46 (32) 22 (55)
Parasagittal/falx 95 (17) 43 (30) 12 (30)
Skull-based† 244 (43) 45 (31) 4 (10)
Intraventricular 11 (2) 8 (6) 2 (5)
Miscellaneous 51 (9) 1 (1) .
Etiology
Sporadic 568 (100) 139 (97) 40 (100)
NF2 2 (0) 3 (2) .
Radiation . 1 (1) .
Prior treatment
Untreated 561 (99) 128 (90) 37 (92)
Treated 9 (1) 15 (10) 3 (8)
Treatment type
Resection only 491 (86) 68 (48) 13 (33)
Resection + SRS 76 (13) 22 (15) 8 (20)
Resection + RT 3 (1) 53 (37) 19 (48)
Pathology
Meningothelial 232 (41) . .
Fibrous 95 (17) . .
Transitional 152 (27) . .
Psammomatous 16 (3) . .
Angiomatous 44 (8) . .
Microcystic 19 (3) . .
Secretory 3 (1) . .
LPR 1 (0) . .
Metaplastic 8 (1) . .
Atypical . 123 (86) 35 (88)
Chordoid . 5 (3) .
Clear cell . . .
Anaplastic . 8 (6) 2 (5)
Papillary . 4 (3) 1 (3)
Rhabdoid . 3 (2) 2 (5)
Values are median [IQR] or number (percent). †Skull-based includes olfactory groove,
planum sphenoidale, tuberculum sellae, sphenoid wing, cavernous sinus, petroclival,
petrosal, and foramen magnum lesions. NF2, neurofibromatosis type 2; LPR,
lymphoplasmocyte-rich; SRS, stereotactic radiosurgery; RT, radiotherapy.
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E F
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FIGURE 2 | Recurrence-free survival of grade 2/3 meningiomas. Differential recurrence-free survival was observed between grade 1 and grade 2/3 meningiomas
(A). The survival difference between grades 2 and 3 was insignificant (B). The subgroups of grade 2/3 meningiomas were stratified according to the mutational
status of specific genes (C–F).
FIGURE 3 | A case of convexity meningioma with TERT promoter mutation. A 52-year-old male presented with an en plaque meningioma in the left temporal
convexity (A). The tumor was partially resected during the initial surgery, and the residual superior temporal mass, severely adhered to the brain parenchyma and the
vascular structures in the Sylvian fissure, was further treated by adjuvant stereotactic radiosurgery. However, the tumor regrew (B), and another operation was
performed after two years from the initial treatment. The specimens from the first and second operations both presented C250T TERT promoter mutation. Although
the primary lesion was successfully removed, a new, tiny lesion at the left frontal convexity (B, arrow) had been rapidly grown at six-month follow-up, in addition to
other multiple distant lesions (C–H, arrows). The patient underwent stereotactic radiosurgery six times over the next five years, one more reoperation at the primary
location, and then another two times of stereotactic radiosurgery for the refractory tumors. In 9 years from the initial treatment, the leptomeningeal spread of the
tumor cells was confirmed by cerebrospinal fluid examination, and the patient received a ventriculoperitoneal shunt operation for hydrocephalus.
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and one splice site variants) and TRAF (five missense and one
splice site variants), were also found. In particular, AKT1
c.49G>A (p.E17K) mutation was recurrent in five cases, most
of which concurrently harbored a missense variant in TRAF7.
However, there was no clinical relevance in exploratory survival
analyses (Figures 2E, F).

The prevalence of recurrent variants in meningioma was
investigated by comparing the results between pooled data
from previous literature and this study (Table 2). Interestingly,
the prevalence of mutations in AKT1 and TRAF7 were
significantly higher than that in grade 2/3 cases previously
reported in external cohorts [AKT1 p.E17K mutation in
samples vs. external cohorts (#1-6), p < 0.001; TRAF7
mutations, p = 0.017]. Other known recurrent mutations, such
Frontiers in Oncology | www.frontiersin.org 6227
as KLF4 c.1225A>C (p.K409Q) or SMO c.1234C>T (p.L412F),
were not detected. A few individual cases presented possible
pathogenic variants, PIK3CA c.1633G>A (p.E545K) or
SMARCB1 (also known as BAF47 , INI1 , or SNF5L1)
c.1130G>A (p.R377H), while others were tiered as benign or
had uncertain significance.
DISCUSSION

This study demonstrated the clinical, histopathologic, and
genomic characteristics of grade 2/3 meningiomas. In our
cohort, there was a significantly larger proportion of males
with grade 2/3 meningiomas than with grade 1 meningiomas.
FIGURE 4 | A case of parasagittal meningioma with TERT promoter mutation. A 78-year-old male with a 4.5 cm-sized left parasagittal meningioma (A) underwent
surgery achieving subtotal resection, followed by adjuvant radiotherapy. In two years, the tumor recurred at the primary location (B) and was treated by secondary
radiosurgery. In the following year, two new lesions as well as the progressed primary lesion were detected (C, D, arrows) and retreated by radiosurgery. The patient
had suffered from impaired gait function and expired due to pneumonia after having a femur neck fracture on the sixth year from the initial treatment. The specimen
acquired from the initial surgery has presented C228T TERT promoter mutation.
FIGURE 5 | A case of parasagittal meningioma with TERT promoter mutation. A 47-year-old female with a 2.5 cm-sized left parasagittal meningioma (A) underwent
stereotactic radiosurgery. In seven years, the tumor, however, progressed (B) and was treated by partial resection and adjuvant radiotherapy. The tumor was
refractory to the treatments and required another operation and three-stage radiosurgery after two years. The tumor still progressed in the following year (C, arrows)
and was further treated with radiosurgery three times. One year after, a total of 11 years from the initial treatment, a new rapidly growing lesion was found in the
second cervical spine level (D, arrow). Multiple pulmonary metastases were also found in the positron-emission tomography scan. The patient received laminectomy
and tumor removal for the distant lesion, and the specimen presented C228T TERT promoter mutation.
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This finding was consistent with those observed in a nationwide
cohort study and relevant literature (14). Considering a high
female predominance in benign meningiomas and the effect of
hormones in meningioma pathogenesis (15), it is interesting that
sex distribution is more even in higher grades meningiomas.
Perhaps, the invasiveness of meningioma might be affected by
the different biological factors rather than hormones or other
sex-related conditions, which could be discovered from
genomic aberrations.

Among the variable morphologic subtypes of meningiomas,
our sample population did not show novel findings of recurrent
somatic variations. Nevertheless, there were a few interesting
points in our results. First, the prevalence of NF2 mutations in
grade 2/3 meningiomas was not as frequent as reported in some
previous literature (2, 16). Another known pathogenic gene
SMARCB1, which has been suggested to be associated with a
high Ki-67 index (17), was identified in a single case; however,
the histopathologic feature was not specific. Also, we observed
that the common recurrent mutations AKT1 p.E17K and TRAF7
mutations were as frequent as previously reported in grade 1
meningiomas. Those AKT1-mutant and TRAF7-mutant cases
Frontiers in Oncology | www.frontiersin.org 7228
did not show a significantly different prognosis from the others,
which was inconsistent with previous reports (18). Conversely, a
recurrent mutation KLF4 p.K409Q has not been detected in our
grade 2/3 samples, which supports that this variant might be
predominantly harbored in low-grade tumors and possibly
associated with a favorable prognosis without tumor
recurrence (17, 19).

The recent article with the updated CNS WHO classification
also demonstrated several variants associated with specific
subtypes (1). TERT promoter mutation, now adopted to
molecular diagnosis of grade 3 meningioma, represented highly
progressive tumors in our cases. Regarding the emerging issues
on molecular diagnosis of meningioma, some experts suggest
considering NGS for all grade 2 meningiomas (4): however, there
is a lack of consensus on the standardization of diagnostic
method regarding the source of specimens, sequencing
protocol, or analysis pipeline. Besides, TERT promoter
mutation was not adequately detectable by targeted NGS study
using the common commercial panels, and additional PCR tests
have been needed for diagnosis in most institutions. Since the
expense of the study is considerably high, the cost-effectiveness
FIGURE 6 | Histopathologic features and molecular status of grade 2/3 meningiomas. Grade 2/3 meningiomas exhibited heterogeneous clinical, histopathologic,
and genomic features.
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TABLE 2 | Prevalence of recurrent variants in meningiomas according to the histopathologic grade.

External cohort
#5

External cohort
#6

Current study Overall

36.8%
(81 of 220)

38.7%
(94 of 243)

. 31.3%
(423 of 1353)

61.9%
(382 of 617)

46.2%
(12 of 26)

42.5%
(17 of 40)

52.9%
(612 of 1156)

0.9%
(2 of 220)

. . 2.8%
(24 of 859)

0.5%
(3 of 617)

. 2.5%
(1 of 40)

1.0%
(9 of 946)

. . . 27.0%
(228 of 844)

. . 17.5%
(7 of 40)

7.4%
(37 of 503)

8.6%
(19 of 220)

11.1%
(27 of 243)

. 11.7%
(158 of 1353)

2.1%
(13 of 617)

3.8%
(1 of 26)

12.5%
(5 of 40)

3.3%
(38 of 1156)

3.2%
(7 of 220)

. . 3.0%
(26 of 879)

0.6%
(4 of 617)

. 2.5%
(1 of 40)

1.1%
(12 of 1060)

. 6.6%
(16 of 243)

. 8.9%
(97 of 1087)

. 0.0%
(0 of 26)

0.0%
(0 of 40)

1.1%
(6 of 529)

2.7%
(6 of 220)

0.4%
(1 of 243)

. 3.3%
(45 of 1353)

0.2%
(1 of 617)

0.0%
(0 of 26)

0.0%
(0 of 40)

0.2%
(2 of 1156)

(6, 7); External cohort #2 (8–10); External cohort #3 (11); External cohort #4 (12); External cohort #5
ing, or PCR. †Corresponding to R383Q and R386H in GRCh38, respectively.
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External cohort
#1

External cohort
#2

External cohort
#3

External cohort
#4

NF2 (any variants)
Grade 1 28.8%

(164 of 570)
36.4%

(28 of 77)
22.9%

(33 of 144)
23.2%

(22 of 99)
Grade 2/3 44.6%

(100 of 224)
47.8%

(32 of 67)
33.1%

(51 of 154)
64.3%

(18 of 28)
SMARCB1 p.R374Q or p.R377H†

Grade 1 3.9%
(18 of 463)

1.3%
(1 of 77)

. 3.0%
(3 of 99)

Grade 2/3 2.1%
(4 of 194)

0.0%
(0 of 67)

. 3.6%
(1 of 28)

TRAF7 (any variants)
Grade 1 28.6%

(163 of 570)
3.2%

(1 of 31)
28.5%

(41 of 144)
23.2%

(23 of 99)
Grade 2/3 11.2%

(25 of 224)
5.3%

(3 of 57)
1.3%

(2 of 154)
0.0%

(0 of 28)
AKT1 p.E17K
Grade 1 12.6%

(72 of 570)
7.8%

(6 of 77)
16.0%

(23 of 144)
11.1%

(11 of 99)
Grade 2/3 6.7%

(15 of 224)
4.5%

(3 of 67)
0.6%

(1 of 154)
0.0%

(0 of 28)
PIK3CA p.E542K, p.E545K/A, or p.H1047R/L/Q
Grade 1 4.2%

(16 of 385)
0.0%

(0 of 31)
0.7%

(1 of 144)
2.0%

(2 of 99)
Grade 2/3 2.4%

(4 of 164)
0.0%

(0 of 57)
1.9%

(3 of 154)
0.0%

(0 of 28)
KLF4 p.K409Q
Grade 1 10.0%

(57 of 570)
0.0%

(0 of 31)
11.1%

(16 of 144)
8.1%

(8 of 99)
Grade 2/3 2.7%

(6 of 224)
0.0%

(0 of 57)
0.0%

(0 of 154)
0.0%

(0 of 28)
SMO p.L412F or p.W535L
Grade 1 4.6%

(26 of 570)
3.9%

(3 of 77)
3.5%

(5 of 144)
4.0%

(4 of 99)
Grade 2/3 0.4%

(1 of 224)
0.0%

(0 of 67)
0.0%

(0 of 154)
0.0%

(0 of 28)

Values are percentage (number of cases/total number of screened cases). Data are curated from the following references: External cohort #1
(2); External cohort #6 (13). Variants were screened by either whole genome or exome sequencing, targeted sequencing, Sanger sequen

229
c

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


Kim et al. Grade 2/3 Meningiomas
of molecular diagnostic studies should be carefully discussed,
with full consideration of the patient’s best interest.

Several studies suggested a histopathologic and genomic
relevance, but the mutational profiles of meningiomas are highly
heterogeneous and inconsistent among previous reports (20). We
utilized p16 immunohistochemistry to represent CDKN2A
deletion; however, it seemed unfeasible to detect the gene-level
copy number aberration from protein expression (21). Although
some studies also showed certain mutational patterns according to
the anatomical location of tumors (18, 22, 23), mutations in AKT1
or SMO that have been frequently reported in skull-based lesions
were not specific in our samples. Intraventricular meningiomas, on
the other hand, certainly harbored NF2 mutations without the
other common variants, as reported elsewhere (24). Since the
clinical significance of most genomic alterations has not been
fully understood, further studies are needed to validate the
clinicopathologic relevance. Perhaps, different genomic
approaches, such as epigenetic studies that were utilized in
several studies to identify specific methylation status (11, 25,
26),?A3B2 show [#,32] ?> might provide better understanding of
the tumor characteristics.

This study is limited due to the lack of available prognostic
measures for patients with meningioma; and as such, the clinical
significance of NGS in characterizing the molecular profiles
of high-grade meningiomas remains inconclusive. The RFS,
the outcome measure utilized in this study, was relatively
low compared with other studies (11, 12, 25, 27, 28).
Most grade 2/3 meningiomas in this study cohort were
successfully controlled by adjunctive treatments, including
stereotactic radiosurgery and radiotherapy from conventional
decision making without the molecular diagnosis. Future
investigations should focus more on specific populations of
patients with highly malignant or metastatic lesions that are
refractory to the current treatment modalities. In this
perspective, molecular targets from NGS can lead to a possible
therapeutic implication (15, 29, 30). Nevertheless, for a majority
of meningioma cases, surgical outcome and other clinical factors
appears to be more critical than tumor properties characterized
by NGS at this time.
Frontiers in Oncology | www.frontiersin.org 9230
CONCLUSION

Grade 2/3meningiomas show a broad spectrumofmolecular profiles,
as they have heterogeneous histologic characteristics. Further studies
are needed to validate the clinical significance of the NGS study.
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Meningioma is the most common primary neoplasm of the central nervous system (CNS).
Generally, these tumors are benign and have a good prognosis. However, treatment can
be challenging in cases with aggressive variants and poor prognoses. Among various
prognostic factors that have been clinically investigated, bone invasion remains
controversial owing to a limited number of assessments. Recent study reported that
bone invasion was not associated with WHO grades, progression, or recurrence.
Whereas, patients with longer-recurrence tended to have a higher incidence of bone
invasion. Furthermore, bone invasion may be a primary preoperative predictor of the
extent of surgical resection. Increasing such evidence highlights the potential of
translational studies to understand bone invasion as a prognostic factor of
meningiomas. Therefore, this mini-review summarizes recent advances in
pathophysiology and diagnostic modalities and discusses future research directions
and therapeutic strategies for meningiomas with bone invasion.

Keywords: meningioma, bone invasion, recurrence, translational study, long-term
INTRODUCTION

Meningiomas
Meningioma is the most common primary neoplasm of the central nervous system (CNS) in adults,
originating from arachnoid cap cells covering the CNS. They are classified according to
histopathological characteristics and have a broad morphological spectrum, reflected in 15
subtypes. (1–3). The World Health Organization (WHO) has also classified meningiomas into
three grades (1–3), similar to other CNS tumors, linked to overall expected clinical-biological
behaviors. Most tumors are WHO grade 1, which are slow-growing with benign features and a
comparatively good prognosis. WHO grades 2 and 3 (4, 5) have local brain invasiveness and cellular
features, including higher mitosis and atypia. In general, symptomatic cases of any WHO grade are
surgically treated, and to date, there is no consensus on the effectiveness of pharmacotherapy,
including chemotherapy (6). Hence, Simpson’s grade, based on the extent of surgical resection, has
been considered a good tumor recurrence indicator in addition toWHO grading (7). Simpson grade
Abbreviations: CNS, central nervous system; WHO, World Health Organization; NF2, neurofibromatosis type 2; CT,
computer tomography; MRI, magnetic resonance imaging; 5-ALA, 5-aminolevulinic acid; GTR, gross total removal; OR, odds
ratio; PET, positron emission tomography; SSR2, somatostatin receptor subtype 2; VEGF, vascular endothelial growth factor;
IMRT, intensity modulated radiation therapy; BNCT, boron neutron capture therapy; PDT, photodynamic therapy.
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I is defined as complete removal, including resection of the
underlying bone and associated dura. However, meningiomas
classified as WHO grade 1 and Simpson grade I sometimes recur
in long-term follow-up, often requiring additional treatments,
such as secondary surgery or salvage radiosurgery, which can be
challenging and potentially lead to morbidity (8). Therefore,
recent studies have highlighted the importance of long-term
recurrence prediction with a different viewpoint than WHO
grade and developing diagnostic and therapeutic options for
such recurrent cases.

Meningioma With Bone Invasion
Meningiomas are categorized inconsistently based on their
location (9). Sometimes, meningiomas grow extracerebrally,
corresponding with the tumor’s origin. Tumors arising from
locations other than the subdural compartment have been
termed ectopic, extracranial, extraneuraxial, extradural, or
intraosseous meningiomas (9, 10).

Primary intraosseous meningioma usually describes tumors
that develop mainly from the calvarium and are unequivocally
Frontiers in Oncology | www.frontiersin.org 2233
excluded from the subdural component (11). Contrastingly, many
unrecognizable meningioma synonyms and subtypes secondarily
extend into the adjacent bone, such as secondary intraosseous
meningioma, meningioma with bone infiltration, and meningioma
with bone invasion. (In this review, they are consistently noted as
bone-invasive meningiomas to avoid confusion). In general, bone
invasive meningiomas can be preoperatively diagnosed by
conventional radiographic modalities, such as magnetic
resonance imaging (MRI) and computed tomography (CT). They
are histopathologically confirmed after surgery, since the
preoperative judgment of bone involvement is sometimes
ambiguous (Figures 1A–D). Meningioma en plaque, a relatively
uncommon and unique form accounting for 2-9% of
meningiomas, is often accompanied by hyperostosis in the
middle fossa and sphenoid wing, with an incidence rate of 13–
49% (12–14). Nevertheless, hyperostosis is seen less in other
meningiomas except for lymphoplasmacyte-rich meningioma, a
rare histologic subtype (WHO grade 1), which can arise as an en-
plaque meningioma, and is characterized by a prominent
infiltration of plasma cells and lymphocytes with a variable
FIGURE 1 | A representative case of meningioma with bone invasion. Axial (A, C, E) and coronal (B, D, F) images demonstrating a petroclival meningioma.
(A, B) T1-post contrast MRI shows a characteristic dural tail (white arrows). Enhancement in the adjacent bone is ambiguous, and no obvious laterality is found
(yellow arrows). (C, D) Non-contrast bone CT does not reveal a hyperostosis with tumor-associated laterality. (E, F) However, F18 fluoride PET/CT fusion image
indicates prominent uptake in the adjacent bone suggesting bone invasion of the tumor (white arrowheads).
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proportion of meningothelial elements (15–17). To date,
hyperostosis has been thought as due to direct tumor invasion to
adjacent bone and reactive hypervascularity of the periosteum
leading to benign formation, and thus can often be classified as
bone-invasive meningiomas (18–22).

In addition to histopathological aggressiveness and surgical
extension, accumulating evidence suggests that bone invasion
could predict recurrence and is possibly associated with reduced
progression-free and overall survival, even in WHO grade 1 or 2
cases that surgically achieved total removal (Gabeau-Lacet et al.:
Simpson I-III in WHO grade 1, Abdelzaher et al.: Simpson grade
I-II in WHO grade 2, Lemee et al.: Simpson grade I-III in WHO
grade 1-3) (23–25). However, due to the limited assessability,
bone invasion as a recurrent predictor remains less understood,
and is therefore not reflected in the WHO grading criteria. Taken
together, these facts strongly suggest that further integrative
study of bone invasive meningioma may provide deeper
understanding of bone invasive meningioma and improve the
long-term prognosis.

Current Issues
The rarity of bone-invasive meningioma may contribute to the
limited number of assessments. Thus, bone-invasive meningiomas
has not been well described compared with primary intraosseous
meningioma (9, 26–28). Another obstacle is the lack of a standard
assessment method for bone-invasive meningiomas, except tissue
histopathology. In other words, diagnostic options for
meningiomas with bone invasion have been less studied. In
addition, the specific mechanism of cellular infiltration and the
molecular background characteristics are ambiguous. Overall,
these facts result in the underdevelopment of therapeutic
alternatives for invasion, except for direct microscopic surgery.

However, clinical evidence of bone-invasive meningioma is
increasing, emphasizing the importance of further studies to
understand bone invasion as an independent prognostic factor or
a preoperative factor related to the extent of surgical resection.
Several diagnostic modalities have been developed for
meningiomas, including bone invasion. Furthermore, recent
molecular biology advances exploring therapeutic targets provide
future opportunities to reorganize meningioma issues (3, 29).

Aims
Therefore, this mini-review briefly summarizes recent advances
in the clinical knowledge of bone-invasive meningioma as a long-
term recurrent predictor and introduces potent diagnostic
options and molecular pathophysiology. Finally, we discuss
future research directions and therapeutic strategies for
meningiomas with bone invasion.
BONE INVASION AS A PREDICTOR
OF RECURRENCE

In a surgical series of WHO grade 2 (atypical) meningiomas, as
expected, several studies reported a significant association between
bone invasion and progression, multiple recurrences, and poor
Frontiers in Oncology | www.frontiersin.org 3234
outcomes, even in patients who underwent gross total resection
(23, 30–32). In contrast, a surgical series of non-neurofibromatosis
type 2 (NF2) cases (WHO grade 1; N = 118, grade 2 or 3; N = 26)
reported that bone invasion, dural tails (identified by conventional
MRI), and reactive hyperostosis (assessed by CT) were not
associated with WHO grades, progression, or recurrence (33).
Additionally, in a recent large series of WHO grade 1 studies, such
as Corniola et al. (N = 1352) and Haddad et al. (N = 239), bone
invasion was not associated with progression or recurrence (34,
35). However, patients with post-median recurrence (>24 months
after treatment) tended to have a higher incidence of
histopathological bone invasion (38.5% vs. 16.9% without
recurrence, p = 0.064). Furthermore, Cox regression analysis
identified an independent relationship between recurrence and
incomplete (subtotal) resection, even in WHO grade 1 tumors
with a consistent Simpson’s grade (35). Therefore, a long-term
clinico-radiological study with histopathological assessment of
bone invasion may be preferable to understand how bone
invasion affects the recurrence of WHO grade 1 meningioma.

Bone Invasion as a Preoperative Factor
to Determine the Extent of
Surgical Resection
As previously mentioned, the extent of surgical resection
quantified by Simpson grade is the main predictor of
recurrence. Microsurgery is “tailor-made” according to the size,
surrounding structure, and anatomical location of the tumor, yet
complete resection is rarely achieved. Therefore, preoperative
factors for determining the extent of surgical resection are also
important for predicting the prognosis during the early
therapeutic stage (35, 36).

A recent surgical series incorporating retrospectively and
prospectively collected data included 1469 meningiomas of all
three WHO grades (1, 92.3%; 2, 5.2%; 3, 2.2%) and analyzed
predictive factors related to the surgical extent of resection (25). In
the largest study among a similar series, bone invasion (definition
not addressed) was observed in 18.7% of cases and significantly
associated with lower rates of a low Simpson’s grade (not defined)
and gross total removal (GTR: defined as a Simpson grade I-III
resection in this report) [odds ratio: 0.85 (0.73–0.99) and 0.55
(0.73–0.99), respectively]. Based on these results and the
classification and regression tree recursive partitioning analysis,
the authors demonstrated that the extent of resection could be very
low for symptomatic cases, followed by bone invasion as the
second main predictor [GTR; 79% (903/1130) of the cases without
bone invasion]. Considering the surgical selection bias underlying
asymptomatic cases, as the authors addressed, bone invasion
would be a primary preoperative predictor of the extent of
surgical resection. Furthermore, bone invasion may be an
indirect predictor of meningioma recurrence (37–40).

Bone Invasion and Clinicopathological
Grading
Prior investigations have identified that aggressive imaging
features are associated with clinicopathologically high-grade
meningiomas and, therefore, increase the risk of progression or
June 2022 | Volume 12 | Article 895374
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recurrence (41–45). To date, increasing findings remind us that
bone invasion is a unique characteristic, partly resembling a
high-grade phenotype, despite not being included in any WHO
grading criteria of meningioma (5). As previously described, the
incidence of histopathologically confirmed bone invasion in
WHO grade 1 tended to be higher in the subgroup of post-
median recurrence (>24 months; 38.5%) than in those with early
recurrence (<24 months; 16.9%) (35). Nevertheless, another
study of 304 cases (grade 1, N = 227; 2, N = 77; 3, N = 5)
demonstrated a negative association between histopathological
bone invasion and the WHO grade (46). These results suggest
that long-term tumor recurrence-related bone invasion may be
slower than grade 2 or 3 due to different mechanisms from
ordinal histopathological aggressiveness, such as mitosis
(Figure 3) (4, 20, 47). Since the meningioma characteristics
vary tremendously and provide confusing results that are
difficult to adopt into clinical practice, molecular biology
research of bone-invasive meningioma may help identify
therapeutic targets and understand the clinicopathological
background, for instance, related to slower recurrence (33).

The findings detailed above highlight two emerging issues: 1)
accurately providing a preoperative diagnosis of meningioma
with bone invasion, especially for WHO grade 1 and 2) treating
these patients without long-term morbidity. Additionally, an
ongoing issue is whether meningiomas, including high-grade
and/or bone invasive cases, benefit from early irradiation.
Biological and diagnostic updates may be helpful in the future
to clarify these issues (32, 47, 48).
BIOLOGY AND DIAGNOSIS

Radiological and Histopathological
Diagnosis
There is no doubt that a suspected case of WHO grade 1
meningioma identified by MRI should be diagnosed and
Frontiers in Oncology | www.frontiersin.org 4235
followed up. In addition, histopathological classification
generally helps facilitate a clinico-biological diagnosis, although
it is not mandatory in all cases (4). However, in meningiomas
with bone invasion, the judgment of bone involvement is
sometimes ambiguous as it is difficult to preoperatively
diagnose whether the tumor has invaded the adjacent bone
using conventional radiographic modalities, such as CT and
MRI (Figures 1A–D). Nevertheless, progress has been made in
several areas of meningioma diagnoses (48). Previously, bone
invasion was only postoperatively detected by histopathology in
suspected cases of bone resection.

Hyperostosis of the bone adjacent to the meningioma,
observable on CT with a bone window, has been well-
described, with many reports addressing the possible causes. A
primary theory is that cellular/tissue invasion of bone indicates
hyperostosis (19, 49). Specifically, histopathological studies have
clearly shown invasion of the tumor tissue to adjacent bone in
areas of characteristic hyperostosis, possibly associated with
strong somatostatin receptor subtype 2A (SSR2A) reactivity
(12, 18, 50, 51). Moreover, a photodynamic diagnosis
combined with histological study demonstrated the reactive
fluorescence signal from the dipole to the inner table at the
stump of the cranial window along with dense tumor-cells (52).
Then, meningioma tissue invades lamellar bone trabeculae (53)
(Figure 2). However, some false-negative and -positive
hyperostosis cases have been diagnosed using conventional
radiography (19, 51, 54). Thus, more accurate diagnostic
modalities are required for meningiomas with bone invasion.

The aforementioned facts strongly suggest that the
pathogenesis and molecular mechanisms underlying the
cellular/tissue invasion of bone are poorly understood. This is
potentially due to the high molecular and genetic heterogeneity of
meningioma. Further studies for the microenvironment including
bony tropism, osteolytic activity, and vascular remodeling
between meningioma and the adjacent bone, that is
“meningioma-bone niche”, may help in deeper understanding
FIGURE 2 | Histopathology of the case of bone invasive meningioma shown in Figure 1. (A) H&E staining demonstrating a cellular/tissue invasion into bone
trabecula. ×200 magnification. Scale bar = 200 mm. (B) H&E staining demonstrating a proliferation of tumor cells with round to oval nuclei. Whorl formation of the
tumor cells suggests meningothelial meningioma (WHO grade 1). ×400 magnification, Scale bar = 100 mm.
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and future development of molecular-based therapies (55) (related
to “protein expression” section) (Supplementary Figure 1).

There is growing evidence that molecular or metabolic
imaging using scintigraphy or positron emission tomography
(PET) is suitable for meningioma detection. Regarding bone-
invasive meningioma, Gay et al. detected SSR2 via pre- and
postoperative scintigraphy with a radiolabeled somatostatin
analog ([111In-DTPA] octreotide) and intraoperative radio
detection using a handheld gamma probe in 18 cases of
mening ioma en plaque . They repor ted that SSR2
radiodetection might help guide the surgical removal of bone
invasive meningioma en plaque, pre- and postoperative
management, and follow-up of meningioma with bone
invasion that MRI failed to detect (56). Another study reported
five cases of meningioma en plaque without previous bone
decalcification, showing that all cases histopathologically were
strongly positive for SSR2 and associated with intralesional
features similar to oncogenic osteomalacia (51). These findings
suggest a considerable limitation in the conventional
radiographic assessment of meningioma with bone invasion,
particularly when postoperative images are difficult to interpret
and other biological and clinical implications may be provided,
possibly linked to SSR2A expression. PET, recently developed
using some somatostatin analogs, may also help detect bone
invasion in meningioma (57, 58).

Whole-body 18F fluoride PET/CT has primarily been used in
the context of possible bone metastases. Interestingly, some
authors have incidentally found intense intracranial focal
radiotracer accumulation in intracranial meningiomas in
patients with a history of cancer (59–61). It has been suggested
Frontiers in Oncology | www.frontiersin.org 5236
that 18F fluoride PET/CT may allow for the detection of bone
invasion in meningiomas (Figures 1E, F; Figure 2) (62, 63).
Nevertheless, the accumulation of 18F fluoride theoretically
indicates pathological bone diseases that affect osteoblast
activity, osteoclast-osteoblast interaction, and bone perfusion.
Therefore, 18F fluoride PET can detect various metabolic,
autoimmune, and osteogenic bone disorders (64). However, it
is necessary to remember that 18F fluoride PET may provide
false-positive lesions rather than bone invasion of meningiomas.

Radiomics is a novel imaging technique in the medical field,
providing data regarding the biological properties and
heterogeneity of the tumor by extracting many high-
throughput imaging features (65, 66). Recently, radiomics has
presented the possibility of accurately predicting meningioma
grades and histological subtypes (67). Furthermore, preoperative
imaging has the potential for predicting meningioma bone
invasion (68). Zhang et al. evaluated 490 meningioma cases, of
which 213 were bone-invasive meningioma primarily defined by
surgeons (WHO grade 1; N = 448, 2; N = 38, 3; N = 4; the
subtypes were not reported). They reported that radiomics
contributed to the amelioration of clinical decision-making and
bone invasion meningioma predictions, indicating that future
radiomics studies with histopathologically diagnosed cases may
be worthwhile to determine the value of radiomics for
preoperatively diagnosing bone invasion meningioma (68, 69).

Cytogenesis and Genomics
As previously mentioned, even histologically benign
meningiomas may show invasive behavior in the adjacent
bone, resulting in repeated recurrences. This phenomenon can
FIGURE 3 | Summary of prognostic factors of meningioma and their potential relationship with bone invasion.
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occur even after complete macroscopic resection (7, 70, 71).
These are some of the main reasons for accelerating cytogenetics
of meningioma, which has been best studied in humans (72) and
well-summarized in the literature (73). Briefly, meningiomas
typically have a normal karyotype or losses, which are mostly
monosomy, but on rare occasions, there are deletions of the
tumor suppressor gene NF2 located on chromosome 22 (74).
Additionally, recent studies using next-generation sequencing
approach have identified several mutations, such as TRAF7,
KLF4, AKT1, SMO, and PIK3CA, with an interesting finding
that mutations of these genes occur to a large degree without
concurrent alteration of NF2, and that the clinical outcome and
recurrence rate are associated with genomic subgroups (75, 76).

Most recently, technological developments have suggested
that a higher rate of malignant meningiomas may be induced by
increasing hypodiploidy, complex ablations, and even
epigenetics (77–80). Furthermore, certain characteristics have
been correlated with histological subtypes, especially copy
number alterations and mutations, suggesting a greater
potential for gene therapy (58, 80). Cytogenetics of
lymphoplasmacyte-rich meningioma, a rare type of WHO
grade 1 arising as an en plaque meningioma, is worth
investigating, to develop therapeutic strategies for bone
invasive meningioma.

Even in the era of genomics , epigenomics , and
transcriptomics, there are currently no valuable cytogenetic
and genetic recurrent predictors for meningioma, including
bone-invasive meningiomas. Therefore, approaches combining
histology, multi-”omics” patterns including radiomics and
genomics, and radiological data may open a window to
biology-based diagnostics for meningioma, perhaps leading to
stratification of the recurrent risk and aggressive behavior of
such tumors.

Protein Expression
Previous studies have revealed the presence of receptors in
meningioma tissues (81–87). In particular, SSR2 has been
reported in meningioma tissues, thus is being considered for
clinical applications based on its molecular characteristics. SSR2
is one of the most studied molecules in bone-invasive
meningioma, especially for diagnostic applications. The
vascular endothelial growth factor (VEGF) pathway, including
VEGF and its receptors, is involved in the dynamic blood vessel
structures under normal conditions and cooperates with growth,
recurrence, and development of edema of meningioma through
their neovascularization effect when overexpressed (88).
Although nothing has been reported regarding the VEGF
pathway in meningiomas with bone invasion, this angiogenic
molecular system is now thought to be a therapeutic target
(Supplementary Figure 1).

Matrix metalloproteinases (MMPs), a family of calcium-
dependent zinc-containing peptidases, are assumed to promote
tumor cell growth and invasion (89). To date, the functional role
of MMPs in meningioma biology is complex and unclear.
Previous studies focused on the role of MMP2 in meningiomas
with tumor recurrence and brain invasion, and produced
Frontiers in Oncology | www.frontiersin.org 6237
contradictory results (55). MMP2 expression was found to be
different depending on histopathological subtypes (90). A study
that used high-throughput tissue microarray on bone invasive
meningiomas demonstrated that key proteins are differentially
expressed, and that the anatomical location of bone invasion is a
key determinant of the expression pattern of MMP2, together
with osteopontin (OPN) and integrin beta-1 (ITGB1) (55, 91).

Proteomics is a widely accepted screening approach for broad
protein profiles that directly analyzes proteins expressed by a cell,
tissue, or tumor type. Proteomic approaches for meningioma
arose in 2000s, and several methods have been used to
demonstrate molecular patterns (92–101). However, few
studies have reported on the proteome of benign meningiomas
(102, 103). Furthermore, the proteomics of bone-invasion
meningioma, first described by Wibom et al., has even fewer
reports. Wibom et al. evaluated 42 WHO grade 1 meningiomas
(13 fibrous, 29 meningothelial, 16 bone invasive, and 26
noninvasive) by mass spectroscopy, demonstrating that the
protein expression pattern distinguishes invasiveness and
histological type of meningioma. Furthermore, Mukherjee et al.
compared liquid chromatography-mass spectrometry-based
protein profiles between WHO grades 1 and 2, including bone
invasion, and indicated possible intratumoral heterogeneity, thus
requiring close follow-up (104). Nevertheless, proteomics is
growing as a characterizing tool for meningiomas, and features
of bone-invasion tumors have yet to be identified. In addition to
gene-related “omics” studies, proteomic analysis can be useful for
the molecular characterization of bone invasion meningiomas.
TREATMENT

Surgery
Longitudinal volumetric studies have determined that
meningiomas grow by approximately 1 cm3 annually.
Moreover, there is a significant risk of progression for younger
patients (<60 years) and those with larger tumors at the initial
diagnosis (>25 mm), tumors without calcification, and tumors at
specific locations (e.g., non-skull base) (69, 105). Thus, Oya et al.
suggested surgical resection for asymptomatic tumors with a
worsening Simpson grade after conservative management if they
grow under conservative management (106). In other words,
preoperative factors are essential for determining the extent of
surgical resection, and bone invasion may be a preoperative
factor related to incomplete resection, in addition to tumor
location in the skull-base (25, 33, 35). Taken together, in cases
of suspected meningioma with bone invasion, maximal resection
of the adjacent bone would be preferable (107). Although,
meningioma surgery is sometimes challenging due to
anatomical circumstances (e.g., venous sinus involvement,
arterial or cranial nerve envelopment, and extensive
involvement of the base of the skull), especially in skull base
cases (108–111). To achieve maximal resection of meningiomas,
including the adjacent bone, a multidisciplinary surgical strategy
combined with preoperative embolization may help (112).
Considering that patients with bone invasion may be
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comparatively older and the invasive component of the bone
may not be too aggressive, the risk and benefit balance must be
assessed to establish a certain case selection and future surgical
strategy (113–117).

Intraoperative assistance to detect the suspected bone
invasion margin can be key for “complete” resection during
meningioma surgery. Growing experience has demonstrated the
usefulness of fluorescence guidance using 5-aminolevulinic acid
(5-ALA) in meningioma surgery, especially in cases of bone
invasion, in addition to intraoperative radio detection of
somatostatin analog using a handheld gamma probe (52, 118–
126). However, as Scheichel et al. reported, the accumulation
result has a positive predictive value of 100% and a negative
predictive value of 83% of 5-ALA fluorescence in meningioma
bone invasion, demonstrating that it may help to improve the
extent of resection. However, further studies are necessary to
investigate the rate of false-negative fluorescence and its effect on
progression-free survival (PFS) (126).

Recent studies have reported proliferation and invasiveness
differences between meningiomas located in the skull base and
other areas. Furthermore, the genetic background may differ
depending on the location, even in non-NF2meningiomas (127–
130). Given that skull-base meningioma may be less biologically
aggressive than those in other locations, extensive bony resection
may be too challenging even after meningioma surgery has
considerably improved, especially in skull-base cases. Thus far,
it is unclear whether surgical resection plays a central role in
meningioma treatment, and radiological follow-up is favorable in
cases with suspected bone invasion. Therefore, patients with
bone invasion may need additional treatments and future
medical therapy in addition to those with WHO grades 2 and 3.

Radiosurgery
Radiosurgery is an alternative for small to medium-sized
symptomatic or recurrent meningiomas. Patients with large or
post-surgical remaining tumors are also eligible for fractionated
radiosurgery (4, 58, 131). To date, therapeutic strategies
combining surgery and (fractionated) radiosurgery have been
developed. However, details regarding its use based on the WHO
grade, tumor size, and the anatomical location remain
controversial (111).

Radiosurgery for the bone-invading component of
meningiomas has been less studied. However, accumulating
evidence highlights that adjuvant radiosurgery improves local
control in WHO grade 2 meningiomas irrespective of the initial
resection extent compared to observation only. Furthermore,
bone invasion might be associated with multiple recurrences.
(32, 132). One study evaluated a cohort with mixed WHO grades
who underwent irradiation, reporting that PFS did not differ
between cases with and without bone invasion. These results
suggest that radiation may influence meningioma tissue invading
the bone (48). However, the major problem with radiosurgery for
bone invading meningioma is target delineation (133).
Brastianos et al. suggested that radiation is unnecessary for the
dural tail unless they contain suspicious nodular enhancement
because they are typically composed of benign and hypervascular
tissue. Additionally, WHO grade 1 and radiographically
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presumed grade 1 meningiomas require a 0–5 mm clinical
target volume margin. In contrast, in cases of WHO grade 2
and 3 meningiomas, hyperostosis or direct bone invasion should
be included in the gross tumor volume with an additional margin
of 3–5 mm (134). Future prospective studies combining
radiosurgery with reproducible target planning and image, and
histopathology-based therapeutic strategies are needed to set up
target delineation for bone-invasive meningiomas.

Recent progress in advanced radiation therapies has resulted
in possibilities for the development of future treatments for
bone- invas ive meningiomas , espec ia l ly high-grade
meningiomas (135–145).

Proton beam therapy and photon radiation therapy are
shown to be safe and effective for meningioma treatment (146–
149). Intensity-modulated radiation therapy (IMRT) provides
some benefits, such as higher dose conformality and improved
target coverage, without the contraindications of conventional
radiosurgery. It has also demonstrated preferable results for the
treatment of meningioma causing visual impairment by
minimizing toxicity to the adjacent nervous structure (148).
Boron neutron capture therapy (BNCT) is a targeted
radiotherapy that enables the selective elimination of
malignant cells and the sparing of surrounding normal cells.
Although evidence of BNCT for meningioma treatment is not as
robust, recent studies have shown relatively good local control
and favorable survival along with an acceptable safety profile for
recurrent and refractory high-grade meningioma (139, 144).
Photodynamic therapy (PDT) adopts a photosensitizer (PS)
accumulated into tumor tissue or hypervascular lesion.
Irradiation of the PS with a laser at a specific wavelength
causes a photochemical reaction and produces singlet oxygen,
resulting in cellular injury of the target (141). This mechanism
causes an inherent selectivity of the procedure. Since the laser
light can only penetrate a few millimeters of tissue, therapeutic
potential of PDT is limited for the tumor located in deeper areas
(150). Thus, PDT is lacking sufficient clinical evidence for
meningioma treatment. However, studies suggest adequate
effectiveness in the treatment of high-grade meningioma, in an
in vitro environment (141, 142). Although the effectiveness of
these modalities for bone-invasive meningioma is not well
understood, appropriate applications should be studied
according to modality-specific advantages and disadvantages
(136, 142, 151).

These findings suggest that radiosurgery for bone invasion
remains controversial but may show greater potential for
prognosis, and further prospective studies are warranted.

Medical Therapies
Compared with surgery and radiosurgery, studies on the
clinical application of medical therapies against meningiomas
are growing slowly, and some have promising results. However,
the European Association of Neuro-Oncology recommended
only experimental systemic therapy, with a “C” level class of
evidence. Thus, no specific recommendations are provided (58,
73) . The National Comprehensive Cancer Network
recommends using alpha-interferon, somatostatin receptor
agonists, and VEGF inhibitors to treat meningioma (152).
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However, their efficacy is limited. Thus far, there is no
established evidence for their use, and more studies are
required to unravel the mechanistic roles in bone-invasive
meningiomas and across the entire meningioma spectrum
(58, 78, 80, 153–155).

In vitro cell culture is widely used for oncological
investigations, including meningiomas (156). This model
provides self-mitogenic agents, autocrine mechanisms, and
several molecules for developing novel systemic therapies for
meningioma in the future. Studies have demonstrated the effects
of signaling suppression on tumor invasion and cell
proliferation, highlighting the importance of exploring novel
non-toxic drugs for aggressive meningiomas (157–159).
However, importantly, cell lines may harbor genomic and
transcriptomic alterations, confounding translational research
(160). Therefore, primary tumor culture should be performed
rather than using transcriptionally different cell lines to
understand the molecular mechanisms underlying meningioma
invasion and cell proliferation for clinical applications, although
there are limitations in availability and logistical concerns (160).
Primary culture and specific cell lines have not been established
for invasive bone meningiomas. A bone-like culture system
formed with minerals structuring pores and a bone-like
mechanical environment, similar to those used for other bone
tumor research (161), and related assessment methodologies
may help specify the molecular characteristics and further
provide information on a novel concept of a meningioma-bone
niche (Supplementary Figure 1).
SUMMARY AND THERAPEUTIC
PERSPECTIVES

The abundance of clinical results and advancing research
technologies have prompted the exploration of the biological
characteristics of bone-invasive meningiomas. Studies have
confirmed a significant association between bone invasion and
incomplete resection, possibly affecting long-term recurrence
and outcomes (Figure 3). Moreover, radio detection and
fluorescence-guided 5-ALA are confirmed intraoperative
assistance tools. If metabolic imaging, such as 18F fluoride PET,
is available in addition to a precise combination of CT and MRI,
suspected bone invasion can be diagnosed preoperatively.
However, postoperative histopathology of adjacent bone
remains a crucial part for definitive diagnosis. Advanced
preoperative diagnostic modalities, such as radiomics and PET
with SSR may play a central role in developing a surgical strategy
for suspected cases of bone invasion.

Combined direct surgery and radiosurgery is also becoming
more common, and advanced radiations, such as IMRT, BNCT,
and PDT, might be good candidates for treating bone-invasive
meningioma in the clinic. The specific genomic pattern of bone-
invasive meningioma has not been detected. However,
proteomics suggests that the protein profile of bone-invasive
meningioma is more heterogeneous than that of non-invasive
tumors, requiring closer follow-up. Although there is no medical
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therapy to treat meningiomas, including bone-invasive cases,
some medical therapies are promising druggable targets, and
their implementation in clinical practice is under consideration.
An in vitro cell culture model would be a good option to test
potential therapeutic targets in bone-invasive meningioma.
However, primary culture should be used rather than a
transcriptionally different cell line. Bone-like culture systems
used for other bone tumor research may help specify the
molecular characteristics and mechanisms in meningioma-
bone niche, and effects of therapeutic agents for bone-
invasive meningiomas.

Translating emerging clinical and basic research knowledge
into clinical management remains incipient. Thus, similar to
other biomedical research fields, “a valley of death exists between
basic and clinical research” (162). The clinicopathological
characteristics of bone-invasive meningioma are divergent, and
it is challenging to commit to a long-term result when treating
these tumors. However, collaborative efforts between basic
science and clinics and among clinical experts, such as
surgeons, radiosurgeons, radiologists, pathologists, clinician-
scientists familiar with basic research, and statisticians, would
help cross the valley (163).
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Meningiomas are the most common primary brain tumors accounting for about 30% of all
brain tumors. The vast majority of meningiomas are slow-growing and of benign
histopathology rendering them curable by surgery alone. Symptomatic lesions depend
on the location with signs of mass effect or neurological deficits. Seizures are the
presenting symptoms in approximately 30% of cases, which negatively affect quality of
life, limit independence, impair cognitive functioning, as well as increase the risk for
psychiatric comorbidities including depression. Although surgical resection may offer
seizure freedom in 60-90% of meningiomas, seizures persist after surgical resection in
approximately 12-19% of patients. Anti-seizure medications (ASMs) are employed in
management, however, are limited by adverse neurocognitive side-effects and inefficacy
in some patients. The potential predictors of pre- and post-operative seizures in
meningioma patients have been identified in the literature. Understanding various
factors associated with seizure likelihood in meningioma patients can help guide more
effective seizure control and allow for better determination of risk before and after surgery.

Keywords: meningiomas, seizure, epilepsy, risk factor, surgical resection, anti-seizure medications
INTRODUCTION

Meningioma accounts for about 30% of primary brain tumors and approximately 54% of primary
benign ones (1–3). The vast majority of meningiomas are slow-growing and of benign
histopathology (i.e., World Health organization (WHO) grade I tumors), rendering them curable
by surgery alone (4, 5). Symptomatic lesions depend on the location with signs of mass effect or
neurological deficits. Seizures are the presenting symptom in approximately 30% of cases, and in
some studies, the percentage ranges from 13-60% (6–8). Although surgical resection can offer
seizure freedom in 60-90% of meningiomas, seizures may persist after surgical resection in about
12-19% of patients (9, 10). Seizures can negatively affect the quality of life, hindering a patient’s
independence, cognitive functions, and ability to drive safely (11–13). It puts patients at increased
risk for different psychiatric comorbidities, including depression (14). Seizure control using various
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anti-seizure medications (ASMs) is usually offered despite
adverse side effects on neurocognition and inefficacy in some
patients (15).

Many theories have been postulated to explain the
pathogenesis of brain tumor-related epilepsy (BTRE) in various
brain tumors; however, unanswered questions remain regarding
seizure control and management in meningioma patients, for
example, the ability of surgical resections to cure seizures, when
to start ASMs, duration of treatment as well as structured
guidelines for patient selection for ASMs. Understanding and
predicting seizures in meningioma can help guide seizure control
and allow for better determination of at-risk patients before and
after surgery. This review aims to summarize the pathogenesis of
seizures in meningioma, pre- and post-operative predictors of
seizures, surgical resection resulting in seizure freedom, the
benefit of ASMs usage, intraoperative electrocorticography
(ECoG) and electroencephalogram (EEG) monitoring in
meningioma patients and proper patient selection.
INCIDENCE OF EPILEPSY
IN MENINGIOMA

The incidence of pre-operative seizures in meningioma was
respectively reported to be 29% of 4709 patients (7) and 14% of
598 patients (16) with supratentorial meningioma. Seizure freedom
was achieved in about 69% of patients after surgery with 12% of new
seizures onset postoperatively (17). Chozick’s study reported 63/158
patients with meningioma had pre-operative seizures and 40
(63.5%) of the 63 patients had complete resolution of seizure after
surgery within follow-up years of 7.3± 3.8. In this cohort, 100% of
63 patients were on anti-seizure medications anticonvulsant
preoperatively and during the initial stage postoperatively. The
authors did not report the exact portion of these 43 patients
weaned from anti-seizure medication over time postoperatively.
While some neurosurgeons tended to stop using the medication
approximately 6 months after surgery if there was no evidence of
seizures, the other neurosurgeons continued using the
anticonvulsant medications prophylactically. They reported that
eighty-five patients (53.8% of 158) were eventually weaned from
anticonvulsant and 44.7% were not off anti-seizure medications at
the last follow-up visit postoperatively. Seizures recurred in 1 patient
during weaning off ASMs process, in 4 patients with subtherapeutic
ASMs levels, in 6 patients who were not on ASMs, in 2 patients
correlated with alcohol abuse, and 5 patients with tumor recurrence.
Eight patients (5.1%) with no history of preoperative epilepsy
developed postoperative seizures. Chozick et al. concluded that in
their study only the extent of tumor removal was a significant
predictor of postoperative seizures. However, a history of
preoperative seizures, preoperative language disturbance,
postoperative anti-seizure medications status, postoperative
hydrocephalus, or parietal region location of tumor were also
predictive factors of the occurrence of postoperative seizures (18).
Wirsching reported 26.6% of postoperative seizures within median
67 months (95% CI: 63–72) of post-surgery follow-up (19). The
incidence of de-novo seizures in seizure naïve patients ranges widely
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from 2.4 to 19.4% (7, 17–23).The wide variation of these studies can
be contributed to lacking standardization of retrospectively collected
data from patients with different demographics, different features/
locations/type of meningiomas, different follow up periods, different
age groups analysis between pediatric and adult patients, and
different surgical skills and techniques at different institutions. The
majority of postoperative seizures were experienced in the first week
after surgery, but one-third of patients experienced seizures three
months after surgery (17).
PATHOGENESIS OF EPILEPSY
IN MENINGIOMA

The pathophysiology of brain tumor related epilepsy is
multifactorial and can be divided into morphologic, biochemical
and metabolic causes. The morphologic changes in the
peritumoral neocortex include the connection of the neurons
and the connectivity and localization of the synaptic vesicles,
causing higher concentration of voltage-dependent Na+ channel,
Ca++ and Glutamate receptors with loss of inhibitory synapses
and an increase of the excitatory synapses. Biochemically, there is
an increase of Glutamatergic and reduction in GABAergic
somatostatin immunoreactive neurons. At the ion level, there is
a report of low Mg2+, high extracellular K+, high Fe3+, low
neuron-specific K+/Cl− cotransporter-2 (KCC2). Extracellular
peritumoral pH is thought to be slightly alkaline. Finally there
are enzymatic, amino acid and immunologic changes with
upregulation of Glutamatergic receptors for NMDA and AMPA
neurotransmitters (24). More recently, the genetic drivers of
epileptogenicity in meningiomas have been investigated. NF2
mutation was shown to be predictive marker for preoperative
seizures, which was via an indirect mediation effect with atypical
histology and edema (25). Meningioma originates from arachnoid
cap cells and is usually a slow-growing tumor (1). Such slow
growth can partially explain the peritumoral changes that lead to
epileptogenicity (24, 26). The partial differentiation of cortical
brain surface may produce an epileptogenic zone, thus causing
denervation hypersensitivity (27). The morphologic changes that
develop in the brain tissue adjacent to the lesion, like inefficient
neuronal migration, synaptic vesicles, and glial gap-junction
coupling alterations, are also thought to contribute to seizure
generation (28). Although pediatric meningioma is rare, epilepsy
was reported as one of common symptoms (29). Inefficient
neuronal migration may serve as an additional peritumoral
mechanism of epileptogenesis in this age group of patients.

The percentage of brain edema in patients with meningioma
ranges between 30% to 60% (30–32). It is usually vasogenic and
related to an increase in pial supply, angiogenesis, and increased
expression of vascular endothelial growth factor (VEGF) (33, 34).
Chemical changes in the peritumoral milieu and local hypoxia
from local tumor compression are thought to be underlying
mechanisms that decrease the threshold for seizures (26).
Increased levels of glutamate in the peritumoral edema are
often described as an instigating factor for the state of
hyperexcitability and epilepsy (8, 26). Edema is strongly
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correlated with brain invasion (35), and may also be intimately
associated with tumor location and more invasive and higher
grades of meningioma (31, 32, 36). Notably Hess et al. reported a
five-fold increase in edema volume in patients with brain
invasion compared to those without, with a reported 20%
increase of risk of brain invasion with each 1cm increase in
peritumoral edema (35). Chernov, et al. reported a high
incidence of peritumoral edema in macroscopically invasive
meningiomas (37). Brain invasion and breakdown of the
arachnoid layer distort and alter the peritumoral cortex,
releasing amino acids and affecting the neurotransmitter
pathway (35, 38).

For post-operative seizures onset, intraoperative strong
adhesions, the need for microdissection, and possible injury to
cortical surface and irritation can contribute to the generation,
especially in seizure naïve patients (36). Retraction and
manipulation, which are sometimes necessary to achieve total
resection in skull base lesions, can also lead to further cortical
damage and edema (39). Post-operative complications like
infection, hematoma, and hydrocephalus can further increase
cerebral edema and increase the risk of seizures (40).

Based on histopathological characteristics, the WHO grading
system classifies meningiomas into grade I (benign), grade II
(atypical), and grade III (anaplastic) (41). Hess et al. analyzed the
brain invasion and risk of seizure retrospectively in a total of 176
patients with meningioma. There were 92 (52%) grade I, 79
(45%) grade II, and 5 (3%) grade III tumors. Grade I
meningioma included 16 (17%) transitional, 4 (4%) secretory,
68 (74%) meningothelial, 3 (3%) fibrous, and 1 (1%)
angiomatous subtypes. Preoperative seizures were present in 10
(11%) of 92 patients with grade I meningioma, 23 (29%) of 79
patients with grade II meningioma, and absence in patients with
anap la s t i c men ing ioma . In grade I men ing ioma ,
histopathological subtype correlated significantly with the rate
of preoperative epilepsy. Overall, the risk of preoperative seizures
was significantly higher in patients with a grade II or III tumor
than in those with a grade I tumor. Brain invasion was absent in
all patients with a grade I meningioma, but it was present in 35
(44%) of those with an atypical and 3 (60%) with an anaplastic
meningioma. Brain invasion was independent of tumor volume
but strongly correlated with edema volume. Multivariate
analyses showed the risk of preoperative seizures was increased
distinctly in patients with brain-invasive meningioma over those
with noninvasive meningioma (OR 5.26, 95% CI 1.52–18.15; p =
0.009). However, postoperative seizure-free rates were similar
among patients with invasive and those with noninvasive
meningioma. The incidence of postoperative epilepsy was
correlated significantly with the increasing preoperative tumor
volume (35). In another retrospective study, Gadot et al.
reviewed the 384 patients who underwent meningioma
resection. The significant association was not found between
any histological subtype and worse postoperative seizure
outcomes. However, there was an associative tendency between
subtypes of higher grades (malignant, rhabdoid) with worse
postoperative seizure outcomes. The subtypes of lower grades
(fibrous, transitional) trended toward improved postoperative
Frontiers in Oncology | www.frontiersin.org 3247
outcomes (p = 0.081) (25). There are no data in the medical
literature for the incidental small meningioma, which are not
part of the epileptogenic network.
PREDICTORS OF EPILEPSY
IN MENINGIOMA

In an attempt to better understand and predict seizures in
patients with meningioma, several retrospective studies
investigated the possible predictors of seizures both pre-
operatively and post-operatively. Throughout the literature,
peritumoral edema and location have been associated with
seizures in meningioma. Peritumoral edema has been
extensively studied and considered the strongest predictor of
seizure in both pre- and post-operative periods (7, 8, 17, 20, 21,
26, 35). There is a less likelihood of achieving seizure freedom
postoperatively in patients with with significant pre-operative
edema (21, 42).

Preoperative Predictors
The preoperative predictors of epilepsy/seizures are summarized
in Table 1.

In a retrospective study by Li et al., peritumoral edema of >
1cm was among the risk factors identified for preoperative
seizures in meningioma patients (43). Tumor location in the
temporal, parietal, and frontal (adjacent to neocortex) lobes are
more likely to be associated with seizures (7, 18, 20, 21).
Specifically, Lieu and Howng noted that tumor located in the
temporal lobe increased the risk of pre-operative seizures than
other lobes. The increased peritumoral edema noticed in
convexity and parasagittal meningioma is thought to favor the
likelihood of increased seizure frequency in affected individuals.
Non-skull base meningiomas are suggested to be more aggressive
with a high MIB-index (percentage of immunoreactive tumor
cells) which favors brain invasion, edema, and seizure (20, 45). In
another study, no consensus was found regarding the most
epileptogenic cortical area (46).

Most studies suggest that bigger tumors are naturally
associated with a higher risk of seizure preoperatively.
Conceivably, larger tumors can cause more irritation and
compression on surrounding brain tissue. Similar results
reported by Chen et al. showed that tumors larger than 3 cm
in size, of higher grade with peritumoral edema more than 1 cm
are associated with preoperative seizures (20). In one study, no
statistically significant correlation between tumor size and
preoperative seizures could be found (43), while mean tumor
diameter of 3.5 cm was used at cut-off to demonstrate an
association with postoperative in-hospital seizures.

Interestingly meningiomas are more common in females, but
males are more likely to present with seizures. Many studies have
shown the male gender as a risk factor for developing
preoperative seizures (7, 8, 20, 23, 43). There is a possible
association of male gender with higher grade meningioma,
larger size, and more edema (20). Younger age was a predictor
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(44), and a lower incidence of preoperative seizures was found in
meningioma patients older than 55 years old (43).

Other factor like preoperative Karnofsky score (KPS) were
also studied. A KPS <80 was positively associated with pre-
operative seizures (40). Englot et al. reported a decreased
incidence of preoperative seizures in patients presenting with
cranial nerve deficits (7). However, there are limitations in
symptom frequency studies. Prospective studies are needed to
validate these potential predictors.

Postoperative Predictors
The postoperative predictors of epilepsy/seizures are summarized
in Table 2.

The International League Against Epilepsy (ILAE) defined
acute postoperative seizures as seizures happening within seven
Frontiers in Oncology | www.frontiersin.org 4248
days of craniotomy (48). The late postoperative seizure is defined
as on set of epilepsy beyond the first week of surgery (21, 49). In a
retrospective study of 556 patients who underwent meningioma
surgery, there were 74 patients with postoperative seizures, in
which 43% was late seizures (49). Some studies categorized
postoperative seizures into early, late, in-hospital, and post-
hospital discharge. Identifying possible predictors of seizures
postoperatively can help guide seizure control and minimize
complications associated with ASMs long-term usage (13, 17, 20,
43, 47, 50).

Tumor location, size, grade, involvement of motor area and
KPS have all been studied as predictors for postoperative seizures
(21, 23). In one study, the occurrence of early in-hospital seizures
was associated with involvement of motor cortex, post-operative
KPS < 70, postoperative complications, and preoperative seizures
TABLE 1 | Predictors of preoperative epilepsy/seizures.

Reference Study type Summray of findings (bold texts indicating the proposed predictors)

Englot
et al., 2016
(6)

A meta-analysis of 39 observational series cases
(4709 patients surgically treated menigiomas)
published between January 1980 and September
2014

The significantly predictors were male sex, peritumoral edema and non-skull base location

Seyedi et
al, 2018
(17)

Retrospective cohort study of 295 patients that
underwent resection of a supratentorial
meningioma between 2007-2015.

Seventy-two (24.4%) of the patients experienced seizures preoperatively.
Peritumoral edema was a significant predictor of preoperative seizure; headaches and
neurological deficits were associated with decreased incidence of preoperative seizures.

Xue et al.,
2018
(20)

A retrospective study of 113 consecutive adult (>
18 years old) patients with newly diagnosed
meningioma underwent operation between 2006
and 2008 were included and followed up until the
end of 2015.

A total of 21/113 (18.6%) patients experienced seizures before surgery.
Tumor diameter >/= 3.5 cm as a risk factor for preoperative seizures, but presence of
headache and skull base tumor location decreased the risk of preoperative seizures

Lieu and
Howng,
1999
(22)

A retrospective study of a consecutive series of
222 surgically treated patients with meningiomas,

There were 59 (26.6%) of the patients presented epilepsy as their initial symptom. Intracranial
supratentorial or convexity meningiomas with evidence of severe peritumoral edema
significantly contribute to preoperative epilepsy.

Chen et al.,
2017
(23)

Retrospective chart review of 1033 subjects
undergoing resection of supratentorial
meningioma bewtween1991 and 2014

Preoperative seizures occurred in 234 (22.7%) patients.
The predictors of preoperative seizures: presence of ≥1 cm peritumoral edema, non-skull base
tumor location, older patient age. Presenting symptoms of headache or cranial nerve deficit was
associated with decreased odds of preoperative seizures. Non-skull base supratentorial meningiomas
with surrounding edema have the highest risk for preoperative seizure.

Kawaguchi
et al, 1996
(32)

A retrospective analysis of clinical symptoms and
computed tomographic findings in 83 consecutive
patients

Twenty sever (33%) patients presenting with epilepsy as the first symptom.
Peritumoral edema is a significant epileptogenic factor associated with both cerebral convexity and
parasagittal meningiomas.

Hess et al.,
2018
(35)

Retrospective review of all patients with a
histopathologically diagnosed primary meningioma
underwent resection between 1991 and 2015.

In grade I meningioma, histopathological subtype correlated significantly with the rate of preoperative
epilepsy. Overall, the risk of preoperative seizures in meningioma grade II or III tumor was
significantly higher than in those with a grade I tumor. Brain invasion was absent in all patients with a
grade I meningioma, but it was present in 35 (44%) of those with an atypical and 3 (60%) with an
anaplastic meningioma.
Brain invasion is a strong predictor for preoperative, but not postoperative, seizures. Although
associated with increased peritumoral edema, seizures in patients with invasive meningioma might be
related to cortical invasion.

Li et al.,
2020
(43)

A retrospective study in 778 patients undergoing
supratentorial meningiomas surgery between
2011 and 2012

A total of 100 (12.9%) patients experienced preoperative seizures.
Motor cortex involvement and peritumoral edema ≥ 1 cm were significant risk factors of
preoperative seizures. Presenting symptoms of headache, and age ≥ 55 years were associated with
decreased incidence of preoperative seizures.

Hamasaki
et al., 2012
(44)

A retrospective study restricted to patients with
WHO grade I intracranial meningioma in database
between 1968 and 2011, of which 44 patients
with epilepsy were enrolled in (epilepsy group).
The patients with WHO grade I meningioma
without epilepsy were recruited consecutively from
the database between 2007 and 2011, which
resulted in 56 patients in the control group.

Preoperative recurrent epileptic seizures in 12.7% (88) patients. Voxel-wise comparison between 3D
MRI scans obtained from patients with meningioma-associated epilepsy and those from control
patients using spatial normalization techniques on neuroimaging data
The highest incidence of epilepsy was seen with tumors located on premotor cortex in the
frontal lobe. Tumor diameter/volume and patient’s age were positive and negative
predictors, respectively, for onset of epilepsy.
The bold texts in Table 1 indicate the the predictors proposed in each study, respectively.
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TABLE 2 | Predictors of postoperative epilepsy/seizures.

Reference Study type Summary of findings (bold texts indicating the proposed predictors)

Englot
et al., 2016
(6)

A meta-analysis of 39 observational series
cases (4709 patients surgically treated
menigiomas) published between January
1980 and September 2014

Seizure freedom was achieved in 69.3% of 703 patients with preoperative epilepsy after surgery. Among
patients with preoperative seizures, a strong association was observed between persistent postoperative
seizures and peritumoral edema. Tumor progression after surgery was associated with seizure
recurrence.
Postoperative de-novo seizures were developed in 12.3% of 1085 patients. No difference in the rate of new
postoperative seizures was observed with or without perioperative prophylactic anticonvulsants.
Postoperative de-novo seizures were more common in those with a history of previous radiation or with
gross-total resection. However, the total number of patients with new seizures in each of these categories
was low (9–11 patients), limiting the ability to draw conclusions.

Seyedi,
et al., 2018
(17)

Retrospective cohort study of 295 patients
underwent resection of a supratentorial
meningioma between 2007-2015.

Seventy-two (24.4%) of the patients experienced seizures preoperatively, and a complete seizure freedom
was achieved in 63.9% of them.
A total of 20.3% of the patients experienced seizures after surgery. Two hundred twenty three (75.6%) of the
patients did not experience seizures preoperatively, but 15.2% of them developed postoperative de-novo
seizures. Time to first seizure in patients who developed de-novo postoperative seizures was one week (47%),
within one month postoperative (21%) and three months after surgery (32%). ASMs had a treatment success
rate of 98.2% in preoperative seizures, and 98.0% in postoperative seizures.
Postoperative seizures were increased in left-sided meningiomas, and decreased with convexity/
parasagittal/falx meningiomas as well as with absence of postoperative complications.

Chozick et
al, 1996
(18)

A retrospective access the incidence of
postoperative seizures in 158 patients with
supratentorial meningiomas diagnosed by
computerized tomography (CT) and/or
magnetic resonance (MR) imaging

Of 63 patients with preoperative seizures, 40 (63.5%) had complete cessation of seizures after surgery. Overall
88.9% of patients with preoperative seizures achieved complete seizure control postoperatively. The mean
follow-up period was 6.4 ± 3.7 years with a minimum follow-up period of 2 years.
Eight patients (5.1%) developed postoperative de-novo seizures during mean follow-up period of 5.7± 2.8
years. The onset of seizures occurred in conjunction with weaning from anticonvulsant medication in one
patient, with subtherapeutic anticonvulsant medication levels in two patients, and with tumor recurrence in
three patients; two patients experienced seizures while not receiving anticonvulsant medication.
Predictors of postoperative seizures included: preoperative seizure history, preoperative language
disturbance, extent of tumor removal, parietal location of tumor, postoperative anticonvulsant
medication status, and postoperative hydrocephalus. Earlier detection and treatment of supratentorial
meningiomas might improve seizure outcome in patients with preoperative epilepsy.

Wirsching
et al., 2016
(19)

A retrospective study of 779 patients
treated for histologically confirmed
intracranial meningioma 2000 and 2013

Epileptic seizures occurred in 244 (31.3%) patients before surgery, of whom 144 (59.0%) became seizure-free
after surgery. The follow up period was not reported.
Of the 535 patients without preoperative seizures, 104 (19.4%) developed postoperative de-novo epilepsy.
Predictors of postoperative epilepsy were preoperative epilepsy, major surgical complications including
CNS infections, hydrocephalus, re-craniotomy, and symptomatic intracranial hemorrhage, as well
as postoperative epileptiform EEG potentials, younger age, and tumor progression. Postoperative
improvement or recovery from preoperative neurologic deficits is associated with improved seizure control.

Xue et al,
2018
(20)

A retrospective study of 113 consecutive
adult (> 18 years old) patients with newly
diagnosed meningioma underwent
operation between 2006 and 2008.

A total of 21/113 (18.6%) patients experienced preoperative seizure, of whom 8/21 (38.1%) become seizure-
free after surgery. The followed up period last until the end of 2015.
Thirteen (14%) patients developed postoperative de-novo seizures.
Larger tumor size (diameter (>/= 3.5 cm) and preoperative seizures are associated with
postoperative seizures.

Morsy et
al, 2019
(21)

A prospective study of 40 patients with
intracranial meningioma
Group A with preoperative seizures
Group B with no preoperative epilepsy.

In Group “A”, 8 (40%) patients had good postoperative seizure control, 12 (60%) had poor seizure control.
In Group “B” 3 (15%), patients developed postoperative de-novo seizures.
Postoperative complication was significantly associated with de-novo epilepsy and poor seizure
control.

Lieu and
Howng,
1999
(22)

A retrospective study of a consecutive
series of 222 surgically treated
meningiomas,

A total of 52 patients had postoperative epilepsy. The follow-up periods ranged from 1 to 12 years. Among
them, 22 patients (37.3%) had preoperative epilepsy which continued postoperatively. Surgical excision of the
intracranial meningiomas stopped the epilepsy in about 62.7% of the patients.
A total of 30 (13.5%) patients developed postoperative de-novo epilepsy, of which 18 are early onset of
postoperative epilepsy (within 1 week) and 12 are late postoperative epilepsy (beyond 1 week).
During the follow-up periods, 37 (71.2%) patients were seizure-free after 1 year of anticonvulsant therapy.
Patients with preoperative epilepsy, and tumors with evidence of severe perifocal edema or cerebral
edema at the operative site were significantly more likely to develop postoperative epilepsy.

Chen
et al., 2017
(23)

Retrospective chart review of 1033
subjects undergoing resection of
supratentorial meningioma between 1991
and 2014. Follow-up occurred through
mid-2015.

Preoperative seizures occurred in 234 (22.7%) subjects.
Fifty four (5.9%) patients experienced acute postoperative seizures prior to discharge (median duration of
postop stay: 4 days, 5.72 ± 6.63), which significantly associated with weakness as a presenting symptom,
nonskull base location, and occurrence of medical/surgical complications.
During at least 1 year of postoperative follow-up, there were 51 (13.7%) of 373 patients had postoperative
seizure after discharge. Of whom, 25 (2.4%) patients were de-novo postoperative seizures and 26 patients
were with preoperative seizures. The presence of preoperative, the occurrence of postoperative in-
hospital seizures and medical/surgical complications were significant predictors of postoperative
seizures after discharge.

(Continued)
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(43). It was suggested that decreased threshold and the increased
cortex sensitivity during the immediate postoperative period are
important factors to be considered, and ASMs use may be
justifiable in this period. The KPS < 80 was an independent
predictor for postoperative seizures, with an almost threefold
higher risk of having preoperative seizures (40). This further
explains the impact of seizures on quality of life. Skull base
lesions were associated with decreased incidence of seizures
preoperatively, with an opposite trend and increased incidence
in the postoperative period (40). Chen et al., in one study of 1033
patients, reported decreased incidence of seizure in non-skull
base lesions (20). Skull base lesions require more brain retraction,
further increasing brain edema (7, 51). Scott et al. noted an
association of left-sided meningioma with greater risk for
developing seizures (52), with higher rates of postoperative
seizures reported on the left hemisphere (66.7%) compared to
the right (23.3%) (17). In a radiological study analyzing 3D
structural magnetic resonance imaging (MRI) of meningioma
patients to identify hotspots for seizures, results showed a high
likelihood of seizures when the lesion was located on the motor
cortex of the frontal lobe (44).

Preoperative seizures were strong predictors of postoperative
seizures, especially uncontrolled ones (13, 17, 20, 43). There is a
Frontiers in Oncology | www.frontiersin.org 6250
contradiction in the literature regarding neurological deficits as
presenting symptoms. In some studies, it was associated with less
incidence of preoperative seizures (17, 20), and in others, it was
found to be significantly associated with postoperative seizures
before discharge (10, 19). On univariate analysis, Chen et al.
found that a neurological deficit in the form of new weakness,
pneumonia, hematoma, and infarction with edema were
significantly associated with in-hospital seizures. In their study,
weakness was a predictor for in-hospital but not pre-operative or
post-discharge seizures (20). Interestingly, Wirsching et al. found
that postoperative improvement and recovery from preoperative
neurological deficits were associated with a lower risk of
postoperative seizure and improved control (19).

Postoperative complications are independent predictors of
postoperative seizures (20). In the immediate postoperative
period, the brain is more sensitive with a decreased threshold
for seizure (43). Any irritation to the highly sensitive and
probably still edematous neocortex can aggravate seizures
immediately after surgery. A positive correlation has been
established between postoperative complications like
hematoma, hydrocephalus, infection, and edema (40).
Permanent new postoperative neurological deficits, especially
in patients with vascular injury, increased the risk of seizures
TABLE 2 | Continued

Reference Study type Summary of findings (bold texts indicating the proposed predictors)

Gadot,
2021
(25)

A retrospective review of 384 patients
underwent meningioma resection from
2008 to 2020.

Fifty-nine patients (15.4%) had preoperative seizures, of whom 57 had sufficient postoperative data to
determine Engel class outcome.
The median follow-up duration for patients with Engel class I outcomes was 14 months (range 3–26 months).
Forty-two patients (74%) patients achieved Engel class I seizure freedom, with most achieving complete
seizure freedom (Engel class Ia) at longest follow-up.
The median follow-up duration was 20 months (range 6–34 months) for Engel class II–IV outcomes Eight
(14%) patients experienced poor seizure control (Engel class IV), with the majority of those experiencing
worsened seizure burden compared with preoperative baseline (Engel class IVc).
ASM status at last follow-up was determined and revealed that 33 (59%) of patients were still taking at least 1
ASM at lengthiest follow-up, whereas 23 (41%) patients were not taking any ASMs.
Postresection ischemia, higher WHO grade, elevated MIB-1 index, and disease recurrence
independently predict postoperative seizure.

Lu et al.,
2019
(40)

A meta-analysis, searches of 4 electronic
databases from inception to February
2019, resulting 430 reports with 5681
patients with meningioma.

Independent predictors of postoperative seizures identified were: preoperative seizure history, non-skull
base location, postoperative complications, meningioma recurrence.

Li et al.,
2020
(43)

A retrospective study of 778 patients
underwent supratentorial meningiomas
surgery between 2011 and 2012.

A total of 100 (12.9%) patients experienced preoperative seizures, 41 patients (5.3%) experienced acute
postoperative in-hospital seizures, and 91 (13.5%, n = 673) patients experienced postoperative seizures after
discharge.
The occurrence of any medical/surgical complication were significant risk factors for postoperative in-
hospital seizures.
Postoperative seizures after discharge were associated with tumor maximal diameter >/= 3.5 cm,
preoperative, postoperative in-hospital seizures and tumor recurrence/progression.
Tumor recurrence/progression was the only predictor of de-novo postoperative seizures.
The probability of seizure freedom in the 5-year follow-up was roughly 59% among patients with preoperative
seizures, and 87% among patients without preoperative seizures. The use of postoperative prophylactic ASMs
did not reduce the incidence of seizures.

Zheng
et al., 2013
(47)

A retrospective study of 97 patients with
supratentorial meningioma plus
preoperative seizures

Sixty-two of 97 patients (63.9%) were seizure free for the entire postoperative follow-up period (29.5 +/- 11.8
months), while 13 patients (13.4%) still had frequent seizures at the end of follow-up.
Fourteen of 97 patients (14.4%) experienced early postoperative seizures, and emergence of new
postoperative neurological deficits was the only significant risk.
Thirty-three patients (34.0%) experienced late postoperative seizures at some time during follow-up, including
12 of 14 patients with early postoperative seizures. Factors associated with late postoperative seizures
included tumor progression and new postoperative neurological deficits. Decreased cerebral/vascular
injury intraoperatively may lead to fewer postoperative neurological deficits and better seizure outcome.
The bold texts in Table 2 indicate the the predictors proposed in each study, respectively.
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postoperatively significantly (47). Wirshing et al. specified major
surgical complications like central nervous system infections,
hydrocephalus, re-craniotomy, and symptomatic intracranial
hemorrhage as risk factors for postoperative seizures (19).

For seizures after discharge, Li et al. identified tumor size >
3.5 cm, preoperative seizures, and tumor progression as strong
predictors (43). In the same study, postoperative complications
were associated with acute postoperative seizures, but no
correlation with postoperative seizures on long-term follow-up.
In another study, surgical complications were associated with in-
hospital seizures and post-discharge seizures in seizure naïve
patients (19, 53). Chen et al. did not find tumor recurrence or
subtotal resection to be strong predictors for postoperative
seizures (20). Englot et al. found a strong association of cranial
nerve deficits with post-discharge seizure on univariate
analysis (7).
SURGICAL RESECTION AND
EPILEPSY FREEDOM

Improved surgical techniques and earlier diagnosis of
meningioma have affected the extent of resection with
favorable outcomes. As previously reported, surgery offers
seizure freedom in 70% of patients with rates ranging between
19% to 90% (7, 21). In some studies, the overall seizure freedom
over a 5-year follow-up was 87% in patients with preoperative
seizures and 59% in seizure naïve patients (4, 43). Lu et al.
reported a 30-40% postoperative seizures in patients with seizure
history preoperatively and 10-15% in seizure naïve patients (40).
Komotar et al. showed a significant influence of gross total
resection on seizure rates (54). These reports support surgical
intervention and cytoreduction in patients with persistent
seizures. In contrast, new postoperative seizures were reported
to occur more frequently in patients with gross total resection
(46). A possible explanation is that greater manipulation,
dissection, and retraction of the brain to achieve gross total
resection, can cause cortical injury, irritation, edema, and
seizures. In one study, Simpson grade I resection was
correlated with postoperative seizures (39). Most of these
lesions were convexity meningiomas, which strongly correlate
with seizures. Therefore, Simpson grading was not clinically
relevant in that study. Similar results were reported by Hess
et al., with no statistical significance noted between Simpson
grade and postoperative seizures (35). Multiple studies showed
an association between seizure and tumor recurrence/
progression (23, 47). One postulated theory is that there is
possible reactivation of previous epileptogenic focus or
formation of a new one with tumor recurrence (40, 43). WHO
grade I lesions have low recurrence rates, and with gross total
resection, this can be a protective factor against postoperative
seizures (4, 5).

Most of the data in the literature report seizure freedom after
craniotomy and resection, with few studies discussing other
treatment modalities like radiosurgery. Kondziolka et al.
reported one case of mortality without further details (54). In
Frontiers in Oncology | www.frontiersin.org 7251
Zada’s study of 116 patients undergoing Gamma knife for
meningioma, there were zero seizure rates over 75 months of
follow-up (55). Pollack et al. reported a 1.6% rate of new or
worsened seizures after radiosurgery (56). Decreased seizure
freedom rates have been reported after surgery in patients with
intractable seizures preoperatively (40).
MANAGEMENT OF UNCONTROLLED
MENINGIOMA RELATED EPILEPSY;
MEDICATIONS AND EPILEPSY SURGERY

The American Academy of Neurology does not recommend the
prophylactic use of ASMs in newly diagnosed brain tumors. In
our institution we do not advocate for obtaining EEG pre-
operatively to help in determining placing patient on ASMs.
Yet some surgeons advocate for prophylactic use of ASMs in the
immediate postoperative period to prevent de-novo seizures (57).
In one study by Zheng et al., ASMs reduced the risk of early
postoperative seizures (8, 58). ASMs can be used in patients with
preoperative seizures as a temporizing measure until surgical
resection. It is estimated that 40% of patients with well-
controlled seizures before surgery could be weaned off ASMs
over 27 months postoperatively, and only 22% remained with
intractable seizures (8). For better patient selection and ASM use
postoperatively, the STAMPE scoring system was an attempt to
help guide epilepsy treatment in meningioma patients (19). They
suggested a simple scoring system comprised of possible risk
factors like sensorimotor deficit, tumor progression, age < 55
years, major surgical complication, preoperative seizures, post-
operative EEG, and brain edema. Results were however not
statistically significant and needed further validation.

Evaluation for epilepsy surgery for further resection after
delineating the epileptogenic zone by intracranial EEG
monitoring (grids, strips, or stereotactic electrodes) including
intraoperative ECoG has been the gold standard approach in
Level 4 epilepsy centers for patients with lesional epilepsies who
have failed at least two adequately selected and dosed ASMs.
EEG can be helpful for the assessment of seizure recurrence upon
weaning or withdrawal of ASMs. Multiple studies suggested
routine uses of EEG postoperatively to predict seizure
recurrence. In one study of 340 patients, epileptiform discharge
predicted postoperative seizures, advocating for routine EEG
postoperative use (19). Intraoperative ECoG mapping and
resection of secondary seizure focus in the peritumoral cortex
can increase rates of seizure freedom postoperatively (23, 27).
Postoperative EEG with epileptiform discharges is suggested as
predictor for postoperative seizure occurrences (19, 59).
However, the American academy of Neurology published a
guideline practice in adult patients with epilepsy who achieved
seizure freedom (though not specifically for meningioma),
ordering EEG to detect interictal epileptiform discharges is not
helpful to guide the decision of ASMs continuation. However,
higher confidence of this approach exists in pediatric patients.
An epileptiform potentials on EEG in pediatric patients increases
the risk of seizure recurrence (60).
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In our center we assess every patient with meningioma related
epilepsy, particularly patients who continue to have uncontrolled
postoperative seizures with stereotactic depth electrodes (S-EEG)
implantation or by subdural grid/strip electrodes, and in cases
where functional mapping is essential to rule out the
involvement of eloquent cortex of the epileptogenic zone. S-
EEG provides a safer option for patients who are planned to have
a second surgery knowing the expected challenges from prior
surgery complications like adhesions, infections, bleeding etc.
Gross functional mapping can also be performed by S-EEG
comparing to detailed functional mapping by grid/strip
electrodes. In areas where there is room for safer resection
outside eloquent cortices, S-EEG is helpful to encompass the
surrounding edges of the lesion and for reaching remote areas of
interest as well, like mesial temporal structures to rule out
dual pathology.

The following case illustrates our own experience in post-
operative seizure management after meningioma resection. A
36-year-old left-handed male who underwent left midfrontal
parasagittal superior larger meningioma (6 x 7 cm) resection
developed new-onset seizures 8-10 months postoperatively. His
3-month post-surgical MRI showed complete resection of the
tumor. Approximately 11 months after the resection he
developed his first ‘tonic-clonic’ seizure. It started with right-
sided numbness, weakness and tingling of his back going down
his mid-spine. He was subsequently started on Lamotrigine, but
continued to experience repeated seizures which started with the
same tingling sensations down to his spine, coupled with
abnormal butterfly sensations in his abdomen, ultimately
culminating in right foot shaking movements, with further
spread to his right arm. Due to developing drug resistant
epilepsy (DRE) including lamotrigine, lacosamide and
levetiracetam, he underwent further epilepsy surgery
evaluation, including scalp video EEG and intracranial EEG
monitoring with stereotactic S-EEG intracranial monitoring,
which resulted in greater delineation of the epileptogenic zone
Frontiers in Oncology | www.frontiersin.org 8252
in the left central and paracentral frontal channels behind the
posterior and mesial margins of the surgical cavity, likely with
earlier onset on the mesial surface of left side of the
interhemispheric fissure given early involvement of the right
foot (Figure 1). Approximately 25 months after his initial
surgery, he underwent a second scheduled left sided frontal
craniotomy for resection of epileptogenic foci. He was
continued on antiseizure medications postoperatively with
subsequent self-reported improvement in seizure frequency.
Since undergoing his second surgery, there has been notable
reduction in seizure frequency from twice per week to twice per
year from focal aware type triggered by medication reductions or
alcohol consumption.

The case report is used as example to show the complexity of
management for meningioma patient underwent craniotomy
surgery. A separate IRB-approved project will be performed to
analyze retrospectively the success rate of such procedures in
our Center.

When it comes to the medical treatment of primary brain
tumors (PBTs) in general, there is no robust, randomized studies
to support the choice of ASMs. Several factors should be taken into
considerations including gender, age, cost, profession, cognition,
common medication related side effects, neurological baseline
related to tumor/surgery (in order to avoid additive drug
adverse events), medications pharmacokinetics, drug-to-drug
interactions, efficacy and comorbidities. Other considerations are
interaction with chemotherapy treatment and radiation effect on
the brain. Some type of tumors (like low grade tumors) are known
to be resistant to treatment with ASMs due to several hypothesis
like intrinsic severity of the underlying mechanism of
epileptogenicity, altered expression of molecules which ASMs
work on, or changing of the expression of transporters at the
blood-brain barrier limiting drug penetration to the epileptogenic
tissue (61). Newer ASMs (oxcarbazepine, topiramate, lamotrigine,
levetiracetam, zonisamide, and lacosamide) have provided better
tolerability and efficacy due to different aspects including non-
FIGURE 1 | Circles represent active interictal epileptiform discharges (the irritative zones). Stars represent the first involved contacts at the ictal onset. Dashed lines
represent the proposed resection zone.
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enzyme inducing property, limited drug to drug interaction, pure
renal excretion, and lesser side effects. Older generation ASMs like
carbamazepine, phenytoin and phenobarbital are falling out of
favor due to high protein-bound, medications interaction and
hepatic P-450 induction. Adverse events to ASMs are reported to
be higher in PBTs than in the general epilepsy population (24% vs
0.5-12%) (57). In PBTs ASMs adverse events directed to the brain
function such as executive function, attention span, cognitive
function are six fold higher than the adverse events related to
the radiation of the brain (62). Overall, the best risk–benefit ratio
of which ASM to use is based on the physician’s judgment. It is
very important to mention that treatment should be started after a
single seizure. Based on the American Academy of Neurology
(AAN) guideline, there is no need for prophylactic treatment with
ASMs in patients with brain tumor, without history of seizures. It
is also suggesting that tapering and discontinuing ASMs after the
first postoperative week is appropriate if there is no history of
seizures (57). In summary, the strategy of drug selection for the
management of BTRE should favor drugs with parenteral
administration, the ASMs which don’t need slow titration, and
should avoid enzyme inducing ASMs. If monotherapy fails,
consider combination therapy, poor compliance, repeated
surgery and tumor recurrence/progression.

There is a wide range of reported efficacy of each individual
ASM: oxcarbazepine as a monotherapy: 62.9%; topiramate as a
monotherapy: 55.6%; Gabapentin, pregabalin, tiagabine,
zonisamide as an adjunctive therapy: 27.4-100%, levetiracetam
both in monotherapy and as add-on: 47.4% to 88%; lacosamide
as an add-on drug with 42.9% (63). Levetiracetam and valproic
acid are the most widely studied medications in tumor related
epilepsy. Levetiracetam was studied against Valproic acid and the
failure to treat seizures in glioblastoma was 33% vs 50% perhaps
due to its tolerability and property of enhancing p53-mediated
inhibition of methylguanine-DNA methyltransferase in this
patient population (64). The most attractive factors for
levetiracetam popularity are its well tolerability, its ease to use
without a need for titration, no interaction with other ASMs, not
hepatically metabolized by CYP450, and thus the absence of
interaction with some chemotherapy drugs used in certain cases
of BTRE, and finally good insurance coverage.

In a recent published survey of ASMs prescription preference
among the European neuro-oncologists, levetiracetam is
considered the first choice for brain tumor patients with the
presumed highest efficacy and least adverse effects (65). ASMs
are different in the pharmacokinetics, treatment efficacy, and side
effects, which were reviewed by Maschio in detail (63).

Management of se izures should extend beyond
pharmacological options. Untreated seizures can put patients
at a risk of catastrophic outcome such as sudden unexpected
death in epilepsy patients. Furthermore, seizures can negatively
affect patient lifestyle including work, employment, education
and driving. The risk of physical injury or death is not restricted
to the driver and passengers, but applies to pedestrians and
people in other vehicles. Different American States have different
laws to determine which group of patients with epilepsy can
drive. Seizures can result in other physical injuries. Patients with
Frontiers in Oncology | www.frontiersin.org 9253
intractable epilepsy should be treated in tertiary centers where
they can receive medical, social, and behavioral support and
more importantly evaluation for epilepsy surgery.
FUTURE INSIGHTS

Despite advancements in understanding the pathophysiologic
mechanisms and management of meningioma related epilepsy,
important knowledge gaps remain. Pertinent questions include,
“who are patients most at risk for seizures?” and “when to start
ASMs and for how long?". The risk of persistent postoperative
seizuresunderscores theneed for further researchonseizure control
in meningioma patients. Long-term and arbitrary use of ASMs in
meningioma patients emphasize the importance of guidelines for
appropriate patient selection. Thus, prospective randomized trials
are needed to guide ASMs selection and prescription. STOP ‘EM is
an ongoing randomized controlled trial, with an end date of Sept
2027 (66). It aims atdetermining theneed forASMspostoperatively
in seizurenaïvepatients.The study’smaingoals are determining the
efficacy of levetiracetam in seizure prevention over 12 months after
surgery, the effect of starting levetiracetam on the ability to resume
driving, quality of life, and cost-effectiveness.
CONCLUSION

Understanding and predicting seizures in meningioma can help
guide seizures control and allow for better determination ofpatients
at risk before and after surgery. The current medical literature
provides limited data for postoperative seizure prediction and
optimal management in patients with meningioma related
epilepsy. In reference to the cohort of meningioma patients
undergoing surgery stratified based on preoperative seizure status
to postoperative seizure status, it is logical to identify four different
groups: no seizures to no seizures, seizures to no seizures, no
seizures to seizures, and seizures to seizures. The future effort on
stratifying patients into these four groups including medications
alone, surgery/ies alone, medications + surgery/ies will be able to
predict surgical outcome and optimally treat patients with themost
successful modalities.
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Jessica D. Schulte3,4 and Nicholas A. Butowski1,5*

1Department of Neurological Surgery, University of California San Francisco, San Francisco, CA,
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Meningiomas are the most common non-metastatic brain tumors, and

although the majority are relatively slow-growing and histologically benign, a

subset of meningiomas are aggressive and remain challenging to treat. Despite

a standard of care that includes surgical resection and radiotherapy, and recent

advances in meningioma molecular grouping, there are no systemic medical

options for patients with meningiomas that are resistant to standard

interventions. Misactivation of the cell cycle at the level of CDK4/6 is

common in high-grade or molecularly aggressive meningiomas, and CDK4/6

has emerged as a potential target for systemic meningioma treatments. In this

review, we describe the preclinical evidence for CDK4/6 inhibitors as a

treatment for high-grade meningiomas and summarize evolving clinical

experience with these agents. Further, we highlight upcoming clinical trials

for patients meningiomas, and discuss future directions aimed at optimizing

the efficacy of these therapies and selecting patients most likely to benefit from

their use.

KEYWORDS

CDK inhibitor, meningioma, cell cycle dysregulation, clinical trials, molecular profiling
and subtyping
Introduction

Meningiomas are the most common primary intracranial tumor, and although the

vast majority of meningiomas are considered Grade 1 tumors by the World Health

Organization (WHO) and can be managed effectively, between 20-30% of cases are

considered Grade 2 or 3 and prove challenging to treat. Surgery and radiotherapy are the
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therapeutic foundation of meningioma management, with no

chemotherapeutic agents currently approved for these tumors

(1). While there has been significant recent advances in the

meningioma prognostication and classification using genomic

and DNA methylation classifications, less progress has been

made in their therapeutic treatment (2–9). Unfortunately, when

these high-grade lesions recur and/or are found in regions along

the skull base that make complete resection challenging, they

often cause significant morbidity and ultimately prove to be fatal

for patients. In this review, we describe the therapeutic rationale

and preclinical/clinical evidence for small molecule inhibitors

that target key cell cycle regulators, specifically cyclin dependent

kinase (CDK) proteins, in the treatment of meningioma.
CDK 4/6 role in tumorigenesis

In non-pathological states, the process of cell division

requires cells to progress through a series of highly regulated

stages in sequential order, termed the cell cycle, and numerous

checkpoints are present to prevent a cell from dividing in the

absence of growth factors or in the presence of DNA damage

(10). However, dysregulation of these cell division processes and

uncontrolled cellular proliferation is a hallmark of cancer (10).

CDKs interact with cyclin proteins to regulate this transition

from one stage to the next, and, unsurprisingly, increased levels

of these CDKs and their regulators, like FOXM1, are commonly

observed in cancers such as meningiomas (11–14). CDK4 and 6

are two structurally similar cell cycle regulators that ultimately

stimulate a cell forward in cell division to the S phase from G0/

G1 (see Figure 1 for schematic of cyclin-CDK pathway). The

downstream targets of CDK4/6 include the classic, canonical

tumor suppressor protein, retinoblastoma (Rb), and following
Frontiers in Oncology 02
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phosphorylation of Rb by CDK4/6, the transcription factor E2F

is able to initiate DNA synthesis and the S phase of cell division

(15). Inhibitors of CDK, termed cyclin-dependent kinase

inhibitors (CKIs), regulate CDK activity and decreased

expression of these regulatory proteins is frequently observed

in many cancers, with p16, which is encoded by the gene

CDKN2A , be ing the most wel l character ized CKI.

Furthermore, dysregulation of p16, CDK6, and pRB protein

have all been associated with recurrence in atypical

meningiomas (16) and homozygous deletions of the CDKN2A/

B gene has also been associated with early meningioma

recurrence (17). Given their position as relatively upstream

regulators of these crucial cell cycle pathways, CDK4/6 specific

inhibitors have become very attractive cancer therapeutic agents.
Development of CDK inhibitors for
treatment of malignancies

Pan-CDK inhibitors were first developed over three decades

ago, but their therapeutic potential was thwarted by severe

toxicities, and now more specific inhibitors have mostly

replaced these early pan-CDK inhibitors (18). There are

currently three FDA-approved CDK4/6 specific inhibitors

available in the United States: Palbociclib, Ribociclib, and

Abemaciclib, each with their own specific pharmacokinetics

and toxicities. These agents have been used as monotherapy or

in combinatorial approaches with other therapies for the

treatment of various cancer types.

Breast cancer was one of the first malignancies where CDK

inhibitors were utilized given promising preclinical data

demonstrating reliance on CDK signaling during breast cancer

tumorigenesis. All three specific inhibitors listed above
FIGURE 1

Schematic showing basic cyclin-CDK signaling pathway and mechanism of action of CDK inhibitors Made in BioRender.
frontiersin.org

http://BioRender.com
https://doi.org/10.3389/fonc.2022.931371
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Young et al. 10.3389/fonc.2022.931371
demonstrated efficacy when used as treatment of estrogen

receptor (ER)-positive breast cancer in combination with anti-

estrogen therapy, replacing the previous gold standard of anti-

estrogen therapy alone for ER-positive breast cancers (19–21).

Palbociclib has been shown to be efficacious in other hormone

receptor (HR)-positive breast cancer cell lines and is the only

agent that can be used for perimenopausal and premenopausal

women (22). When combined with an ER antagonist, Palbociclib

significantly improved progression free survival, but not overall

survival, in HR+ breast cancer (23, 24). Abemaciclib was also

found to be safe and have some benefit as a single agent in HR+

breast cancer patients (25). Finally, Ribociclib may have a

synergistic effect when used with an ER antagonist, and was

found to improve PFS and overall response rate in patients with

HR+/HER2- advanced breast cancer (26).

These examples of varying therapeutic efficacy to the

different CDK4/6 inhibitors in breast cancer demonstrates the

importance of finding biomarkers for tumor sensitivity to these

agents. While hormone receptors may prove to be a powerful

biomarker for breast cancer responsiveness, other markers are

needed for other tumor types. CCND1 amplification and loss of

p16 expression may indicate sensitivity to CDK inhibitors in

breast cancer, although results are conflicting in the literature

(19, 27). Another group of proteins, termed D-cyclin activating

features (DCAFs), have also been associated with CDK4/6

inhibitor sensitivity (28). Furthermore, it is equally important

to understand how resistance develops to CDK4/6 inhibitors,

which seems to be common after prolonged treatment with these

agents (29). As CDK4/6 inhibitors are trialed for patients with

aggressive meningiomas, it will be important to design clinical

trials incorporating window-of-opportunity strategies to obtain

tissue for pharmacokinetics, pharmacodynamics, and biomarker

analysis from treated patients.

There may be synergistic lethality in targeting CDK4/6

targets in combination with other signaling pathways,

particularly those that interact with cell cycle regulation

pathways. Other signaling pathways interact with CDK4/6

targets, such as the PI3K-AKT-mTOR and the RAS-RAF-

MEK-ERK pathways, may also provide potential therapeutic

targets that synergize with CDK4/6 inhibitors. For example,

inhibitors of PI3K pathway proteins have been effective in

preclinical breast cancer, mesothelioma, and head and neck

cancer models when combined with CDK4/6 inhibition (30–

32). Mutations in KRAS, NRAS, BRAF genes also lead to

activation of the RAS-RAF-MEK-ERK pathway, and treatment

with CDK4/6 inhibitors may have a synergistic effect when used

with inhibitors of the RAS pathway (33). Like the PI3K pathway,

RAS pathway inhibition alters mTOR levels to impact cell

proliferation (34–36). Further investigation is needed to

determine if inactivation of these overlapping signaling

pathways will help prevent resistance to these agents and if

there is a role for combinatorial strategies for the treatment of

meningioma patients.
Frontiers in Oncology 03
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Preclinical evidence for CDK
inhibitors in meningiomas

As mentioned above, cyclin overexpression has been

associated with increased grade and risk of recurrence in

meningioma (6, 37–40). Prior to the advent of CDK inhibitors,

early preclinical studies utilized targeted small interfering RNA

(siRNA) to inhibit CDK. Cheng et al. were one of the first groups

to show that targeting cyclin D1 levels decreased cell

proliferation, cell viability, and halted tumor cell invasion in

malignant meningioma (41). Cyclin D1 knockdown was also

shown to decrease antiapoptotic proteins such as survivin and

Bcl-2, increasing time in G0/G1 phase and causing cell cycle

arrest. siRNA targeting of cyclin D1 also diminished

meningioma cell invasion via suppression of extracellular

matrix metalloproteinases in vitro. This work opened the door

for investigation of pharmacologic CDK inhibitors as

therapeutic agents for meningioma.

Subsequent pre-clinical studies revealed anti-tumor effects for

CDK inhibitors in various in vitro and in vivo meningioma

models. The majority of studies utilized Palbociclib, which is

the most frequently used CDK4/6 inhibitor in cancer clinical

trials (42). Das et al. found Palbociclib induces G1 cell-cycle

arrest and tumor cell apoptosis in a radiation-induced malignant

meningioma model (43). Using Grade 1 and Grade 3

meningioma cell lines, Palbociclib treatment inhibited the

expression of CDK4/6 and downstream E2F transcription

factor, resulting in dramatic reduction of pRB and reduced cell

proliferation. Treatment with 14 days of Palbociclib (10mg/kg)

plus radiation (6 Gy) reduced total tumor volume in an in vivo

subcutaneous mouse meningioma xenograft model. Work by

Horbinski et al. further supported Palbociclib-induced

suppression of pRb and cell proliferation in vitro, specifically in

p16-/Rb+ meningioma cell lines (44). In contrast, p16+/Rb- cell

lines were resistant to both radiation and CDK inhibition. This

study also demonstrated combination therapy with radiation and

Palbociclib significantly delayed tumor growth and prolonged

overall survival in mouse xenograft models compared to ether

treatment alone. Interestingly, this effect was primarily attributed

to decreased cell proliferation, as histological analyses failed to

demonstrate any difference in apoptosis or cell death.

Given CDK4/6 inhibitors are thought to be largely cytostatic

(45), rather than cytotoxic when used as monotherapy, and there

are still toxicities associated with these agents (46, 47), there is

significant preclinical interest in combinatorial strategies and/or

novel agents that may be cytotoxic. One example, TG02

(SB1317) is an orally available, multi-cyclin-dependent kinase

inhibitor of CDK 1,2,5,7 and 9. As specific inhibition of CDK9

has been shown to induce downstream depletion of key

oncoproteins including MCL-1 and c-MYC, targeting this

CDK protein has also become of interest as a cancer therapy

(48, 49). Von Achenbach et al. examined the effects of TG02 in

primary patient-derived meningioma cell lines classified as
frontiersin.org
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benign, intermediate, or malignant by DNA methylation

profiling and found dose-dependent inhibition of cell

proliferation across cultures, without significant induction of

apoptosis (50). Importantly, cell lines classified as malignant

were overall more sensitive than those considered benign.

As mentioned above, there has significant interest in

molecular profiling to improve patient selection and clinical

response rates to CDK inhibition in patients with recurrent

meningioma. Using DNA methylation profiling of 565 primary

meningioma samples, Choudhury et al. identified three DNA

methylation groups with distinct clinical outcomes and

biological drivers: (A) Merlin-intact, (B) Immune-enriched,

and (C) hypermitotic, and the latter group was notably had a

loss of the endogenous CDK4/6 negative regulator, CDKN2A/B

(51). Exposing patient cells from this group to the known CDK4/

6 inhibitors Abemaciclib, Palbociclib, and Ribociclib resulted in

growth attenuation across cell culture, organoid, and xenograft

models. Specifically, in vivo, CDK4/6 blockade diminished pRb

expression, inhibited cell proliferation, and prolonged overall

survival. This study highlights the role DNA methylation

profiling may play as a clinical tool to stratify meningioma

patients for molecular treatments.

Agents that indirectly alter the CDK pathway are also being

explored as potential meningioma therapies. For example,

Negroni et al. found upregulation of the zinc finger

transcription factor GATA binding protein 4 (GATA-4) in

high grade meningioma primary patient samples, which

resulted in overexpression of cyclin D (52). Accordingly,

administration of NSC140905, a small molecule inhibitor of

GATA-4 reduced expression of cyclin D1 and diminished

meningioma cell viability in vitro. Another group is targeting

the eukaryotic initiation factor 4F complex (eIF4F), which

regulates the translation of many pro-oncogenic proteins like

MYC and cyclins in various cancers (53). Oblinger et al. found

elevated levels of eIF4A in primary meningioma samples and

showed this protein to be a driver of tumor cell proliferation via

induction of downstream cyclin-mediated signaling (54).

Treatment of cells with silvestrol, an inhibitor of eIF4A,

resulted in reduction of cyclins D1 and E1, and G2/M phase

arrest. Although these inhibitors are further from clinical trials

than the more established CDK inhibitors, these agents pose a

novel and promising therapeutic possibility for targeting cyclin-

mediated signaling in meningioma.
Meningioma tumor
microenvironment on CDK
inhibitors

The importance of the brain tumor microenvironment has

blossomed in the era of immunotherapy, particularly for highly

immunosuppressive tumors like glioblastoma. Given meningiomas
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ability to invade both brain and bone, early research investigating

the meningioma microenvironment focused on specific

extracellular matrix components, like matrix metalloproteinase

expression (55). However, more recent research has begun to

elucidate the importance of immune cel l s in the

microenvironment. For example, new classification schema have

emerged based on tumor DNA methylation signatures, with one

category of meningiomas considered “immune-enriched” (56).

Moreover, in addition to having more immunosuppressive

infiltrating immune cells, higher-grade meningiomas appear to

express more PD-L1 on tumor cells and tumor-infiltrating

CD68+ macrophages (57, 58). Indeed, a large percentage of the

meningioma microenvironment consists of CD45+ immune cells

(59), with the macrophage population making up the largest

percentage of this compartment (60).

Interestingly, the mechanism of action of CDK inhibitors is

likely not as simple as once thought. In addition to the direct

effect on cycling tumor cells, CDK4 influences the composition

of cells in tumor microenvironment and inhibition of this

pathway results in changes in the tumor-infiltrating immune

cell populations (61). In breast cancer models, CDK inhibition

increased antigen presentation and increased the number of

cytotoxic T cells in the tumor microenvironment while

simultaneously reducing the number of immunosuppressive

regulatory T cells (62). Currently, there is very little literature

regarding the impact of CDK inhibition on the meningioma

tumor microenvironment and even less is known how the

meningioma microenvironment contributes to treatment

resistance or efficacy.
Clinical trials using CDK inhibitors

To date, one clinical trial investigating CDK inhibitors for

meningioma has been one completed and four additional trials

are ongoing, for which results have yet to be published (Table 1).

Many of these trials include multiple central nervous system

(CNS) tumors, and the number of meningioma patients enrolled

is currently unknown.

PBTC-042 was a phase I open-label dose-escalation trial to

assess the maximum tolerated dose (MTD) and pharmacokinetics

of daily oral PD-0332991 (Palbociclib isethionate) in Rb1+

recurrent, progressive, or refractory primary CNS tumors in

young adults (NCT02255461). Secondary endpoints included

evaluation of efficacy, genetic profiling of tumor samples, and

further exploration of pharmacokinetic (PK) parameters. The

study was terminated upon completion of primary endpoints

and identification of the MTD, although detailed results have not

yet been presented or published and it is unclear howmany, if any,

were meningioma patients. Outcomes data on ClinicalTrial.gov

indicate a MTD of 75mg/m2 was identified, with hematologic

toxicities, including anemia, neutropenia, and leukopenia

predominantly being dose-limiting. Other common toxicities
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reported in this study included nausea, constipation, diarrhea,

fatigue, and transaminitis, although these were not considered

serious adverse events. There was also one serious non-

hematologic adverse event of dehydration, and these non-

hematologic toxicities are one reason these agents have been

poorly tolerated by patients and are not more widely used

clinically to date. No patients showed objective responses

(defined as complete or partial response).

Currently recruiting trials have focused on the CDK4/6

inhibitors Ribociclib (LEE011) and Abemaciclib (LY2835219), the

latter of which is distinguished by a shorter half-life and a slightly

higher affinity for CDK4 (46). SJDAWN is a Phase 1 dose-escalation

clinical trial exploringmolecularly driven doublet (or combinatorial)

therapies unique to a patient’s specific tumor type (NCT03434262).

Patients who tolerate the drug combination are eligible for an

expansion cohort to assess for early efficacy. Stratum B of this trial

includes patientswith recurrent or refractory anaplasticmeningioma

treated with combination Ribociclib and the MEK inhibitor

Trametinib. Primary endpoints include determination of MTD

and PK analysis and secondary outcomes include response rate

anddurationofobjective response.The trial is currentlyongoing, and

no interim results have been reported to date.

Another ongoing study is investigating single-agent Ribociclib

in the adult population as a phase 0/2 non-randomized open-label

trial evaluating preoperative dosing of oral Ribociclib in patients

with Rb+ or non-Rb-mutated recurrent WHO Grade 2/3

meningioma or high-grade glioma (NCT02933736). In this trial,

patients receive 900mg of Ribociclib daily for 5 days prior to surgical

resection and endpoints include evaluation of PK, PD, and tissue

analyses for signs of any preliminary clinical response. PD analysis
Frontiers in Oncology 05
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includes assessment of Rb and FOXM1 phosphorylation as markers

of halted cellular progression from G1 to S phase (63). Interim

results reported a median CSF concentration of ribociclib was 0.25

mM and tumor tissue concentration of unbound ribociclib 1.36 mM,

and 4 out of 8 patients had a positive PK and PD tumor response

(defined as unbound ribociclib concentration > 5-fold in vitro IC50

(0.04 mM) and >20% decrease in pRB levels, respectively) (64).

These patients defined as PK/PD responders were subsequently

enrolled in an exploratory Phase 2 cohort of continuous Ribociclib

therapy (600mg daily for 3 weeks/1 week off). At 1 year on therapy,

2 of 4 patients were assessed to have a partial response (PR) by

RANO criteria. Overall progression-free survival (PFS) was >12

months in 3 of 4 patients, and >23 months in the 4th patient. Given

continuous Ribociclib in other solid tumors has been shown to have

an acceptable safety profile, there is excitement for the final results

of this ongoing study (25). Although the reThis study also

showcases the importance of performing more Phase 0 and

“window-of-opportunity” studies to confirm PK/PD for trials

investigating CDK inhibitors for meningioma (65).

The remaining two ongoing studies aim to examine the efficacy

of twice daily dosing of oral Abemaciclib. The only trial to enroll

meningiomapatients alone isA071401, aPhase 2 trial of SMO/AKT/

NF2/CDK inhibitors in patients with progressive meningiomas

harboring corresponding mutations in the respective signaling

pathway (NCT02523014). Patients are considered eligible for

Abemaciclib if molecular testing is positive for alterations in

CDK4, CDK6, CDKN2A, CCND1, CCND2, CCND3, or CCNE1,

with primary endpoints including PFS and response rate by

Macdonald criteria. To date, interim results have only been

reported for the FAK inhibitor cohorts but have not been
TABLE 1 Ongoing CDK inhibitor trials for meningioma.

Study title Drug Phase Patient population Sponsor Status Trial
registration

no.

PBTC-042: Palbociclib Isethionate in
Treating Younger Patients with Recurrent,
Progressive, or Refractory Central
Nervous System Tumors

Palbociclib
Isethionate

I Recurrent Rb1+ childhood
grade III meningioma; other
Rb1+ CNS tumors

Pediatric Brain Tumor
Consortium (Collaborator: NCI)

Terminated
(Primary
objective
complete;
MTD
determined)

NCT02255461

SJDAWN: Phase 1 Study Evaluating
Molecularly-Driven Doublet Therapies for
Children and Young Adults with
Recurrent Brain Tumors

Stratum B:
Ribociclib
+
Trametinib

I Recurrent anaplastic
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described for the ongoing Abemaciclib group (66). The second

investigational study testing this agent is MSK 17-261, a Phase 2

open-label, non-randomized study of Abemaciclib in patients with

recurrent primary brain tumors (NCT03220646), including patients

with recurrent meningiomas. Dosing is 200mg of Abemaciclib twice

a day, which follows the MTD established in the Phase 1 trial which

included patients with glioblastoma, breast cancer, non-small cell

lung cancer, and other solid tumors (67). Recent interim results

suggest promising early efficacy data for the subset of recurrent

meningioma patients, although full results have yet to be

published (68).

Future directions

As mentioned, one concern with the use of CDK4/6 inhibitors

is the development of resistance mechanisms to these therapies

through quasi-redundant or alternative signaling pathways, which

has been reported in breast cancer and medulloblastoma patients

receiving CDK inhibitor monotherapy (12). Daggubati et al. found

that in Hedgehog-associatedmedulloblastoma, decreased ribosomal

protein expression in response to CDK inhibitor treatment caused

ER stress and activated the unfolded protein response, which

ultimately upregulated production of sterol lipids that activate the

Smoothened (SMO) to sustain the Hedgehog signaling pathway

despite cell cycle attenuation (69). Interestingly, the authors found

that combinatorial therapies with CDK inhibitor and a small

molecule that inhibited the production of these SMO-activating

lipids was able to effectively block cancer cell growth and may help

overcome resistance to monotherapy. Additional studies identifying

resistance mechanisms to these inhibitors will be critical to

translating preclinical successes to durable responses for patients

in the clinic. Finally, given the difficulty patients have tolerating

these agents, local delivery strategies such as convection enhanced

delivery or approaches to improve drug concentration in the tumor

such as blood brain barrier disruption via focused ultrasound

should be explored for these therapies.

Conclusions
Patients with high-grade meningiomas face a difficult

prognosis with no good systemic treatments available. Cell
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cycle regulators are commonly dysregulated in many cancers,

including meningiomas, and represent a potential treatment

strategy. Preclinical evidence supports the use of CDK4/6

specific inhibitors, Palbociclib, Abemaciclib, and Ribociclib, as

potential therapeutic agents for meningioma patients and these

agents are actively being explored in ongoing clinical trials.

Future work identifying response biomarkers and mechanisms

of resistance are needed to better select patients for these agents

and improve their efficacy and durability.
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Molecular determinants of
outcomes in meningiomas
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John Arrington3, Robert Macaulay4, James K. C. Liu1,2,
Andre Beer-Furlan1,2, Nam D. Tran1,2, Michael A. Vogelbaum1,2

and Arnold B. Etame1,2*

1Division of Neurosurgery, Moffitt Cancer Center, Tampa, FL, United States, 2Department of
Neuro-Oncology, Moffitt Cancer Center, Tampa, FL, United States, 3Department of Radiology,
Moffitt Cancer Center, Tampa, FL, United States, 4Department of Pathology, Moffitt Cancer Center,
Tampa, FL, United States
Meningiomas are the most common intracranial primary tumor in adults.

Surgery is the predominant therapeutic modality for symptomatic

meningiomas. Although the majority of meningiomas are benign, there exists

a subset of meningiomas that are clinically aggressive. Recent advances in

genetics and epigenetics have uncovered molecular alterations that drive

tumor meningioma biology with prognostic and therapeutic implications. In

this review, we will discuss the advances on molecular determinants of

therapeutic response in meningiomas to date and discuss findings of

targeted therapies in meningiomas.

KEYWORDS

meningiomas, genetics, epigenetics, outcomes, targeted therapy, molecular
classification, brain tumor
Introduction

Meningiomas are the most common primary intracranial benign tumor in adults.

They commonly present due to seizures, focal neurologic deficit, or symptoms of elevated

intracranial pressure such as headaches or nausea (1). They account for 39% of all tumors

and 54.5% of all non-malignant primary intracranial tumors, with a median age of

diagnosis of 66 years old. Incidence in the United States from 2014-2018 was 9.49/

100,000, with a 2.3 higher incidence in women and more common among non-Caucasian

populations (2). Approximately 36,130 patients were diagnosed with meningiomas in

2021 in the United States alone. A large majority of meningiomas are benign with 80%

being grade 1, 18.3% grade 2 or atypical, and 1.3% grade 3 or malignant. Prognosis of

patients with meningioma correlates with tumor grade. In non-malignant meningiomas,

overall 5-year survival of 88.2%, and 10-year survival of 83.7%, while 5-year survival of

malignant meningiomas is 67.5% (3). Meningiomas have been historically reported in

4.6% of patients over 80 years old having one meningioma and 8.2% having multiple at
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time of autopsy (4). However, a recent review evaluating

incidental radiographic discovery of meningiomas found an

overall rate of 0.52% in the general population (5). Most

meningiomas are asymptomatic at time of presentation (6).

While a majority of meningiomas are sporadic, a subset of

cases is associated with familial syndromes. Neurofibromatosis

type 2 (NF2) is the most common of these hereditary syndromes,

but increased risk of meningioma formation also occurs in

multiple endocrine neoplasia (MEN) type 1, von Hippel-Lindau

(VHL), Li-Fraumeni syndrome, Gorlin syndrome, Cowden

syndrome, nevoid basal cell carcinoma syndrome, BAP1 tumor

predisposition syndrome, Rubinstein-Taybi Syndrome, and

familial meningiomatosis (7). Through identification of this

predisposition and subsequent investigation of the genetic

alterations within these syndromes, we hope to contribute to a

greater understanding of pathogenesis of the sporadic disease

as well.
Radiographic features predictive
of grade and outcomes

While meningiomas can have a variable appearance on

computerized tomography (CT) and magnetic resonance (MR)

imaging, there are characteristic imaging features that allow for a

confident and accurate imaging diagnosis. Classically, meningiomas

are seen as avidly enhancing and sharply marginated extra-axial

masses with a broad based dural attachment and associated smooth

dural enhancement (the dural “tail”). There may be adjacent dural

involvement with increased enhancement, nodularity, or thickening

compared to uninvolved dura. Meningiomas are typically isointense

to grey matter on T1 weighted (T1W) and T2 weighted (T2W)MR

imaging as well as being isodense to grey matter on non-contrast

CT (NCCT) imaging. Meningiomas may have calcifications which

are seen best on NCCT and on susceptibility weighted imaging

(SWI) MR images. Hyperostosis of the adjacent calvarium is a

common imaging finding which is also seen best on NCCT and can

be seen with both reactive osseous changes as well as calvarial

invasion by meningioma. While these tumors are most often

associated with dural structures, they also arise less frequently

within the ventricles or optic nerve sheath. As meningiomas

grow, they can displace and compress the adjacent brain leading

to a CSF cleft seen between meningioma and brain seen best on

T2W MR imaging. Meningiomas can invade the underlying brain.

Adjacent brain vasogenic edema is also a common imaging finding

and can be seen both with and without brain invasion.

Given the variability of radiographic appearance of meningiomas

and wide range of pathologies that may involve the dura including

inflammatory and infectious etiologies, as well as, hematologic and

metastatic malignancies, additional imaging strategies are valuable to

assist in accurate diagnosis. More effective imaging technologies are

needed to help diagnose various types of meningiomas, as well as, to

distinguish meningioma grades. While MR perfusion may help
Frontiers in Oncology 02
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distinguish between meningiomas from some dural-based

metastases, there are no MR perfusion findings that are diagnostic

for meningiomas which have been shown to have similar

hyperperfusion to Merkel cell carcinoma, renal cell carcinoma, and

melanoma (8).

Attempting to radiographically determine meningioma grade

remains a persistent challenge. Lee EJ et al. reported from 232

patient that only 25.4% showed rapid growth in 5-year interval

follow-up (9). In addition, the authors showed that tumor size,

absence of calcification, peritumoral edema and hyperintense or

isointense signal on T2-weighted MRI were predictors of tumor

growth (9). Studies have reported that heterogeneous enhancement,

lack of distinct space separating tumor from adjacent brain (10),

increased hyperintensity on apparent diffusion coefficient (ADC)

(11, 12), and differential activity on O-(2-[18F]fluoroethyl-)-L-

tyrosine (F-FET) positron emission tomography have been

reported to be associated with higher histologic grade (13). Given

the complexity of often subtle differences in radiographic

appearance, groups have utilized radiomics and machine learning

in an effort to provide better predictive models for meningioma

subtyping. However, these studies are limited by the methodology

of machine learning, particularly the single or limited-center

retrospective patient populations that limit generalizability (14).

Gallium-68-DOTATATE PET/CT which targets the somatostatin

receptor 2 (SSTR2) has shown utility in meningioma radiographic

diagnosis and distinguishing from other pathologies (15). A study

found that increased uptake by DOTATE PET/CT is correlated

with increased growth rate in grade 1 and 2 meningiomas, though

prognosis could not be made grade 3 meningiomas (16).

Furthermore, DOTATATE PET/CT allows for a greater

delineation between meningioma and other adjacent

physiologically contrast enhancing structures, such as pituitary

tissue or venous sinuses, as well as post treatment effects (17).

The combination of MRI and DOTATATE PET/CT can also aid

surgical planning with the goal of maximizing extent of resection as

well as improving radiation therapy target planning (18). Beyond

diagnosis and grading of meningiomas, the standardization of

nomenclature for assessing radiographic response of a known

meningioma to treatment has also been described by the

Response Assessment in Neuro-Oncology (RANO) working

group as complete response (resolution of lesions for at least 8

weeks), partial response (>50% decrease from baseline), minor

response (25-50% decrease), progressive disease (>25% growth

from baseline), and stable disease (19). These categories allow for

more effective reporting and comparison of groups reporting results

in effort to determine novel or improved treatment strategies.
Histopathologic features and
current classification

While advances in imaging technique and technology may

lead to more effective diagnosis in the future, the gold standard
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for diagnosis remains tissue analysis. Histologically,

meningiomas are typically characterized on H&E staining by

whorls of cells with nuclear pseudo-inclusions, pseudo-syncytial

growth, and psammoma bodies representing circular

calcifications. Additionally, immunohistologic staining

positivity for Somatostatin Receptor 2a (SSTR2a) is diagnostic

(20). The World Health Organization (WHO) classification

scheme for central nervous system tumors categorizes

meningiomas into 15 subtypes. Thereafter, the 2016 update

added histologic evidence of brain invasion with mitotic count

greater than 4, or having 3 of 5 features: necrosis, loss of whirling

or fascicular architecture, prominent nucleoli, high cellularity,

and cells with high nuclear to cytoplasmic ratio as being

diagnostic of atypical, grade 2, meningioma (21). However,

reproducibility of grading remained a challenge with one study

reporting only 87.2% agreement of meningioma grade between

different observers involved in a multicenter trial (22). The 2021

WHO classification clarified several historically used diagnostic

criteria. Previously, choroid and clear cell meningioma subtypes

were classified as grade 2, while rhabdoid and papillary subtypes

were classified as grade 3. However, the authors indicate that

though meningiomas with these histologic appearances largely

fall within those grades, that appearance alone should not

determine the grade, but rather by the grading criteria

introduced in 2016. The 2021 update additionally reports

commonly altered genes in meningiomas, but largely does not

use them as grading criteria with the exception of CDKN2A/B

homozygous deletion and TERT promoter mutation as

diagnostic for grade 3 meningiomas (23).

The introduction of genetic alterations into meningioma

grading reflects a growing body of evidence for the utility of

greater understanding of genetic and molecular profiling

in meningiomas.
Molecular features in meningiomas

Historically, clinicians have relied only on histological

features for classification into three pathological grades. In

2021, the World Health Organization (WHO) Classification of

the Central Nervous System (CNS) newly included a series of

molecular biomarkers. For the purpose of grading, the

classification scheme lists SMARCE1 (clear cell subtype),

BAP1 (rhabdoid and papillary subtypes), and KLF4/TRAF7

(secretory subtype) mutations. Separate from grading, TERT

promoter mutation, homozygous deletion of CDKN2A/B, and

loss of nuclear H3K27me3 expression were included as being

indicators of poor prognosis (23).

A genomic study of 300 meningiomas showed mutations in

TRAF7 in approximately 25% of all meningiomas, AKT1

mutations in 10-15% (affecting the PI3K signaling pathway)

and KLF4 mutations in 10%. SMO mutations which activate

Hedgehog signaling were identified in 5% of non-NF2 mutant
Frontiers in Oncology 03
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meningiomas and NF2 and/or chromosome 22 loss were more

likely to be atypical meningiomas (24). Furthermore, such

mutations were correlated to anatomical tumor location and

traditional histological analysis (24, 25). SMARCE1

heterozygous loss of function mutation has been associated

with spinal meningiomas and in tumors with clear-cell

histology (26). TERT promoter mutation was found to be key

in meningiomas undergoing malignant histological progression

and predictor for poor survival (27–29).

The impact of molecular profiling of meningioma has been

studied and validated to predict clinical courses that affect the

post-operative management including imaging surveillance and

need for adjuvant radiation (30–33). WHO grades II and III

meningiomas have aggressive clinical courses, although poor

outcomes may occur in a subset of low-grade lesions.

Youngblood et al. found that low grade meningiomas

harboring a particularly genomic group (Hedgehog, NF2, PI3K

and TRAF7) recurred at rate 21.9 times higher and 17.2 times

higher than would be expected given their more benign

histopathology (30). Patel et al. analyze 160 meningiomas by

classifying in 3 groups base on molecular profile and found

increased expression of FOXM1 and MYBL2 causing DREAM

complex loss of its repressive activity associated with recurrence

(31). This genomic event represented aggressive tumor behavior,

and 79% of a sub-group tumors showed a genomic loss of both

1p and 22q (31).

A large cohort retrospective study attempted an integrated

scoring system that included histology and molecular risk

stratification proving higher accuracy in clinical outcomes,

including stratification by DNA methylation (32). Vasudevan

et al. found FOXM1 targets accounted for 11% of genes enriched

in WHO grade III meningiomas, compared with only 3% of

genes in WHO grade I meningiomas, correlating this gene to

poor clinical outcomes (33). Furthermore, Magill et al. analyze

intratumor heterogeneity suggesting that the loss of

chromosome 22q is an early event that tumor evolution, but

prove spatially distinct patterns of FOXM1, CDH2, and PTPRZ1

expression providing understanding why meningiomas grow

asymmetrically (34).

There is limited data from in vivo models to identify key

drivers of meningioma cell invasion that may play a role in the

mechanism of recurrences, prognostication, and potential

targets for therapies of high grade meningiomas. Erson-Omay

et al. recently demonstrated that sporadic multiple meningiomas

in the same patient can show both genomic and histologic

heterogeneity (35). These tumors can have both mono- and

multi-clonal origin which can be observed in both NF2-loss and

non-NF2 mutant tumors. In addition, those monoclonal

multiple meningiomas can acquire inter-tumor heterogeneity

due to additional somatic alterations through branched

evolution (35). Nigim et al. analyzed the expression of b1
integrin of clinical meningioma specimens and found in vivo

murine model utilizing two patient-derived high grade
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meningioma xenografts, that antibody therapy targeting b1
integrin decreased high grade meningioma cells proliferation

and extended overall survival (36). A preclinical study found that

9% of 108 meningiomas demonstrated mutations in the PI3K/

AKT/mTOR pathway, suggesting it may play an important role

in the growth of meningiomas (37). However, a phase II trial and

two retrospective studies failed to show efficacy of bevacizumab

and everolimus in patients with recurrent high grade

meningiomas (38–40). Appears to be that genetic profiling of

meningioma in the next decade will provide prognostication in

risk profile stratification for recurrence, risk of malignant

progression or transformation and potentially improve efficacy

of current target therapies.
Molecular classification schemes
for meningiomas

Meningiomas have historically been classified based on

histological appearance into 15 histologic subtypes. However,

with advances in genetic and epigenetic underpinnings of

meningioma pathogenesis several molecular classification

schemes have been described with the intent of developing

clinically relevant tools.
Classification based on
genetic alterations

Approximately 80% of sporadic meningiomas harbor

mutations in one of seven genes or pathways, prompting a

potential classification scheme on that basis (Table 1). The

seven subgroups are 1) Neurofibromitosis-2 (NF2) with or

without SMARCB1, 2)TNF Receptor-Associated Factor 7

(TRAF7) alone, 3)TRAF7 with Kruppel-Like Factor 4 (KLF4), 4)

phosphoinositide 3-kinase (PI3K) pathway including PIK3CA,

PIK3R11, and AKT1, 5) Hedgehog (HH) pathway including

SMO, SUFU, PRKARIA, 6) RNA Polymerase II Subunit A

(PPOL-R2A), and 7) SMARCE1, with over 50% of tumors

being within the first subgroup, NF2 mutations (41). There are

multiple observed patterns supporting this classification system

and its clinical relevance. Meningiomas in different anatomic

locations reliably follow these subgroups. For example, HH

pathway mutations all localize to the midline anterior skull base,

while NF2 plus SMARCB1 mutated tumors involve the falx (42).

BAP1 mutant meningiomas localize to cerebral convexities, while

SMO mutant meningiomas are located in the anterior skull base,

but not midline. Posterior fossa meningiomas harbor mutations in

NF-2, POLR2A, or AKT1E17K (43).

Furthermore, the different subgroups may have different

epidemiology and clinical behavior. NF2 mutant tumors are

often larger, atypical with a more aggressive clinical course,

associated with preoperative seizures, and found in a greater
Frontiers in Oncology 04
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proportion of male patients (44) (42). Among the six non-NF2

mutant subtypes, the TRAF7 mutated alone subtype is the most

common in 25% of sporadic meningiomas (41) and is associated

with a higher grade (42). Conversely, the HH pathway altered

tumors are associated with less aggressive clinical behavior (45).

By developing genetic classification systems, there may be

benefit in the ability to identify patients that have greatest

potential benefit from targeted therapies.
Classification based on
epigenetic factors

In addition to genetic mutations and alterations, patterns of

epigenetic alterations have also been discovered. An evaluation

of the transcriptome of 160 meningiomas including all grades

and subsequent clustering analysis identified three molecular

subtypes of meningiomas (Table 2). When this analysis was then

applied to other databases, the three subtypes predicted

progression free survival more accurately than traditional

WHO grading, as well as PFS of tumors of different molecular

subtypes within each WHO grade (31).

Furthermore, a retrospective DNA methylation analysis was

performed on 479 patients to identify six methylation classes,

which was then compared to genetic mutations and RNA

sequencing findings (46). The investigators reported that while

the system of six classes based on DNA methylation did have

significant and consistent overlap with particular histologic or

genetic subtypes, when they did not match, the clinical behavior

was better predicted by methylation class. For example, a tumor

graded as atypical but harboring a methylation classification

typically seen in benign meningiomas would behave as a grade 1
TABLE 1 Meningioma classification based on genetic mutations.

Genetic Mutation
Subgroup

Clinical features

NF2 Most common, larger, more aggressive course.
Highest seizure risk.
Male predominance (1).
Falcotentorial location (2).

TRAF7 Second most common.
associated with higher grade. Higher likelihood of
hyperostosis (1)
Midline and lateral skull base location (2).

TRAF7 with KLF4 High peritumor edema (1). Midline and lateral
skull base location (2).

PI3K Pathway Low recurrence risk (3)
Midline and lateral skull base location (2).

HH pathway Less aggressive, low grade (1).
Localize to midline anterior skull base (2).

PPOL-R2A Benign, female predominance.
Sella, clivus, and posterior fossa location (2).

SMARCE1 High recurrence risk (1), faster growth.
Lateral skull base, anterior falcine location (2).
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tumor as well as the reverse (46). These findings suggest that by

having classification systems that can more accurately predict

tumor behavior, clinicians can more effectively make treatment

decisions such as the use of more aggressive therapies versus

observation. These findings were corroborated by a recent study

utilizing DNAmethylation profiling of over 500 meningiomas to

project clinical outcomes based on categorization into three

subtypes. The authors found that Merlin-intact (NF2 wild-

type) subtype have the best outcome, followed by the immune

enriched, and hypermitotic subtypes. The hypermetabolic

subtype was associated with CDKN2A/B hypermethylation

and NF2 loss, and a majority of these tumors are grade 2 or

3 (47).
Integration of molecular alterations

Due to the complexity of differing classification schemes,

Nassiri et al. (48) developed an integrated system with four

groups, which they designate molecular groups 1 through 4

(MG1-MG4). The molecular groups were determined by

integrating clustering found in DNA methylation and mRNA

abundance clusters. Histologic grades were spread between

molecular groups with MG1 containing grade 1 and grade 2

meningiomas, while MG2 through MG4 contained all grades.

However, grade 2 and 3 tumors were increased in MG3 andMG4.

When correlated with clinical behavior of these tumors, MG3 and

4 tumors were found to have lower progression-free survival than

MG1 and 2 tumors irrespective of histologic grade. Almost all

MG1 tumors contained NF2 mutations, while mutations in

TRAF7, AKT1, KLF4, and POLR2A were found only in MG2

tumors. MG3 and MG4 tumors had significantly enriched

mutations in epigenetic regulatory genes and tumor suppressor
Frontiers in Oncology 05
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genes compared to MG1 and 2. MG1 tumors were typically

diploid, though with chromosome 22q loss corresponding to

NF2 loss. MG2 tumors fell into two categories: copy number

neutral with point mutations, and lack of point mutations but

with corresponding chromosomal polysomies on locations for

TRAF7, AKT1, KLF4, or SMO. MG3 and MG4 tumors had high

levels of aneuploidy and interchromosomal fusions. Some MG4

tumors additionally demonstrated gain of chromosome 1q and

loss of chromosome 10. These alterations and further proteomics

to investigate resulting changes to gene products led the group to

attribute characteristics to the subgroups. MG1 tumors were

immunogenic, MG2 tumors were benign NF2 wild-type, MG3

were hypermetabolic, and MG4 were highly proliferative (48).
Current treatment modalities

Although the overwhelming majority of meningiomas are

histologically benign, meningiomas can present as a significant

source of physical and psychological morbidity in patients. Even

in absence of symptoms that may affect a patient’s functional

status, health-related quality of life (HRQOL) scores are decreased

in patients secondary to awareness of an intracranial tumor and

subsequent psychological distress from anxiety and depression

(49). Neurocognitive and neurological symptoms resulting in

physical limitations from symptomatic meningiomas further

impair quality of life. Treatment of the lesion by surgery or

radiation therapy as appropriate, conversely, improves HRQOL

scores from pre-treatment baseline, though it may not improve to

the level of the general population without this disease (49). As

such, effective treatment of meningiomas and minimization of

deleterious treatment sequelae provides benefit to many patients.

Given the frequency of incidentally discovered meningiomas,

it may be reasonable to observe with clinical and radiographic

follow-up in patients without symptoms. Though there is no

consensus regarding the best protocol for observation, an initial

interval of 6 months with subsequent annual surveillance has been

proposed (50). Alternatively, patients can be reevaluated in 3

months, then 9 months, and subsequently annually (51). One

limitation of observation is lack of pathologic diagnosis

confirming meningioma and inability to definitively grade the

lesion. Furthermore, meningioma growth can vary widely based

on grade. Overall, meningiomas have been reported to grow at an

average of 0.24cm per year (51) or 2% per year in a single axis,

approximately 5.8% in volume (52). However, in studies where

grade was subsequently obtained, grade 2 and grade 3

meningiomas grow significantly more rapidly than their benign

counterparts (53). Though atypical and anaplastic may have over

double the growth rate of grade 1, they may be comparable to one

another (54). Besides grading, meningiomas in different locations

may have different growth patterns, with one meta-analysis

suggesting that skull base meningiomas grow significantly

slower than other locations (55).
TABLE 2 Meningioma classification based on transcriptome analysis.

Transcriptome
Subtypes

Features

Type A Low proliferation index.
Anterior skull base.
2:1 female to male.
No significant chromosomal changes.
Only type with TRAF7. High prevalence of KLF4 and
AKT1. No NF2 mutations.

Type B Intermediate proliferation index.
2:1 female to male.
Significant prevalence of loss of chr22q.
NF2 mutations. Highest prevalence of SMARCB1.

Type C High proliferation index.
Falcine, occipital regions.
56% male.
Significantly shorter PFS than Type A or B irrespective
of WHO grade.
In addition to NF2, numerous chromosomal
abnormalities.
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If significant growth of a presumed meningioma is discovered

or the lesion is symptomatic at time of diagnosis, treatment is

warranted if the patient is otherwise a good candidate. Currently,

initial treatment modalities are limited to surgery and radiation

therapy. Traditionally, the mainstay of treatment for meningiomas

is surgical resection, which provides pathologic diagnosis, disease

control, and typically ameliorates symptoms such as focal

neurologic deficits, sequelae of elevated intracranial pressure, or

seizures. The gold standard scale for meningioma resection

grading, the Simpson Grade, was first described in 1957 and

includes degree of resection not only of the macroscopic tumor,

but also of adjacent involved dura, and any involved bone (56).

Multiple grading systems have since been proposed as adjuvant

treatment modalities have been developed to supplant surgery

alone (57). While the Simpson grading system remains debated,

more aggressive resection, when able to be safely performed, does

confer improved progression-free and overall survival in patients

with meningioma. While most dramatic in non-benign

meningiomas, it remains significant in grade 1 pathology as well

(58). Extent of resection affects progression free and overall survival

in atypical meningiomas (59). Patients with atypical meningiomas

have 5-year survival of 91.3% and 78.2% with gross total resection

and non-gross total resection, respectively. Furthermore, patients

with malignant meningioma have 5-year survival of 64.5% and

41.1% with gross total resection and non-gross total resection,

respectively (60). However, meningiomas located at the skull base,

where the surgical corridor is often limited or where tumor closely

involves neurologic or vascular structures, precludes surgical

resection of involved dura and bone or even macroscopic tumor.

Non-surgical treatment modalities, both standalone, as well

as adjuvant have become increasingly utilized. The least invasive

approach aside from observation is radiation alone. A recent

meta-analysis found significantly higher progression-free

survival in patients that underwent stereotactic radiosurgery

via gamma knife compared to observation alone with at 5-

and 10-year follow up and tumor control of 95% at 5 and 10

years. However, the included studies reported a range of

complications of 8.3-39.1%, though most were temporary and

either self-limited or addressed with steroids. Loss of tumor

control was associated with T2 hyperintensity within the tumor,

tumor size, and lack of calcification on imaging (61). However,

given the lack of pathologic diagnosis, loss of tumor control may

be dependent on tumor grade.

As a result of greater understanding of the risk of recurrence

in non-benign meningiomas, radiation as adjuvant treatment

after surgery has become increasingly investigated and there are

conflicting data reported. A review of retrospective studies

suggested the utility of adjuvant stereotactic radiosurgery or

external beam radiotherapy in grade 3 and subtotally resected

grade 2 meningiomas, which have higher risk of recurrence (62).

Subsequently, the phase II trial RTOG 0539 reported 93.8% 3-

year progression free survival in intermediate-risk patients with

completely resected grade 2 meningiomas and recurrent grade 1
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meningiomas that then underwent adjuvant radiation therapy

(63) white those considered high risk; grade 3 meningiomas,

subtotally resected grade 2 tumors, or recurrent grade 2 tumors;

experienced a 3-year PFS of 58.8% after adjuvant therapy (64). A

recent meta-analysis of 30 studies found that literature on the

subject has been highly variable, with an overall improved

progression-free survival without significant change in overall

survival in patients that had gross total resection. However, the

largest study currently in the literature is a recent single

institution study of 170 patients. The authors report that use

of adjuvant radiation therapy (89% of patients receiving at least

60Gy) significantly improved progression-free and overall

survival in atypical meningiomas in both completely and

incompletely resected tumors (65). Due to the heterogeneity of

current clinical practice, an ongoing clinical trial is evaluating

observation versus radiation therapy in postoperative patients

who had gross total resection of an atypical meningioma

(NCT03180268 Clinicaltrials.gov). Furthermore, a phase II

trial investigating proton-beam radiation treatment in all

meningioma grades is underway (NCT04278118) to evaluate

the use of this new technology, as well as carbon ion

radiotherapy in atypical meningiomas (NCT01166321).

There is no established systemic therapy that has been

shown to effectively treat recurrent meningioma or to increase

survival. A variety of systemic agents such as chemotherapy,

immunotherapy, hormonal therapy, somatostatin analogues,

and radionuclide therapy have been or are currently being

studied. Nevertheless, there is no strong evidence that any

these agents affect the natural history of recurrent meningioma.
Targeted therapies for meningiomas
and future directions

Targeted therapies are not currently included in the standard

of care for treatment for meningiomas. Chemotherapies including

hydroxyurea, temozolomide, irinotecan, and trabectedin have

been investigated without clear efficacy. However, use of

hormone receptor antagonistic medications, supported by the

findings of these receptors in a subset of meningiomas, has been

historically attempted with inconsistent results (66), at least in

large part because of heterogeneity with how trials studies have

been designed, results evaluated, and findings report (67).

Tamoxifen, which binds the estrogen receptor, and

mifepristone, which binds the progesterone receptor, have been

investigated in decades prior. Unfortunately, these primarily small

studies showed potential minor response in some patients, with

the largest of which showing no efficacy compared to placebo (68).

NEO100, an intranasal administered purified form of perillyl

alcohol, has been demonstrated in pre-clinical studies to target

multiple pathogenic pathways by affecting the cyclin dependent

kinase pathway in the cell cycle, endoplasmic reticulum stress,

the JNK-stress response, telomerase function via disrupting
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TERT and mTOR protein complex formation, the Na/K

ATPase, NOTCH, NF-kb, and TGFb, each resulting in anti-

proliferative or tumoricidal properties (69). This treatment is

now undergoing a phase II study in use of residual, progressive,

or recurrent grade 2 and 3 meningiomas (NCT05023018).

However, as genetic and epigenetic alterations and their

involved cellular pathways are identified in meningioma

pathogenesis, groups are investigating more targeted therapies for

these tumors in an effort to provide new clinical treatments. The

VEGF pathway has been targeted due to its two-fold elevation in

atypical meningiomas and ten-fold elevation in anaplastic tumors.

Bevacizumab, which targets circulating VEGF has been reported in

retrospective studies to increase progression-free survival (38, 39),

while a phase II trial of sunitinib, a RTK inhibitor with antagonistic

effect on VEGF receptor functioning demonstrated improved

progression free survival in grade 2/3 meningiomas (Kaley 2015).

Apatinib, which targets the VEGF receptor directly is being

investigated in a phase II clinical trial in grade 2/3

meningiomas (NCT0501705).

The AKT1 mutant pathway has also been targeted in a case

report of the use of AZD5363, a AKT inhibitor, in a patient with

numerous AKT1 mutant meningiomas resulted in partial response

followed by long-term progression free survival (70). Pre-clinical

studies of cultured meningioma cell lines from NF2 found

targeting of the histone deacetylase (HDAC)resulted in decreased

AKT activation and decreased cellular growth, as well as, decreased

tumor size in mouse models. Thereafter, AR-42 (REC-2282), a

HDAC inhibitor was investigated in two small pilot studies in NF2
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patients, which report partial response or stability in four patients

and progression in three patients (71). As a result of these findings,

a phase II/III trial of REC-2282 in NF2 patients with meningiomas,

as well as sporadic meningiomas with NF2 mutations has begun

(NCT05130866). AKT is within the mTOR and PI3K pathways,

which are being investigated in clinical trials targeting mTOR

(NCT03071874) and PI3K (NCT03631953) directly. Also, the trial

NCT02523014 incorporates AKT targeting, as well as 3 other arms

targeted inhibitors in tumors with mutations in SMO, NF2, and

focal adhesion kinase (FAK) (Table 3).

Given the prevalence of somatostatin receptor expression in

meningiomas, octreotide and pasireotide, somatostatin receptor

antagonists, have been investigated, with some reports of

increased progression free survival compared to historical

controls, but without evidence of partial or complete responses

(72–75). However, new types of drugs may still utilize this target

by another mechanism. Multiple studies are investigating the use

of somatostatin antagonists with Lu177 radionucleotides that are

internalized by the receptor-positive tumors cells and causes DNA

damage resulting in cytotoxicity in other SSTR-positive tumors

such as neuroendocrine tumors (76). These drugs, Luthera

(NCT03971461) and 177Lu-DOTA-JR11 (NCT04997317) have

varying levels of affinity for the sstr2 target.

Immune evasion has been a growing field of research and

clinical development in a variety of solid tumors. Studies have

found predominantly immunosuppressive type macrophages in

AKT1 mutated meningiomas, while NF2 gene mutated tumors

have high levels of immune active macrophages. Furthermore,
TABLE 3 Current clinical trials investigating medical therapies for meningioma.

Agent Phase Pathology Identifier Status Estimated Completion

NEO100 Phase 2 Grade 2, 3 NCT05023018 Not yet recruiting 2025

Apatinib Phase 1/2 Grade 2, 3 NCT04501705 Recruiting 2025

REC-2282 Phase 2/3 NF2-mut,all grades NCT05130866 Not yet recruiting 2027

Vistusertib (AZD2014) Phase 2 Recurrent grade 2,3 NCT03071874 Active, not
recruiting

2024

Alpelisib and Trametinib Phase 1 Grade 1, 2, 3 NCT03631953 Recruiting 2022

Vismodegib, GSK2256098, Capivasertib,
Abemaciclib

Phase 2 Grade 1, 2, 3 NCT02523014 Recruiting 2024

177Lu-DOTATATE Phase 2 Grade 1, 2, 3 (DOTATATE PET
pos)

NCT03971461 Recruiting 2023

177Lu-DOTA-JR11, 177Lu-DOTATOC Phase 1/2 Grade 1, 2, 3 (DOTATATE PET
pos)

NCT04997317 Recruiting 2025

Nivolumab, Ipilimumab Phase 2 Grade 2, 3 NCT02648997 Recruiting 2023

Nivolumab with SRS, Ipilimumab Phase 1/2 Grade 2, 3 NCT03604978 Recruiting 2022

Pembrolizumab Phase 2 Grade 1, 2, 3 NCT03279692 Active, not
recruiting

2025

Sintilimab Phase 1/2 Grade 3 NCT04728568 Recruiting 2025

Avelumab, Proton Radiation Phase 1b Grade 1, 2, 3 NCT03267836 Active, not
recruiting

2025
1.Robert, S.M., et al., The integrated multiomic diagnosis of sporadic meningiomas: a review of its clinical implications. J Neurooncol, 2021.
2.Youngblood, M.W., et al., Correlations between genomic subgroup and clinical features in a cohort of more than 3000 meningiomas. J Neurosurg, 2019: p. 1-10.
3.Proctor, D.T., et al., Towards Molecular Classification of Meningioma: Evolving Treatment and Diagnostic Paradigms. World Neurosurg, 2018. 119: p. 366-373.
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circulating myeloid derived suppressor cells (MDSCs) are

elevated in patients with meningiomas suggesting an effect on

the systemic immune response and intra-tumoral MDSCs, as

well as, immunosuppressive T regulatory cells (Tregs) are greater

in high grade meningiomas compared to benign tumors (77). A

possible target for therapies is via immune checkpoint pathways

which are, in normal physiology, a mechanism to prevent

autoimmunity by suppressing T-cell activity. TRAF-7 mutated

meningiomas demonstrated elevated levels of programmed

death ligand-1 (PD-L1), the major ligand for the programmed

death checkpoint pathway, while PD-L2 is highly expressed in

PI3K/AKT/mTOR pathway mutations and CTLA-4 was

frequently expressed in PIK3CA and SMO mutated tumors.

Elevated PD-L1 expression has been found in atypical and

anaplastic meningiomas compared to benign (78), but a

significant correlation between expression and survival has not

yet been established (77).

Multiple phase I/II clinical trials are underway investigating

immune modulating checkpoint inhibitors. The use of

ipilimumab (NCT03604976) targeting CTLA-4, and

nivolumab (NCT03604978) targeting PD-1, as well as, both

medications together (NCT02648997) in conjunction with

stereotactic radiosurgery in recurrent atypical and anaplastic

meningiomas is currently being investigated. Other checkpoint

inhibitors are also undergoing investigation as sole treatment

targeting the programmed death pathway without radiation

(NCT03279692), as well as, neoadjuvant treatment alone

(NCT04728568) or in addition to neoadjuvant proton

radiation (NCT03267836) prior to reresection.
Conclusion

The diagnosis and treatment of meningiomas has remained a

clinical challenge greatly affected by evolutions in understanding of
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natural history, epidemiology, pathogenesis, and treatment

modalities. Advances in genetics and epigenetics have permitted

further molecular classification of meningiomas as well as

identification of molecular determinants of treatment response in

meningioma.With the advent and refinement of novel technologies,

clinically meaningful developments are emerging that maymarkedly

revolutionize the management for these tumors in the future.
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MAC-spinal meningioma score:
A proposal for a quick-to-use
scoring sheet of the MIB-1 index
in sporadic spinal meningiomas

Johannes Wach1*†, Motaz Hamed1†, Tim Lampmann1,
Ági Güresir1, Frederic Carsten Schmeel2, Albert J. Becker3,
Ulrich Herrlinger4, Hartmut Vatter1 and Erdem Güresir1

1Department of Neurosurgery, University Hospital Bonn, Bonn, Germany, 2Department of
Neuroradiology, University Hospital Bonn, Bonn, Germany, 3Department of Neuropathology,
University Hospital Bonn, Bonn, Germany, 4Department of Neurology, Section of Neuro-Oncology,
University Hospital Bonn, Bonn, Germany
Objective: MIB-1 index is an important predictor of meningioma progression.

However, MIB-1 index is not available in the preoperative tailored medical

decision-making process. A preoperative scoring sheet independently

estimating MIB-1 indices in spinal meningioma (SM) patients has not been

investigated so far.

Methods: Between 2000 and 2020, 128 patients with clinical data, tumor

imaging data, inflammatory laboratory (plasma fibrinogen, serum C-reactive

protein) data, and neuropathological reports (MIB-1, mitotic count, CD68

staining) underwent surgery for spinal WHO grade 1 and 2 meningioma.

Results: An optimal MIB-1 index cut-off value (≥5/<5) predicting recurrence

was calculated by ROC curve analysis (AUC: 0.83; 95%CI: 0.71-0.96). An

increased MIB-1 index (≥5%) was observed in 55 patients (43.0%) and

multivariable analysis revealed significant associations with baseline Modified

McCormick Scale ≥2, age ≥65, and absence of calcification. A four-point

scoring sheet (MAC-Spinal Meningioma) based on Modified McCormick, Age,

and Calcification facilitates prediction of the MIB-1 index (sensitivity 71.1%,

specificity 60.0%). Among those patients with a preoperative MAC-

Meningioma Score ≥3, the probability of a MIB-1 index ≥5% was 81.3%.

Conclusion: This novel score (MAC-Spinal Meningioma) supports the

preoperative estimation of an increased MIB-1 index, which might support

preoperative patient-surgeon consultation, surgical decision making and

enable a tailored follow-up schedule or an individual watch-and-wait strategy.

KEYWORDS

MIB-1 (Ki-67 labeling) index, score, spinal meningioma, proliferation, clinical implications
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Introduction

Spinal meningiomas (SM) account for only 12% of all

anatomic types of meningiomas (1–5). Spinal meningiomas

are predominantly benign and slowly growing WHO grade 1

tumors. However, higher WHO grades are also reported and

the frequency of them ranges between 1.5 and 8.5% (6–10).

Gross total microsurgical removal is the treatment of choice

for those meningiomas (11, 12). The majority of patients who

underwent surgical SM resection improve regarding

neurological functioning (10, 13). However, patients ≥ 66

years were found to have significant poorer recovery. The

tumor recurrence rate in spinal meningiomas range between

1.3 and 13% (4, 6, 14–20). In addition to the extent of

resection, male sex, dural tail sign, younger age, tumor size,

foraminal location and en plaque lesions were suggested as

predictors of tumor recurrence after spinal meningioma

surgery (21, 22)

Increased proliferative activity of tumor cells is an established

mechanism of oncogenesis (23, 24). The Molecular Immunology

Borstel 1 (MIB-1) index is a widespread immunohistochemical

method to detect nuclear structures which are exclusively visible

in proliferating cells. The Ki-67 antigen is detectable in the nuclei

of cells which are in G1, S, and G2 phases of the cell division cycle.

Hence, this method enables a calculation of the growing fraction

of a meningioma tissue (25–27). Furthermore, several

investigations and meta-analyses revealed that the MIB-1 index

is an independent risk factor for tumor progression in

meningiomas (28–31). Tailored preoperative evaluation,

accurate communication about the aims of surgery, and

maximum safe surgery with preservation of neurological

functioning are of paramount importance. However, MIB-1

index is not available as a basis for a detailed tailored

consultation in the preoperative surgical decision-making and

surgeon-patient conversation. In a previous institutional series, we

identified that the MIB-1 labeling indices in spinal meningiomas

are significantly lower compared to the cranial meningiomas.

Hence, sufficient predictors of MIB-1 labeling indices in spinal

meningiomas have to be investigated separately from cranial

meningiomas (32).

The present study investigates our patient cohort of sporadic

spinal WHO grade 1 and 2 meningiomas regarding potential

clinical characteristics, laboratory inflammatory markers, and

imaging features as predictors of an elevated MIB-1 index.
Methods

Patient population

This investigation reviewed 130 consecutive SM patients

who underwent surgery between 2000 and 2020. The aim of
Frontiers in Oncology 02
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the present single-center series is focused on the investigation

of SMs located below the craniocervical junction. Patients with

craniocervical meningiomas (occipital bone, C1, C2), patients

with anterior foramen magnum meningiomas, a recurrent

meningioma after radiotherapy, and neurofibromatosis type

2 patients were excluded because of their different clinical

symptoms, neuropathology, and treatment strategies (33–36).

Patients without neuropathological reports regarding the MIB-

1 index were excluded. One-hundred-twenty-eight patients

were included in the final study cohort.
Data recording and radiological features

Clinical data such as age, sex, comorbidities, Karnofsky

Performance Status, body mass index (BMI), length of stay (in

days) and the American society of anesthesiologists physical

status classification system (ASA) were recorded in a

computerized database (SPSS, version 27 for Windows, IBM

Corp., Armonk, NY). Preoperative neurological examination

was performed by institutional neurosurgeons and the

modified McCormick Scale (MMS) was used to display

neurological functioning and ambulatory ability (37). MMS

was dichotomized into “good” (I&II) and “poor” (III-V)

functioning as previously described (13, 38). Preoperative

magnetic resonance imaging (MRI) was conducted within 72

hours prior to surgical treatment. Furthermore, all patients

preoperatively underwent CT-scans of the spine segment

under investigation. Calcification was confirmed by CT scans

representing focal or diffuse hyperdense gross calcifications (39).

On MRI, calcification resulted in signal intensity decrease on

both T1- and T2-weighted MR images and a more

heterogeneous Gd-enhancement compared to the typically

encountered MR-imaging characteristics (e.g., homogeneous

Gd-enhancement) of meningioma (40) (Figure 1). First

postoperative MR imaging was scheduled at 3-months after

surgery and further appointments for MRI were scheduled on

an annual basis (41). Spinal meningioma recurrence was defined

as a visible meningioma progression on follow-up MRI at least

one year after surgery (42). T2-weighted images showing high

signal intensity changes of the spinal cord were interpreted as

myelomalacia (43).
Surgical workflow

Surgery was indicated in case of local back pain combined

with absence of competing spinal pathologies, neurological

deficits, and compression of the spinal cord. Surgical strategy

was dependent on the site of dural attachment of the

meningioma, meningioma size, as well as the involved

sp ina l s egment o f the SM. Hemi laminec tomy or

laminoplasty was performed in order to preserve functional
frontiersin.org
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stability of the spine. Dentate ligament was resected if the SM

had a ventral dural attachment. Dural closure and

reconstruction was performed with continuous silk sutures

and additionally sealed with TachoSil® (Fibrin Sealant Patch)

if deemed necessary. Further surgical workflow was as

previously described (13).
Histopathology

Neuropathological classification is in line with 2021 WHO

criteria (11). Classification and grading of spinal meningiomas did

not undergo substantial revision in 2021. Immunohistochemical

staining was performed in a similar workflow as described

before for paraffin-embedded biopsy tissue specimens (44, 45).

The MIB-1 labeling index was determined using the

following antibody: anti-Ki67 (Clone Ki-67P, dilution 1:1000,

DAKO, Glostrup, Denmark) (24). Visualization was performed

with diaminobenzidine, and histopathological investigation

was conducted by expert neuropathologists, including A.J.B.

The MIB-1 index was analyzed in randomly selected

high-power microscopic fields. The amounts of stained and

unstained nuclei in the meningioma cells were determined.

Further neuropathological examinations were as previously

described (24, 46).
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Statistical analysis

Data were recorded and analyzed using SPSS for Windows

(version 27.0; IBM Corp, Armonk, NY, USA). Receiver-

operating characteristic curves (ROC) were created to

investigate the diagnostic performance of MIB-1 labeling index

in the prediction of a spinal meningioma recurrence. Cut-off

point for the MIB-1 labeling index was set based on the ROC

analysis. Kaplan-Meier charts of progression-free survival (PFS)

stratified by MIB-1 labeling indices as well as extent of resection

according to the Simpson grading were also calculated. Statistical

results of the log-rank test are reported. Normally distributed

data are presented as the mean with the standard deviation (SD).

Preoperat ive demographics , c l inica l data , imaging

characteristics, and inflammatory laboratory markers were

compared between patients with a normal and those with an

elevated MIB-1 labeling index using Pearson´s c2 test (two-

sided) for categorical data and independent t-test for continuous

data. Further ROC curves were constructed for age and MMS.

The area under the ROC curve (AUC) were investigated, and

cut-off thresholds for the continuous variables (age & MMS)

were set using the ROC analyses. Multivariable binary logistic

regression analysis was performed to identify predictive

variables of an elevated MIB-1 labeling index. A p-value

threshold of <0.10 in the univariable analysis was set regarding
FIGURE 1

(A, B) Axial and sagittal CT scans showing a representative case with a gross calcification of a thoracic spinal meningioma. (C, D) represent
sagittal T1-weighted Gd-enhanced and T2-weighted MR-images. (C) shows a heterogeneous ring-enhancing lesion because of the gross
calcification.
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the inclusion of variables in the multivariable binary logistic

regression analysis. Furthermore, sex was also included in the

multivariable analysis of factors being associated with an

increased MIB-1 labeling index because of the known strong

evidence suggesting male sex as a predictor of elevated MIB-1

labeling indices in cranial meningiomas (24, 47, 48). Wald test

was used for the analysis of dichotomized variables. A p-value of

<0.05 was defined as statistically significant. Significant

predictors of the multivariable analysis were included in a 4-

point scoring sheet predicting an increased MIB-1

labeling index.
Results

Patient characteristics

One hundred and twenty-eight patients fulfilled the

inclusion criteria and were surgically treated for SM at the

institutional department. Median age was 68 years (IQR 57-

75), and the present investigation included 98 females (76.6%)

and 30 males (23.4%; female/male ratio 3.27:1). Median baseline

Karnofsky performance scale (KPS was 80 (IQR 70-90). Tumors

were predominantly located in the thoracic spine. Tumor

classification according to the WHO classification criteria

included 119 patients with WHO grade 1 (93.0%) and 9

patients with grade 2 (7.0%). Further characteristics are

summarized in Table 1. Regarding histopathological type

among WHO grade 1 SMs, psammomatous meningioma (68/

119; 57.1%) was the most common subtype. Transitional,

meningothelial, fibroblastic, and angiomatous subtypes were

observed in 25 (25/119; 21.0%), 18 (18/119; 15.1%), 6 (6/119;

5.0%), and 2 (2/119; 1.7%) WHO grade 1 SMs patients,
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respectively. Atypical meningioma was observed in all cases

among the WHO grade 2 SMs.
MIB-1 labeling index in the prediction of
recurrent spinal meningioma

The MIB-1 index was available in all patients of the entire

cohort. The median MIB-1 labeling index was 4.0 (IQR 3.0-

5.0). A ROC curve was created, and the AUC of the MIB-1

labeling index in the diagnostic performance regarding SM

recurrence was calculated. The AUC of the MIB-1 labeling

index in the prediction of SM recurrence was 0.83 (95% CI:

0.71-0.96, p = 0.03). Sensitivity and specificity of the MIB-1

labeling index for the prediction of a recurrent SM were

100.0% and 60.0%, respectively (Youden´s index: 0.60), with

a threshold of ≥5%. Figure 2A displays the ROC curve and

summarizes the results of the statistical analysis. Median

(range) and mean time of imaging follow-up (n = 88) were

14.0 (3.0-169.0) and 33.70 months, respectively. Analysis of

PFS was performed in 88 (69.0%) of the 128 patients. Four

recurrent SMs were detected in the group of patients with a

MIB-1 labeling index ≥ 5%, whereas no recurrent SM was

observed in the group of patients with a MIB-1 labeling index

< 5%. Figure 2B displays the Kaplan-Meier curves of the MIB-

1 labeling index groups (<5/≥5%). Furthermore, extent of

resection according to the Simpson grading system was

analyzed with regard to the probability of progression-free

survival. Mean time to tumor progression in SM patients who

underwent a Simpson grade I or II resection was 159.7 (95%

CI: 143.5 – 175.9) months, and in those patients who

underwent a Simpson grade ≥III resection it was 48.0 (95%

CI: 14.7 – 81.3) months, respectively (log-rank test: p = 0.001).

Figure 2C illustrates the Kaplan-Meier chart of progression-

free survival stratified by Simpson grade.
Association between the MIB-1 labeling
index and clinical, imaging, and
laboratory features

Fifty-five patients had a MIB-1 labeling index of ≥ 5%, and

73 patients had a MIB-1 labeling index of <5%. Patients with an

elevated MIB-1 labeling index were significantly older compared

to patients with a lower MIB-1 labeling index. Patients with a

MIB-1 labeling index of ≥ 5% had also a significantly higher

MMS at presentation (2.3 +/- 1.2 vs. 1.8 +/- 1.0; p = 0.008).

Furthermore, patients with a lower MIB-1 labeling index (<5%)

had significantly more often a calcification of the SM compared

to patients with an elevated MIB-1 labeling index. Extent of

resection was also homogeneously distributed among the SM

patients with normal (<5%) MIB-1 labeling index or increased

MIB-1 labeling index (≥5%). Among the patients with a normal
TABLE 1 Patient characteristics (n = 128).

Median age (IQR) (in y) 68 (57-75)

Sex

Female 98 (76.6%)

Male 30 (23.4%)

Median preoperative KPS (IQR) 80 (70-90)

Tumor location

Cervical 32 (25.0%)

Thoracic 94 (73.4%)

Lumbar 2 (1.6%)

Simpson grade

Simpson grade I&II 123 (96.1%)

Simpson grade ≥ III 5 (3.9%)

WHO grade

WHO grade 1 119 (93.0%)

WHO grade 2 9 (7.0%)
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MIB-1 labeling index (<5%, n = 73), 71 patients (71/73; 97.3%)

underwent either a Simpson grade I or II resection, whereas 52

patients (52/55; 94.5%) of those with an increased MIB-1

labeling index (≥5%, n = 55) underwent either a Simpson

grade I or II resection (Fisher´s exact test (two-sided): p =

0.65). Further clinical, imaging, and laboratory characteristics

are detailed in Table 2.

ROC curves were created, and the AUCs of age and

baseline MMS in the prediction of an elevated MIB-1

labeling index (≥5%) were created. The AUCs for age and

baseline MMS were 0.61 (95% CI: 0.51-0.72, p = 0.04) and 0.64

(95% CI: 0.54-0.74, p = 0.01). Optimum cut-off values for age

and baseline MMS were identified at ≥65/<65 and ≥2/<2. The

sensitivity and specificity of age at diagnosis for predicting a

MIB-1 labeling index of ≥5% were 70.5% and 50.0%,

respectively. Moreover, the sensitivity and specificity of

baseline MMS for the prediction of an increased MIB-1

labeling index (≥5%) were 69.3% and 52.1%. Multivariable

binary logistic regression analysis with consideration of MMS,

calcification, dural tail sign, sex, and age was performed. The

multivariable analysis found that MMS ≥ 2, age ≥ 65, and the

absence of calcification were significantly associated with a

MIB-1 labeling index of ≥ 5%. Figure 3 displays the results of

the multivariable binary logistic regression analysis.
Predictive scoring sheet

Hence, we created and investigated a proposal for a

predictive scoring system of an increased MIB-1 labeling index

in sporadic spinal meningioma. The present proposal was

created with the following objectives: (1) to feasibly estimate

the MIB-1 labeling index using easily determinable preoperative

variables and (2) to quick-to-use in the clinical care for SM

patients. These objectives resulted in the following point
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distribution system for a novel scoring sheet, which we called

the “MAC-Spinal Meningioma” score, ranging from 0 to 4

points (Figure 4): Baseline Modified McCormick Scale ≥ 2 (1

point); age ≥ 65 years at diagnosis (1 point); absence of

calcification (2 points). In the present study, the mean score in

patients with a MIB-1 labeling index of ≥ 5% was 3.2 (SD = 0.78),

and it was 2.67 (SD = 0.81) in patients with a MIB-1 labeling

index of <5%, respectively (p < 0.001). The AUC for the MAC-

Spinal Meningioma score in predicting an increased MIB-1

labeling index (≥5%) was 0.70 (95% CI: 0.60-0.80, p = 0.001).

Using a cut-off value of 3 points, the score yields a sensitivity of

71.1%, a specificity of 60.0%, a positive predictive value of 81.3%,

and a negative predictive value of 45.8%. Figure 5 shows the

ROC curve and the results of the statistical analysis. An additive

score of ≥ 3 points implies a probability of 81.3% for finding a

MIB-1 labeling index of ≥ 5% in the neuropathological analysis

of sporadic spinal meningiomas.
MAC-Spinal Meningioma score and
perioperative clinical implications

MAC-Spinal Meningioma score was further investigated

regarding perioperative clinical implications. The correlation

between length of stay (in days) and MAC-Spinal Meningioma

score was analyzed. The mean (+/- SD) length of stay in the

study cohort was 13.2 (+/- 12.5) days. Spearman´s correlation

analysis revealed a statistically significant (p = 0.047) positive

correlation between the length of stay and MAC-Spinal

Meningioma score (r = 0.18). Figure 6 displays the

correlation analysis. Furthermore, the association between

the course of MMS (baseline – 3-months) and MAC-Spinal

Meningioma score was investigated. Patients with a high

MAC-Spinal Meningioma Score (3-4 points) had a

significantly worse mean (+/-SD) baseline MMS at 2.34 +/-
B CA

FIGURE 2

(A) Receiver-operating characteristic curve showing the MIB-1 labeling index in the prediction of progression of sporadic spinal meningiomas.
The dashed line marks the identified optimum cut-off value. (B) Kaplan-Meier analysis of tumor progression probability stratified by “MIB-1 ≥ 5%”
(red line) and “MIB-1 < 5” (blue line). Vertical dashes represent censored data (constituting for progression-free at last follow-up) within the PFS
curves. The time axis is right-censored at 200 months. (C) Kaplan-Meier charts of tumor progression probability stratified by “Simpson grade
≥III” (red line) and “Simpson grade I & II” (blue line). Vertical dashes represent censored data (constituting for progression-free at last follow-up)
within the PFS curves. The time axis is right-censored at 200 months.
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1.12, whereas patients with a low MAC-Spinal Meningioma

Score (0-2 points) had a mean (+/-SD) baseline MMS at 1.51

+/- 0.92 (p < 0.001). At 3-months after surgery, patients with a

high MAC-Spinal Meningioma score improved significantly

more regarding ambulatory functioning. Patients with a high

MAC-Spinal Meningioma Score (3-4 points) had a mean
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(+/-SD) MMS of 1.65 +/- 0.87 at 3-months, and patients

with a low MAC-Spinal Meningioma Score (0-2 points) had

a mean (+/-SD) MMS of 1.30 +/- 0.74, respectively (p = 0.07).

Hence, the mean difference of MMS (between baseline and 3-

months follow-up) was -0.077 +/- 0.39 in patients with a low

MAC-Spinal Meningioma Score (0-2 points), and -0.43 +/-
TABLE 2 Baseline clinical, imaging and laboratory characteristics in spinal meningioma patients with a normal and increased MIB-I labeling index
(n = 128).

Variable MIB-I <5 % (n=73) MIB-I ≥5 % (n=55) p-value

Age (mean +/- SD)) 62.7 +/- 14.0 67.8 +/- 11.0 0.03

Sex
female
male

56 (76.7%)
17(23.3%)

42 (76.4%)
13 (23.6%)

0.99

KPS (mean +/- SD) 81.6 +/- 11.1 82.0 +/- 11.0 0.86

Modified McCormick
Scale (mean +/- SD)

1.8 +/- 1.0 2.3 +/- 1.2 0.008

Diabetes
Present
Not present

10 (13.7%)
63 (86.3%)

10 (18.2%)
45 (81.8%)

0.62

Smoking
Present
Not present

12 (16.4%)
61 (83.6%)

9 (16.4%)
46 (83.6%)

0.99

ASA intake
Present
Not present

8 (11.0%)
65 (89.0%)

10 (18.2%)
45 (81.8%)

0.36

Dexamethasone intake
Present
Not present

11 (15.1%)
62 (84.9%)

8 (14.5%)
47 (85.5%)

0.93

Location
Cervical
Thoracic & lumbar

20 (27.4%)
53 (72.6%)

12 (21.8%)
43 (78.2%)

0.54

Calcification
Present
Absent

10 (13.7%)
63 (86.3%)

1 (1.8%)
54 (98.2%)

0.02

Cysts
Present
Absent

2 (2.7%)
71 (97.3%)

0 (0.0%)
55 (100.0%)

0.51

Dural tail sign
Present
Absent

9 (12.3%)
64 (87.7%)

14 (25.5%)
41 (74.5%)

0.07

Dural attachment (one patient was excluded due to selective arachnoid attachment)
Ventral
Lateral
Dorsal

19 (26.0%)
27 (37.0%)
27 (37.0%)

19 (35.2%)
24 (44.4%)
11 (20.4%)

0.13

Involved spinal segments
≤ 2
> 2

67 (91.8%)
6 (8.2%)

48 (87.3%)
7 (12.7%)

0.56

Myelomalacia (T2-weighted MR-image)
Present
Absent

39 (53.4%)
34 (46.6%)

28 (50.9%)
27 (49.1%)

0.86

Plasma Fibrinogen (mean +/- SD) 3.2 +/- 0.6 3.5 +/- 0.9 0.25

Serum C-reactive protein (mean +/- SD) 4.8 +/- 8.7 5.2 +/- 7.6 0.77

White blood cell count (mean +/- SD) 8.6 +/- 3.9 8.7 +/- 4.3 0.95

Simpson grade
I & II
≥ III

71 (97.3%)
2 (2.7%)

52 (94.5%)
3 (5.5%)

0.65
fronti
Bold values represent statistically significant results (p<0.05).
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0.74, respectively (p = 0.007). Figure 7 displays the course of

MMS in patients with low- and high-MAC-Spinal

Meningioma Score.
Discussion

Established negative predictors of spinal meningioma

recurrence are increased MIB-1 labeling indices, arachnoid

invasion, and subtotal resection (17, 49, 50). An increased

MIB-1 labeling index is inversely correlated with time to

tumor progression in SM and has a positive correlation with

the grading of meningiomas (14, 31, 51, 52). SM patients

predominantly consulate neurosurgeons via elective

appointments in an outpatient clinic. Hence, it is essential

that patients and their relatives are provided with a tailored
Frontiers in Oncology 07
280
and extensive consultation. Nevertheless, MIB-1 labeling

indices are not available at the preoperative appointments

discussing treatment strategies, extent of resection, imaging

intervals, and risk-benefit ratios. The present investigation

shows a novel scoring sheet to estimate an elevated MIB-1

labeling index. This potential predictive score includes three

routinely and easily determinable characteristics to estimate

an elevated MIB-1 labeling index. Furthermore, this scoring

system might enable a tailored schedule for imaging in

patients who prefer a watch-and-wait strategy instead of

surgery. For instance, patients with an increased risk profile

(e.g., high ASA class) and the absence of a symptomatic spinal

meningioma preferring an initial watch-and-wait strategy,

might be scheduled for a more stringent follow-up interval

in order to not miss a further tumor progression resulting in a

neurological deterioration if they have an increased MAC-
FIGURE 3

Forest plots from multivariable binary logistic regression analysis: Modified McCormick scale ≥ 2 at presentation, age ≥ 65 years at diagnosis,
and absence of calcification are independent predictors of increased MIB-1 labeling index. Black circles indicate the adjusted odds ratio of each
variable and the lines represent the corresponding 95% confidence interval. P-values in bold and italics display statistically significant results.
FIGURE 4

A proposal for a novel clinical scoring sheet to preoperatively estimate the risk of an increased MIB-1 labeling index (≥5%). An additive score of ≥
3 points implies a probability of 81.3% for having an increased proliferative activity.
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Spinal Meningioma score (≥3 points) suggesting a potential

increased proliferative activity.

Our results are summarized in the following: (1) a cut-off

point of the MIB-1 labeling index set at 5% had the most

accurate sensitivity and specificity in the discrimination
Frontiers in Oncology 08
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between stable and progressive SM; (2) Baseline Modified

McCormick Scale ≥ 2, age ≥ 65 years at diagnosis, and absence

of calcification were significantly associated with an elevated

(≥5%) MIB-1 labeling index; (3) the presence of at least one

variable among Modified McCormick Scale or age ≥ 65 years at
FIGURE 6

Length of stay (in days) in relation to the MAC-Spinal Meningioma Score of 128 primary sporadic spinal meningiomas.
FIGURE 5

Receiver-operating characteristic curve demonstrating the MAC-Spinal Meningioma Score in the prediction of increased MIB-1 labeling index of
sporadic spinal meningiomas. The dashed line marks the identified optimum cut-off value of the MAC-Spinal Meningioma score in the
prediction of an increased MIB-1 labeling index (≥5%).
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diagnosis in combination with the absence of calcification was a

strong predictor of an elevated MIB-1 labeling index; (4) high

MAC-Spinal Meningioma Score (3-4 points) is strongly

associated with a prolonged length of stay; (5) Despite poorer

baseline functioning, patients with a high MAC-Spinal

Meningioma score (3-4 points) improve significantly more

regarding neurological functioning compared to low MAC-

Spinal Meningioma Score patients.

ROC curves were constructed in the present study cohort to

evaluate the most accurate cut-off point of the MIB-1 labeling in

the estimation of SM recurrence. The present investigation

revealed a threshold set at ≥5% as the optimal cut-off point.

Cut-off points of MIB-1 labeling index are highly debated in the

literature and a broad range (2-20%) of optimum thresholds are

reported (29). A recent meta-analysis pooling optimum cut-off

points of 43 investigations found a cut-off value set a >4% as

accurate regarding risk stratification of overall survival and

progression-free survival [29]. However, it has to be reminded

that the pooling of MIB-1 labeling index regarding the

identification of optimum cut-off values might be more

appropriate in a setting analyzing spinal and cranial

meningiomas separately. Roser et al. (53) revealed that SMs

have significantly lower MIB-1 labeling indices compared to

intracranial meningiomas. Therefore, the interlaboratory

comparison of reported cut-off points is potentially limited by

multiple factors. For instance, the extent of resection has to be

considered regarding the specimen sampling because a partially

resected tumor tissue implies the risk that the “hotspot” area of

maximum proliferative potential is not within the specimen (54).

Moreover, it has to be considered that the comparison of
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interlaboratory MIB-1 labeling indices is also limited by

different neuropathological methods (e.g., manual or digital) to

determine the MIB-1 labeling index (55).

The results of the multivariable analysis demonstrated that

increased baseline MMS ≥2, age ≥ 65 years at diagnosis, and

absence of calcification in baseline CT imaging are both

significant and independent predictors of an elevated MIB-1

labeling index (≥5%) in SM.

Baseline modified McCormick scale displaying the

ambulatory mobility of the patients and their functioning at

diagnosis was independently associated with an increased MIB-1

labeling index. To date, this finding has not been described in

previous clinicopathological investigations of SMs. However, we

have also recently showed in a retrospective institutional series

of frontal skull base meningiomas that increased MIB-1 labeling

indices are strongly associated with the development or

aggravation of new cranial nerve deficits after surgery (45).

Moreover, a recent retrospective series evaluating 384 patients

who underwent surgery for supratentorial meningiomas

revealed that increased MIB-1 labeling indices are significantly

associated with Engel class outcomes displaying the

postoperative seizure burden (56). Hence, MIB-1 labeling

indices might be a potential marker for location-specific

symptoms of meningiomas. Furthermore, MIB-1 labeling

index has been identified in vestibular schwannomas as

diagnostic staining marker which is inversely correlated with

the degree of baseline symptoms, duration of symptoms at

diagnosis, and postoperative facial nerve function (25, 57). We

suggest that those primary sporadic SMs having an increased

MIB-1 labeling index grew in a shorter time compared to those
FIGURE 7

Violin plots displaying the Modified McCormick scale at the preoperative examination, and at 3-months after surgery in patients with a low
MAC-Spinal Meningioma score (0-2 points, green violin plot) or a high MAC-Spinal Meningioma score (3-4 points, red violin plot). Violin plots
show mean and distribution of Modified McCormick scale. The thick horizontal black lines are the median values. P-values of the Student´s t-
test are reported.
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with lower MIB-1 labeling indices. Nevertheless, we could not

identify differences regarding the tumor size and myelomalacia

signs in T2-weighted MR scans among the low or high MIB-1

labeling indices groups. MIB-1 labeling index is known to

correlate with the growth rate of primary untreated

meningiomas as well as the regrowth of surgically treated

meningiomas (58–60).

The present study also showed a simple association between

age ≥ 65 years at diagnosis and elevated MIB-1 labeling indices

in SM. This relationship was observed in several investigations

(61–64). Elderly patients having higher MIB-1 indices were also

found by a previous investigation analyzing a prospective

database including 1372 cranial meningioma patients (65).

Nevertheless, this finding is still controversially debated in the

literature. There are also studies which found that proliferation

reflected by MIB-1 and progesterone receptor status are not age

dependent (66). Furthermore, Maiuri et al. (14) performed a

retrospective series of 120 SM patients and dichotomized the

study cohort into two groups aged younger or older than 50

years. However, the cut-off set in the mentioned investigation

might have been chosen to low because several studies reported

mean ages at diagnosis ranging between 60 and 65 years in SM

patients (13, 67, 68).

The presence of a calcified spinal meningioma in CT-

imaging studies was significantly linked to decreased MIB-1

labeling indices (<5%). Calcification can be observed in up to

25% of meningiomas and was already previously found to be

associated with slow growth and lower grade histopathology in

cranial meningiomas (69–72). A meta-analysis investigating 777

cranial meningioma patients revealed that tumor calcification is

inversely correlated with the meningioma growth rate (69).

Moreover, the correlation of CT-imaging signs such as

calcification with the immunohistochemical variable MIB-1

labeling index was also investigated in a retrospective series

investigating 342 consecutive meningioma patients. Logistic

regression analysis of the mentioned study also demonstrated

that the absence of calcification is significantly associated with

increased MIB-1 labeling indices (47). The implications of

calcified or noncalcified meningiomas in terms of a watch and

wait approach was also analyzed in a previous series (71). For

instance, Rubin et al. (70) followed up both 33 calcified

meningioma patients and 27 noncalcified meningioma patients

for a mean follow-up time of 65 months. Eighteen of the

noncalcified meningiomas showed a tumor growth, whereas

only 3 patients of the calcified meningioma group had a

meningioma growth. The presence of calcification in SM is

more uncommon compared to cranial meningiomas. Gross

calcification is described for only 1-5% of SM (73). Previous

investigations of calcified SM were predominantly focused on

the surgical implications in this rare subgroup of SM regarding

functional outcome. Calcified SMs are suggested to be more

adherent to spinal nerves and the surrounding layers involving

the dura. This condition might be induced by the deposition of
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calcium in calcified SMs. Several retrospective series debated that

the calcification of SMs is strongly associated with poor

functional outcomes (4, 74).

The present MAC-Spinal Meningioma score represents a

newly created scoring sheet which facilitates the estimation of

an increased MIB-1 labeling index in SM. The scoring system

might support the preoperative therapy planning and aid

physicians in the preoperative consultation with both

patients and their relatives because neuropathological

characteristics are not available in this setting. Furthermore,

SM patients with an elevated MAC-Spinal Meningioma score

(≥3) who favor a watch-and-wait policy of their asymptomatic

spinal meningiomas should be advised about the need to

perform a more stringent schedule of follow-up images.

Hence, the MAC-Spinal Meningioma score might facilitate a

tailored treatment strategy planning in the preoperative

s e t t ing . Fur the rmore , MIB-1 l abe l ing index was

demonstrated to be a reliable marker for the time to tumor

progression in a prospective trial. This mentioned study

analyzed the rates of tumor recurrence and the time to

regrowth in WHO grade 1-3 meningiomas. Patients with a

MIB-1 index ≥ 5% suffered significantly more often from a

tumor progression within the first 24 months after surgery

compared to patients with a MIB-1 index ranging between 0

and 4% (75). Moreover, a retrospective series analyzing 239

WHO grade 1 meningiomas showed that the recurrence rates

of patients who underwent a gross total resection of a

meningioma with a MIB-1 labeling index > 4.5 are similar to

patients who had a subtotal resection (60). In a recent

institutional intraindividual study of cranial WHO grade 1

and 2 meningiomas we have also confirmed that the MIB-1

labeling indices have a high intraindividual reproducibility

which also favors the diagnostic value of the MIB-1 labeling

index in terms of tumor progression (76). Therefore, this

knowledge might inform the postoperative risk stratification

of a meningioma recurrence and facilitate an individualized

stringent follow-up strategy. Against this backdrop, it is

essential to preoperatively discuss the risk of an increased

MIB-1 index and the potential consequences regarding

indiv idua l i zed fo l low-up s t ra teg ies a f te r surgery .

Intraoperative determination of the MIB-1 labeling index to

aid the surgical decision making has not been established yet

(77, 78). Hence, this scoring system might facilitate the

preoperative medical decision-making regarding extent of

resection because calcified SMs might be of more benign

character, and they are suggested to be associated with

poorer functional outcome. Furthermore, the scoring system

was also found to be associated with the perioperative course

and postoperative course of neurological functioning. A high

MAC-Spinal Meningioma score was significantly associated

with a prolonged length of stay in the hospital. This strong

association might be caused by the fact that patients with a

high MAC-Spinal Meningioma score are older and have a
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poorer baseline MMS. However, we identified that those

patients with a high MAC-Spinal Meningioma score

improved significantly more regarding neurological

functioning compared to those with a low MAC-Spinal

Meningioma score. Hence, both groups had no differences in

the MMS at 3-months after surgery. This finding might be

caused by the fact that those patients with a high MAC-Spinal

Meningioma Score had significantly higher MIB-1 labeling

indices which suggests that those spinal meningiomas grew in

a shorter time and might have not already resulted in a chronic

compression of the spinal cord. Hence, those patients might

have a better spinal plasticity. All in all, spinal meningioma

patients with a high MAC-Spinal Meningioma score might be

educated about a potentially faster growing meningioma with

an increased MIB-1 labeling index, and a longer length of stay

in the hospital. Nevertheless, those patients with a high MAC-

Spinal Meningioma Score have surprisingly a nearly identical

ambulatory functioning at 3-months after surgery.

Consequently, surgical treatment for patients with a high

MAC-Sp ina l Mening ioma Score migh t be h igh ly

recommended due to the following reasons: 1) Prevention of

the risk of further tumor progression potentially resulting in

further neurological deterioration; 2) despite poorer baseline

functioning, excellent chances to recover and achieve a nearly

identical neurological functioning as patients with a low

MAC-Spinal Meningioma Score at 3-months after surgery.

The present investigation has several limitations. Despite the

data were acquired from a highly selective and homogeneous

cohort, the retrospective design suffered from the potential

limitations of a single institutional series. Additionally, MIB-1

labeling indices have to be interpreted with caution due to

potential interobserver variability. Several approaches are

possible to determine the MIB-1 labeling index, and digital

imaging analysis systems might provide a more objective

method because it enables a greater number of microscopic

fields for the analysis (79). Furthermore, a multicentric

prospective trial including a homogeneous study cohort and

detailed data has to provide an external validation of the newly

created MAC-Spinal Meningioma scoring proposal for sporadic

spinal meningiomas.
Conclusion

MIB-1 labeling index seems to be strongly correlated with an

increased risk of tumor progression in sporadic spinal

meningioma. The present investigation provides a proposal for

a novel scoring sheet (“MAC-Spinal Meningioma”), which

might facilitate the preoperative estimation of the MIB-1

labeling index. Moreover, this scoring system might enhance

the preoperative surgical decision-making process and guide a

tailored treatment strategy in terms of risk-benefit analysis.
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Symptom burden and surgical
outcome in non-skull
base meningiomas

Tobias Mederer1,2, Sebastian Schachinger1,2,
Katharina Rosengarth1,2, Anja Brosig3,
Karl-Michael Schebesch1,2, Christian Doenitz1,2,
Nils-Ole Schmidt1,2 and Martin Andreas Proescholdt1,2*

1Department of Neurosurgery, University Hospital Regensburg, Regensburg, Germany, 2Wilhelm
Sander-NeuroOncology Unit, University Hospital Regensburg, Regensburg, Germany, 3Department
of Otorhinolaryngology, University Hospital Regensburg, Regensburg, Germany
Purpose: Non-skull base meningiomas (NSBM) are a distinct entity and

frequently present with focal neurological deficits. This study was designed

to analyze functional and oncological outcome following microsurgical tumor

resection in patients with NSBM.

Patients and methods: An analysis of 300 patients that underwent NSBM

resection between 2003 and 2013 was performed. Assessment measures for

functional outcome were Karnofsky Performance Scale (KPS), Medical

Research Council - Neurological Performance Scale (MRC-NPS), and

improvement rates of focal deficits and seizures. The extent of resection;

recurrence-free survival (RFS) and tumor-specific survival (TSS) were

also determined.

Results: Impaired KPS and MRC-NPS were present in 73.3% and 45.7%,

respectively. Focal neurological deficits were recorded in 123 patients

(41.0%), with hemiparesis (21.7%) and aphasia (9.3%) the most prevalent form

of impairment. Most meningiomas were localized at the convexity (64.0%),

followed by falcine tumors (20.3%). Both KPI and MRC-NPS scores were

significantly improved by surgical resection. Postoperative improvement rates

of 96.6%, 89.3%, 72.3%, 57.9%, and 27.3% were observed for aphasia, epilepsy,

hemiparesis, cranial nerve, and visual field deficits, respectively. Long-term

improvement was achieved in 83.2%, 89.3%, 80.0%, 68.4% and 54.6% of

patients, respectively. Gross total resection (GTR) over subtotal resection

(STR) significantly improved preoperative seizures and visual field deficits and

correlated with reduced risk of new postoperative hemiparesis. Poor Simpson

grade was the only significant prognostic factor in multivariate analysis for

long-term functional deficit, which occurred in 7.3%. Median RFS was 45.9

months (6.0 - 151.5 months), while median TSS was 53.7 months (3.1 – 153.2

months). Both WHO grade (p= 0.001) and Simpson classification (p= 0.014 and

p= 0.031) were independent significant prognostic factors for decreased RFS

and TSS by multivariate analysis, respectively. Furthermore, tumor
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diameter > 50 mm (p= 0.039) significantly correlated with decreased TSS in

multivariate analysis.

Conclusion: Surgical resection significantly and stably improves neurological

deficits in patients with NSBM.
KEYWORDS

meningioma, neurological deficit, resection, outcome, recurrence
1 Introduction

Meningiomas are the most frequent intracranial neoplasms

and arise from arachnoid cap cells in the central nervous system

(CNS) (1). According to theWorld Health Organization (WHO)

classification of CNS tumors, meningiomas are divided into

three grades with increasing malignancy (2). While roughly

80% of all meningiomas are WHO grade I with a good

prognosis, the mortality and recurrence rates increase with

WHO grades II and III (3). Based on tumor location,

meningiomas are dichotomized into skull base (SBM) and

non-skull base meningiomas (NSBM) (4). In addition to

localization, several aspects indicate that SBM and NSBM are

biologically and clinically distinct entities. Patients with NSBM

present at an older age compared to SBM (5), and significantly

more male patients are affected (6). Although a gross total

resection defined as resection grade I or II according to the

Simpson classification (7) is achieved more frequently (8, 9) and

consequently, the recurrence rates are lower in NSBM (10), the

progression-free interval is shorter (11) and the volumetric

growth rate is significantly faster in NSBM (12). This aspect is

reflected by the 2-4 times higher risk for WHO grade II or III

malignancy grades (11, 13–16) and the significantly higher

proliferation index (5, 17) in NSBM even when analyzing

WHO grade I tumors only (9). The tendency of NSBM to

develop more aggressive lesions may be caused by a different

cell of origin in addition to a specific molecular framework of

these tumors (18–20). Surgical resection in NSBM patients has

three main goals: 1. Acquisition of tissue to establish a

histological and molecular diagnosis (21); 2. Maximal removal

of neoplastic tissue to achieve optimal tumor control (22); and 3.

Decompression of eloquent brain - structures to normalize the

neuro-functional status of the affected patients (23). Several
-attenuated inversion

y performance score;

l Performance Scale;

e-free survival; SBM,

TSS, Tumor-specific
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studies have addressed the postoperative improvement of

neurological symptoms after meningioma resection (24–30).

However, no data are available reflecting the role of surgical

resection on the functional status in NSBM patients as they

reflect a separate entity with regard to localization, symptom

burden, and clinical and biological dynamics. Therefore, our

study aimed to assess the short and long-term impact of surgery

on clinical performance scale rating, focal neurological

impairments, and frequency of seizures as well as to evaluate

prognostic factors for neurological improvement, tumor

recurrence, and tumor-specific survival in NSBM patients.
2 Methods

2.1 Patient population and
ethical approval

We conducted a prospective clinical registry for all patients

diagnosed with an NSBM between 2003 and 2013 that

underwent craniotomy and microsurgical tumor resection at

the University Hospital of Regensburg. A total of 300 patients

were included in this study. Skull-base meningiomas and

patients under the age of 18 were excluded. Informed consent

was obtained from all patients. A qualified staff neurosurgeon

performed all tumor resections; the intraoperative findings were

collected by reviewing the surgery reports. All data was either

collected prospectively during follow-up appointments or

retrospectively by reviewing outpatient records and/or by

contacting the patient’s primary care physician. The study was

conducted in accordance with the ethical standards of the

Helsinki Declaration and approved by the local ethics review

board (20-1799-101).
2.2 Functional assessment

Clinical, neurological and oncological outcome was

evaluated at three time points: preoperative, postoperative, and

last follow-up. Clinical and neurological performance was
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classified by the Karnofsky Performance Scale (KPS) and the

Medical Research Council - Neurological Performance Scale

(MRC-NPS) (31). Tumor recurrence was classified as

progression of residual tumor or tumor recurrence after gross

total resection (GTR) in follow-up brain imaging according to

RANO criteria (32).
2.3 Imaging analysis

Patients received preoperative MRI scans according to a

standard screening protocol including in T1-weighted imaging

with and without contrast agent, T2-weighted-, FLAIR and

diffusion-weighted imaging. Lesions that showed more than

35% peritumoral FLAIR or T2 hyperintensity in relation to the

tumor volume were classified as tumors with significant perifocal

edema. The largest axial diameter in T1-weighted, contrast-

enhanced imaging was measured for tumor size assessment.

On the day after surgery, patients underwent a postoperative CT

scan. Follow-up imaging included a baseline MRI 3 months after

surgery, followed by yearly MRI scans in grade I meningiomas.

Higher grade meningiomas were scanned every 6 (grade II) and

3 months (grade III). Extent of resection (EOR) was evaluated by

reviewing surgical reports and by an independent neuro-

radiologist based on the postoperative baseline MRI scans.
2.4 Histopathological assessment

Histopathological diagnoses were performed by independent

neuropathologists according to the WHO grading system for

meningiomas. MIB-1 labeling index was determined by

neuropathologists as the percent of positively stained tumor

cell nuclei in a minimum of four high magnification (400x)

visual fields.
2.4 Statistical analysis

Descriptive and comparative statistical analyses were

performed with Stata software (version 14.2, Stata

Corporation, College Station, TX, USA). Continuous variables

are reported as mean, median, and range. Rates and proportions

were analyzed using Chi square analysis, group differences were

detected by performing two-tailed Mann-Whitney testing, and

one-way repeated measure ANOVA. To analyze survival rates,

the Kaplan-Meier method was applied, univariate analysis was

performed by log-rank test, and multivariate testing was

performed by calculating a multivariate logistic regression or a

multivariate Cox regression analysis. Violin plots and Sankey

plots were created with the online software PlotsOfData (33) and

RAWGraphs (34) and modified with Adobe Illustrator CC 2018.
Frontiers in Oncology 03
289
3 Results

3.1 Description of patient characteristics
and treatment pattern

A total of 300 consecutive patients with an NSBM surgically

treated at the University Hospital of Regensburg between 2003

and 2013 were included in this study. The majority of resections

(95.7%) were either performed or supervised by a team of 5

board-certified attending neurosurgeons with a comparable level

of experience. The clinical baseline characteristics of the entire

study population are summarized in Table 1. The median age

was 60.6 years (range: 25.2 - 89.1 years) with a male-to-female

ratio of 1:2.3 (91 males and 209 females). The median follow-up

time was 87.0 months (range: 3 - 153.4 months) .

Histopathological diagnosis showed 253 (84.3%) WHO I, 44

(14.7%) WHO II, and 3 (1.0%) anaplastic WHO III

meningiomas. Most tumors were localized at the convexity

(64.0%), followed by falcine tumors (20.3%), from which the

anterior third of the falx was most prevalently affected (68.8%).

Parasagittal tumors occurred in 15.7% of all patients. The

predominant brain lobe locations were frontal and fronto-

parietal with 47.3% and 23.7%, respectively. Gross total

resection (GTR) corresponding to Simpson I (51.0%) and

Simpson II (28.3%) was achieved in 79.3% of the patients. In

62 patients (20.7%) only subtotal resection (STR) could be

achieved (Simpson III: 7.0%, Simpson IV: 13.3% and Simpson

V: 3.3%; Figures 1A–D). We found a significantly worse GTR

rate in parasagittal tumors (38.3% GTR vs. 86.89% and 86.98%

in falcine and convexity, respectively; p =0.0001). A total of 16

patients (5.3%) received radiation treatment. Immediately after

resection, seven patients were treated with radiation (2.3%; 6

WHO grade II tumors and 1 WHO grade III tumor). Four

patients (1.3%) were radiated following resection of a recurrent

tumor, and two patients with recurrent tumors received

radiation without another resection. Finally, three patients

received radiation after the second recurrence. In incomplete

resections, the decision for radiation treatment was made based

on clinical, radiological, and histological criteria in the

interdisciplinary neurooncological tumor board. In the

majority of cases with incomplete resection of a WHO grade I

tumor, radiation treatment was started whenever signs of tumor

progress were detected.

While 89.7% of the patients initially presented with tumor-

related symptoms, 34 of the patients (10.3%) were diagnosed

with meningioma because of non-related symptoms that had led

to brain imaging. The most frequent presenting symptoms for

NSBM consisted of headache (32.3%), generalized or partial

seizures (29.7%), and hemiparesis (17.3%). Aphasia or visual

field deficits were seen in 9.3% and 3.7% of the patients,

respectively. Hemiparesis occurred significantly more

frequently in frontoparietal tumors compared to all other
frontiersin.org

https://doi.org/10.3389/fonc.2022.967420
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Mederer et al. 10.3389/fonc.2022.967420

Frontiers in Oncology 04
290
affected lobes (p = 0.027). Visual field deficits were more

prevalent in parasagittal tumors (p = 0.010). Psychoorganic

syndrome (memory loss, emotional lability, reduced

intellectual capacity) was significantly more frequent in falcine

tumors with 13.1% compared to 6.4% in parasagittal and 3.65%

in convexity tumors (p = 0.025). Seizures occurred significantly

more frequently in convexity tumors (27.08%) vs. 13.11% and

10.64% in falcine and parasagittal tumors, respectively (p =

0.009). WHO grades and histology classes were evenly

distributed throughout the lobes and the location of the

tumors. Tumors with a higher grade of malignancy (WHO

grade II&III) presented significantly more frequently with

large perifocal edema compared to WHO grade I tumors

(59.9% vs. 38.1%; p = 0.012)). Presurgical median KPI and

NPS were significantly worse in WHO grade II&III tumors

compared to WHO grade I tumors (p = 0.006 and 0.0156,

respectively), also, focal neurological deficits were significantly

more frequent in patients with grade II&III compared to grade I

tumors (p = 0.001).
3.2 Surgical morbidity and mortality

Perioperative complications were seen in 62 patients

(20.7%), while 87.1% of these patients had pre-consisting

comorbidities such as arterial hypertension (38.3%), thyroid

disease (15.3%), diabetes (13.0%), other neoplasms (10.0%),

obesity (9.3%), coronary heart disease (4.0%), smoking (3.6%)

and chronic obstructive pulmonary disease (3.3%). In addition,

patients showing postoperative complications were significantly

older compared to those without complications (p = 0.030). The

most frequent complications were CSF leaks (10.6%), wound

healing disorders (7.3%), and intracranial hemorrhage (4.3%)

(Table 2). The mortality rate was 1.0%, while the three patients

that died within 30 days of surgery had either low preoperative

Karnofsky Performance Scores (50-60) or higher-grade

meningioma (WHO II).
3.3 Functional outcome

The functional outcome of the patients following

craniotomy and microsurgical tumor resection was assessed by

the Karnofsky Performance Status (KPS) and the Medical

Research Council - Neurological Performance Scale (MRC-

NPS) preoperatively, postoperatively, and during the long-

term follow-up. Both KPS and MRC-NPS scores improved

significantly upon surgery (85.80 vs. 89.27, p < 0.0001 and

1.687 vs. 1.477, p = 0.0008 respectively) (Figures 2A, B).

During the follow-up the KPS remained stable (89.47, P =
TABLE 1 Clinical characteristics of the entire patient cohort.

Variable Number (%)

N = 300

Age (years) 60.6

Median
Range

(25.2 – 89.1)

Sex (f/m) 209 (69.7)/91 (30.3)

Follow up time (months) 87

Median
Range

3 – 153

WHO grade 253 (84.3)

I
II
III

44 (14.7)
3 (1.0)

MIB-1 labeling index (%) 5.3

Mean

Tumor diameter (mm)

Median
Range

37
4-120

Presurgical KPI

Median
Range

90
60 - 100

Extent of resection

GTR (Gross total resection)
STR (Subtotal resection)

238 (79.3)
62 (20.7)

Simpson classification

I
II
III
IV
V

153 (51.0)
85 (28.3)
21 (7.0)
40 (13.3)
1 (0.3)

Bone infiltration

Yes
No

75 (25.0)
225 (75.0)

Venous sinus infiltration

Yes
No

72 (24.0)
228 (76.0)

Localization

Convexity
Falx cerebri
Parafalcine

192 (64.0)
61 (20.3)
47 (15.7)

Side

Left
Right
Bilateral

147 (49.0)
136 (45.3)
17 (5.7)

Lobe

Frontal
Fronto-parietal
Parietal
Parieto-occipital
Occipital
Temporal
Fronto-temporal
Temporo-parietal
Temporo-occipital

142 (47.3)
71 (23.7)
31(10.3)
16 (5.3)
14 (4.7)
14 (4.7)
8 (2.6)
3 (1.0)
1 (0.3)
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0.359), whereas the neurological outcome - measured by the

MRC-NPS - further improved (1.360, p = 0.0036) (Figure 2B).

Patients with grade I tumors showed significantly more frequent

improvement of both presurgical KPS and MRC-NPS compared

to patients with grade II&III tumors (p = 0.004 and p = 0.026,

respectively). No significant differences in the KPS or MRC-NPS

improvement rates were detected between the separate

tumor locations.

3.3.1 Epilepsy
86 of the 89 patients (96.6%) presenting with epilepsy

preoperatively were free of seizures following the surgery, and

71 (79.8%) patients remained stable during the follow-up. While

for 15 patients that had improved after tumor resection, epilepsy

re-occurred, three patients showing no neurological

improvement upon surgery were asymptomatic in the follow-
Frontiers in Oncology 05
291
up, result ing in a long-term improvement rate of

83.2% (Figure 3A).
3.3.2 Aphasia
Aphasia improved both postoperatively and long-term in 25

of the 28 patients (89.3%). One patient experienced worsening of

aphasia after being asymptomatic following surgery, while

another patient improved during the follow-up (Figure 3B).
3.3.3 Hemiparesis
For hemiparesis, we observed an improvement rate of 72.3%

(47/65), while 64.6% (42/65) remained stable in the follow-up.

Interestingly, 44.4% (4/9) of patients with initial worsening

completely regained motor function in the follow-up, resulting

in an overall long-term improvement rate of 80.0% (52/

65) (Figure 3C).
3.3.4 Cranial nerve deficits
Cranial nerve deficits were seen in 19 preoperative patients,

of which 57.9% (10/19) and 68.4% (13/19) improved after

surgery and in the follow-up, respectively. Two patients

(10.6%) experienced postoperative worsening of the

deficit. (Figure 3D).
3.3.5 Visual field deficits
The lowest improvement rates were observed for visual field

deficits. Three of eleven patients (27.3%) improved

postoperatively, while a total of six patients (54.6%) improved
FIGURE 1

Illustration of two cases with large NSBM; T1-weighted, contrast-enhanced MRI scans in coronal orientation are shown. (A) Convexity
meningioma receiving a grade Simpson I resection (B), (C) a parasagittal lesion with a Simpson IV resection (D).
TABLE 2 Postoperative complications.

Complication Number (%)

CSF leakage 32 (10.6)

Wound healing disorder 22 (7.3)

Intracranial hematoma 13 (4.3)

Pulmonary embilism 8 (2.7)

Increased ICP 6 (2.0)

Stroke 4 (1.3)

Pneumonia 3 (1.0)

Cardiac complications 1 (0.3)

Sinus vein thrombosis 1 (0.3)
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in the follow-up. One patient (9.1%) experienced exacerbated

visual field deficit after tumor resection (Figure 3E).
3.3.6 Neurological morbidity
A total of 43 patients (14.3%) experienced a new

neurological deficit directly following NSBM surgery. This

postoperative neurological morbidity was 9.7%, 4.3%, 2.3%,

and 0.7% for newly occurring hemiparesis, epilepsy, aphasia

and cranial nerve deficits, respectively. No new postoperative

visual field deficit was observed. The deficit remained

unchanged in 34.8% (8/23) for hemiparesis, 38.5% (5/13)

for epilepsy, and 42.9% (3/7) for aphasia. Thus, 13 patients

experienced a new permanent neurological deficit or

worsening of a pre-consisting deficit, resulting in an overall

neurological morbidity of 4.3% at follow-up. When

combining neurological morbidity with reduced clinical

performance after tumor resection measured by long-term

KPS scores , 22 pat ients (7 .3%) showed long-term

neurological or clinical deterioration following surgery for

NSBM. Univariate analysis revealed a significant correlation

between WHO grading (p = 0.001), MIB labeling index (p =

0.002), Simpson classification (p = 0.002), venous sinus

infiltration (p = 0.003) and tumor diameter ≤/> 50 mm (p =

0.042) with the long-term functional outcome. Age, sex,

localization, and bone infiltration did not significantly

corre la te with permanent neurologica l or c l in ica l

deterioration. Upon multivariate logistic regression analysis,

only poor Simpson grade remained a significant independent
Frontiers in Oncology 06
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prognostic factor for decreased functional outcome

(p = 0.012).

3.3.7 Effect of extent of resection on functional
recovery

The extent of resection (EOR) was not associated with the

postoperative improvement rates of the presurgical KPS and

MRC-NPS scores (p = 0.122 and p = 0.365, respectively).

However, seizures and visual field deficits were more likely to

improve postoperatively when GTR of the tumor was achieved

(p = 0.041 and 0.026, respectively). No significant differences

were found between GTR and STR in the improvement of

hemiparesis (p = 0.869), aphasia (p = 0.435), and cranial nerve

deficits (p = 0.570) (Table 3). There was no significant difference

in the incidence of new postoperative deficits between GTR

versus STR, except for hemiparesis. A new postoperative

hemiparesis was less likely to occur when GTR was achieved

(p = 0.013) (Table 3).
3.4 Survival outcome

3.4.1 Recurrence-free survival outcome
Within the follow-up, 42 (24 female and 18 male) patients

(14.0%) presented with a tumor recurrence. 54.8% (23/42) of the

recurred tumors were WHO I, while 40.5% (17/42) and 4.8% (2/

42) were WHO II and WHO III. The median RFS was 45.9

months (6.0 - 151.5 months). The Kaplan-Meier plot for the RFS

stratified by WHO grades are shown in Figure 4A. The
A B

FIGURE 2

Violin plots show the distribution of preoperative (preop, yellow), postoperative (postop, blue) long-term (last follow-up, green) (A) Karnofsky
Performance Scale (KPS) scores and (B) Medical Research Council - Neurological Performance Scale scores of the analyzed patients (n=300).
Boxplots are shown within violin plots depicting median with lower and upper quartiles. Whiskers represent 1.5 interquartile range. Outliers are
depicted as points. One-way repeated measure ANOVA was calculated to analyze the difference between preop, postop and long-term
performance, the p – values are noted on top of the graph. Below the plots mean scores with standard deviations (SD) are shown.
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recurrence-rates were 9.1%, 38.6%, and 66.7% for WHO I, II,

and III meningiomas, respectively. Univariate analysis (log-rank

testing) of tumor characteristics showed a significant correlation

of WHO grade (p = 0.0001), Simpson classification (p = 0.0040),
Frontiers in Oncology 07
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venous sinus infiltration (p = 0.0010) and tumor diameter ≤/>

50 mm (p = 0.0250) with RFS (Table 4). The MIB labeling index,

age, sex, localization, and bone infiltration did not significantly

correlate with RFS (p > 0.05). Upon multivariate logistic
A

B

D

E

C

FIGURE 3

Graphical representation (Sankey plots) of the neurological outcome of patients with preoperative (preop) (A) epilepsy, (B) aphasia,
(C) hemiparesis, (D) cranial nerve deficit or (E) visual field deficit within 30 days after surgery (postop) and at last follow-up (long-term).
Symptom improvement and recovery is represented in light and dark green respectively while worsening of symptoms is depicted in red. No
change in deficits is marked yellow. Numbers in parenthesis indicate number of patients of each branch.
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regression analysis of the significant variables in the univariate

testing, the WHO grade (p = 0.0001), the Simpson classification

(p = 0.014) and tumor diameter > 50 mm (p = 0.039) remained

significant independent variables for RFS in NSBM (Table 4).

3.4.2 Overall survival (OS) and
tumor-specific survival (TSS)

Overall, 49 patients died within the follow-up with a median

OS of 51.3 months (0.5 - 153.2 months). For 19 of those patients

(38.8%), the cause of death was tumor-related. Therefore, the

median TSS was 53.7 months (3.1 – 153.2 months). The TSS

Kaplan-Meier plot can be seen in Figure 4B. Eleven, six, and two

patients died because of a WHO I, II, or III meningioma,

resulting in a mortality of 4.3%, 13.6%, and 66.7% for the

median follow-up of 87.0 months, respectively.

There was a significant association of WHO grading (p =

0.0001), Simpson classification (p = 0.0260) and venous sinus
Frontiers in Oncology 08
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infiltration (p = 0.0140) with TSS in univariate log rank testing.

All other characteristic (tumor diameter ≤/> 50 mm, age, sex,

localization, MIB labeling index, bone infiltration) were not

significantly correlated (p > 0.05). Multivariate logistic

regression analysis of the three associated variables revealed

that only WHO grading (p = 0.001) and Simpson classification

(p = 0.031) remained significant independent variables for

TSS (Table 5).
4 Discussion

Meningiomas are mostly benign intracranial lesions in

which surgical resection leads to durable tumor control (32,

35, 36). A recent study has demonstrated that low-risk

meningiomas after GTR, the 10-year progression-free survival

rate is 87.6% (37). Even in higher grade meningiomas, treated
TABLE 3 Improvement and worsening rates of seizures and focal neurological deficits stratified by gross total resection (GTR) vs. subtotal
resection (STR) in NSBM patients.

Deficit EOR* Postoperative change

Improvement rate (%) p-value Worsening rate (%) p-value

Seizures GTR 89.3 0.041 9.7 0.522

STR 69.2 3.3

Aphasia GTR 91.3 0.459 2.5 0.759

STR 80.0 3.2

Hemiparesis GTR 74.5 0.529 8.4 0.013

STR 66.6 19.4

Cranial nerve deficit GTR 52.9 0.202 1.3 0.374

STR 84.4 0.0

Visual field deficit GTR 60.0 0.026 0.0 NA**

STR 0.0 0.0
fronti
*EOR, Extent of resection.
**NA, Not applicable.
A B

FIGURE 4

Kaplan-Meier plots show the (A) recurrence-free survival and (B) overall survival of patients with NSBM following tumor resection based on
WHO grading (n=300). P-values (log rank test) are shown.
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with surgical resection followed by adjuvant radiation treatment,

a 10-year progression-free survival rate of 57.7% can be

acomplished (38). In NSBM, recurrence rates range between

2.2% and 15% following gross total resection (39–41). Even after

subtotal resection, long-term tumor control can be achieved with

adjuvant radiation treatment (42) (38).As meningiomas may be

considered to be a potentially curable disease, the actual clinical

challenge for both patients and caregivers appears to arise from

an entirely different aspect (32). According to a recent study,

almost half of NSBM patients present with significant

neurological symptoms (43) that stay unresolved over an

extended period in 27% of the patients (27). In addition,

meningioma patients frequently present with significant

neurocognitive impairment (44), which persists in about 40%

of the patients following surgical resection (45). Particularly

patients with NSMB frequently experience partial and general

seizures (26, 46), leading to antiepileptic drug treatment, which

additionally causes compromised neurocognitive function (29,

47). These factors cause significantly impaired quality of life,

even up to 10 years after initial diagnosis (48). Surgical resection

may positively influence focal neurological impairment (24, 43),

neurocognitive function (44), seizure frequency (26) and quality

of life (30). Given NSBM’s specific biology, clinical dynamic, and

symptomatology (11, 12, 25, 49), we attempted with our study to

assess the functional recovery rates specifically in NSBM

patients. Our data revealed that improvement rates of

preoperative symptoms vary depending on the type of

neurological deficit. Visual field deficits showed with 27.3%,
Frontiers in Oncology 09
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the poorest improvement rate following surgery, which is in

accordance with a recent study reporting only 16% recovery rate

of visual field deficits in NSBM patients following surgical

resection (24). Interestingly, studies summarizing focal

neurological improvement rates in stroke patients also

demonstrated a significantly worse recovery rate in visual field

deficits (50, 51)compared to hemiparesis (52) or aphasia (53, 54).

The most probable reason for this observation is founded on the

optic system’s highly organized retinotopic and cortical

functionality (53–55), causing the comparably low functional

re–organization rates (55). In addition to location, tumor

biology appears to significantly impact the surrounding brain

and the resulting functional impairment. We detected a

significantly higher frequency of larger edema in tumors with

higher malignancy grade, which is in accordance with an earlier

study reporting identical findings (56). Correspondingly,

patients with higher-grade tumors in our study presented with

a significantly higher frequency of focal neurological impairment

and a poorer presurgical KPS, which aligns with a recent study

reporting 56.1% of patients with atypical meningiomas showing

a poor KPS (57). Most importantly, patients harboring higher-

grade tumors displayed significantly worse improvement rates

than benign lesions, highlighting the importance of tumor

biology in this context. In our patient population, GTR is

clearly superior compared to STR when analyzing recurrence–

free survival. However, regarding neurological symptoms, only

patients with seizures or visual field deficits showed a higher

benefit from GTR over STR regarding symptom improvement,
TABLE 4 Univariate (logrank) and multivariate (logistic regression) analysis of factors associated with recurrence–free survival (RFS).

Univariate analysis Multivariate logistic regression analysis

Parameter p-value Hazard Ratio 95% CI p-value

WHO grade 0.0001 1.633 0.936 2.330 0.0001

Venous sinus infiltration 0.0010 0.354 -0.549 1.257 0.442

Simpson classification 0.0040 0.457 0.092 0.822 0.014

Tumor diameter > 50 mm 0.0250 0.767 0.038 1.497 0.039
fron
TABLE 5 Univariate (logrank) and multivariate (logistic regression) analysis of factors associated with tumor–specific survival (TSS).

Univariate analysis Multivariate logistic regression analysis

Parameter p-value Hazard Ratio 95% CI p-value

WHO grade 0.0001 1.477 0.614 2.341 0.0001

Venous sinus infiltration 0.0140 0.118 -1.105 1.341 0.850

Simpson classification 0.0260 0.535 0.048 10.210 0.031
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which indicates that most patients will benefit from surgical

decompression, even if GTR cannot be achieved. Interestingly,

GTR, compared to STR, carries a lower risk of developing a new

or worsening of a pre–existing hemiparesis. When looking at the

long-term functional outcome, poor resection grade was the only

prognostic factor for new postoperative and permanent

neurological deficit or decreased KPS score, which occurred in

7.3% of our patients.
5 Conclusion

Our study shows that surgical resection leads to long-term

improvement of neurological impairment in the majority of

patients with NSBM. However, location, tumor biology, and

extent of resection are essential co-factors influencing

neurological outcome.
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University), Shanghai, China, 5 Department of Critical Care Medicine, Huashan Hospital, Fudan University, Shanghai, China

Purpose: This study aimed to investigate the feasibility of predicting NF2 mutation status
based on the MR radiomic analysis in patients with intracranial meningioma.

Methods: This retrospective study included 105 patients with meningiomas, including 60
NF2-mutant samples and 45 wild-type samples. Radiomic features were extracted from
magnetic resonance imaging scans, including T1-weighted, T2-weighted, and contrast
T1-weighted images. Student’s t-test and LASSO regression were performed to select
the radiomic features. All patients were randomly divided into training and validation
cohorts in a 7:3 ratio. Five linear models (RF, SVM, LR, KNN, and xgboost) were trained to
predict the NF2 mutational status. Receiver operating characteristic curve and precision-
recall analyses were used to evaluate the model performance. Student’s t-tests were then
used to compare the posterior probabilities of NF2 mut/loss prediction for patients with
different NF2 statuses.

Results: Nine features had nonzero coefficients in the LASSO regression model. No
significant differences was observed in the clinical features. Nine features showed
significant differences in patients with different NF2 statuses. Among all machine
learning algorithms, SVM showed the best performance. The area under curve and
accuracy of the predictive model were 0.85; the F1-score of the precision-recall curve was
0.80. The model risk was assessed by plotting calibration curves. The p-value for the H-L
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goodness of fit test was 0.411 (p> 0.05), which indicated that the difference between the
obtained model and the perfect model was statistically insignificant. The AUC of our model
in external validation was 0.83.

Conclusion: A combination of radiomic analysis and machine learning showed potential
clinical utility in the prediction of preoperative NF2 status. These findings could aid in
developing customized neurosurgery plans and meningioma management strategies
before postoperative pathology.
Keywords: meningioma, radiomics, NF2, machiene learning, SVM - support vector machine
INTRODUCTION

Meningioma is the most common primary tumor of the central
nervous system (CNS), accounting for approximately 26.1-38.3%
of all intracranial tumors (1–3). According to the WHO CNS
tumor grading criterion, meningiomas are categorized into three
grades and 15 histological subtypes based solely on the
morphological features of the tumor cells. Despite the
widespread use of the WHO classification, it fails to accurately
predict the clinical behavior, aggressiveness, and recurrence of
particular tumors. With the deeper understanding of the
molecular landscape of meningioma, in addition to the
histological diagnosis, the newest 2021 CNS tumor diagnostic
criterion began to integrate the molecular and genetic profiling to
assist in diagnoses and evaluate prognosis.

TheNF2 gene was first implicated in meningiomas after it was
found that its inactivation resulted in the genetic tumor
predisposition syndrome of neurofibromatosis type 2. NF2 is a
tumor suppressor gene comprised of 17 exons with 2 splicing
isoforms that is positioned on chromosome 22q12.2
(4). Alterations in the NF2 gene, which can be caused by
mutation, allelic inactivation, splicing alterations, or
Chromosome 22 loss, have been implicated in approximately
30-60% of sporadic meningiomas, making it the single most
frequent gene alteration in this tumor (5). The frequency of NF2
mutations is simlar inWHOGrade 1, 2 and 3 grades. However, it
varies among histological subtypes and locations and are more
likely to be observed in atypical and cerebral hemispheres. NF2
gene inactivation is considered to play a significant role in the
development of meningiomas (5, 6). Patients with NF2
mutations were also reported to show worse outcomes (7).
Cl inica l tr ia ls target ing NF2 has been under way
(NCT02523014). Thus, prediction of the NF2 status before
surgery can aid in the development of personalized treatment
strategies for meningioma patients.

Radiomics is a novel practice in the field of machine learning.
It could be used to extract and analyze medical imaging data (8).
By conversion of sparse magnetic resonance imaging (MRI) into
data, an immense amount of imaging information that is
otherwise invisible to the naked eye in multiple dimensions
could be generated (9). Radiomics is a potential approach for
noninvasive high-throughput mining of tumor characteristics
and has been applied in several other intracranial tumors,
including glioma and schwannoma (10, 11). For meningiomas,
2300
algorithms have been developed in previous studies to predict
WHO grade, tumor texture, peritumoral edema, and Ki-67 labels
through radiomics. These models reported good performance in
terms of accuracy and sensitivity (12–14). The status of well-
known genetic changes could be accurately predicted by
radiomics in several CNS tumors. However, such studies were
scarcely mentioned in meningiomas (15, 16).

In this study, we investigated the utility of a radiomics
signature based on multiparametric MRI as a preoperative and
noninvasive biomarker of NF2 status in meningiomas.
MATERIALS AND METHODS

Patients
A total of 105 meningioma patients underwent surgical
resections between 2019 and 2021 at Huashan Neurosurgical
Center were enrolled. Histological diagnoses were reviewed
according to 2016 WHO meningioma grading criteria by two
experienced neuropathologists (Dr. H.C and Dr. HX.C). Clinical
information including age, gender, location, treatment status, the
extent of resection, surgical outcome, and neurological functions
was extracted from the medical records. Patients with recurrent
meningioma who underwent another opration to remove the
recurrent tumor were considered as recurrent meningioma cases.
Patients with multiple meningiomas were also recorded. The
clinical data of 105 patients was shown in.

Table 1 30 meningioma patients from First Affiliated Hospital
of Nanjing Medical University were enrolled as External
verification. The clinical data of 30 patients are shown in
Supplementary Material 1. The specific research process of
this study is shown in Figure 1. This study was approved by
the Human Subjects Institutional Review Board of Huashan
Hospital, Fudan University.

Next Generation Sequencing
Bidirectional sequencing was performed to detect microlesions in
the NF2 gene. DNA was extracted from tumor tissue with
TIANamp Genomic DNA Kit (Tiangen Biotech, Beijing, China)
as instructed by the manufacturers. The whole coding sequence
and the exon-intron boundaries of the gene were amplified by a
standard polymerase chain reaction (PCR). Subsequently, the
product was used for bidirectional sequencing, as described
previously (17). The sequence data were analyzed by Sequencer
September 2022 | Volume 12 | Article 879528
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4.9 (Genecode, MI, USA) and compared with the NF2 sequence
(NM_016418) fromGenBank. Mutations were described according
to the standard nomenclature for DNA sequence changes
according to the Human Genome Variation Society (HGVS).

Loss of Heterozygosity Analysis of 22q
Each tumor sample was subjected to PCR analysis. A fraction of
the PCR product (0.5 liters) was mixed with 0.1 liters of
Genescan 500 size standard (PE Applied Biosystems Foster
City, CA, USA) and 0.9 liters of formamide loading buffer.
Combinations were eletrophoresed on a 5 percent
polyacrylamide gels on an ABI 377 DNA sequencer (PE
Applied Biosystems Foster city CA, USA) for 2 hours after
being denaturated at 96°C for 5 minutes. Individual gel lanes
were visualized using the Genotype 2.0 software. The samples
were scored using strict criteria. The two highest peaks within the
predicted size range were designated as alleles. A loss of
heterozygosity was defined as a ratio of T1:T2/N1:N2 of less
than 0.67 or more than 1.50. The majority of normal DNA
amplifications yielded two PCR results, showing heterozygozity.
The ratio of allelic loss to informative instances was used to
calculate the LOH frequency of a locus. The average LOH
frequency of the long arm of chromosome 22 was the sum of
the LOH frequencies of each location.

Immunohistochemistry
Immunohistochemical staining was performed using
monoclonal antibodies against Ki-67 [Signalway (SAB),
Shanghai, China; 1:200 dilution]. The cells stained in
immunohistochemistry accounting for more than 10% of all
cells were considered positive(+), otherwise negative (–).
Progesterone receptor (PR) level was also examined to classify
the tumors into two categories: PR negative (–) or PR positive
(+). H3K27me3 was examined with anti-H3K27me3 (Millipore,
07-449) on ECL Plus films (Carestream).

MRI Image Acquisition
All patients underwent MRI scanning before operation (with or
without Gadolinium enhancement). MRI scans were performed
Frontiers in Oncology | www.frontiersin.org 3301
by the Trio 3.0-T scanner (Siemens, Erlangen, Germany). The
imaging process included axial T1WI (TE, 15 ms; TR, 450 ms;
slice thickness, 5 mm), T2WI (TE, 110 ms; TR 5800 ms; slice
thickness, 5 mm), and CE scans using 0.1 mM/kg gadopentetate
dimeglumine (TE, 15 ms; TR, 450 ms; slice thickness, 5 mm).
Tumor location was described according to Al-Mefty’s published
manuscript, such as parasagittal/falx, skull base, cerebral
convexity, etc.

Tumor Segmentation and Feature
Extraction
Preprocessing was performed using the 3D-Slicer software
(version 4.11). The MRI DICOM files of all patients were
imported into 3D-slicer. T1WI, T2Flair, and DWI images were
registered to the T1C sequence images; N4 bias field correction
was applied to each sequence image to correct non-uniformities
in intensity. Two neuroradiologists painted regions of interest
(ROIs) on T1c images using the 3D-slicer software. Multiple
meningiomas from the same patient were considered as a single
case in ROI classification and impact feature extraction.
Enhancement of the dural tail sign was included in ROI, while
peritumoral edema was excluded. The neuroradiologists were
not informed of the clinical and biomarker data. Pyradiomics, an
open-source python package (https://github.com/Radiomics/
pyradiomics), was used to extract radiomic features.

Feature Selection and Establishment of
Prediction Model
Pyradiomics, an open-source python package (https://github.
com/Radiomics/pyradiomics), was used to extract radiomic
features from the ROIs of each patient’s images. After that, we
eliminated the time, the checked hospital, machine model and
other useless information. 130 radiomics features were retained
in each sequence. To avoid degradation in model performance
due to overfitting and increase in feature dimension, we
evaluated radiomics features in distinguishing between
mut/wild type and screened all radiomic features of each
sequence to generate a new feature set.
TABLE 1 | Clinical data of enrolled patients.

NF2 mut/loss (60) NF2 wild (45) All (105) P

Age 54.10 ± 9.90 51.93 ± 9.14 53.17± 9.60 0.254
Female/Male 2.33 2.21 2.28 1.00
WHO grade
WHO grade 1
WHO grade 2
WHO grade 3

50 (64.29%)
9 (28.57%)
1 (4.08%)

40 (13.21%)
5 (79.25%)
0 (7.55%)

90
14
1

0.47

Location
Skull base
Convexity
Parasinoidal

20 (33.33%)
14 (23.33%)
26 (43.33%)

25 (55.56%)
7 (15.56%)
13 (28.89%)

45 (42.86%)
21 (20.00%)
39 (37.14%)

0.07

Multiple 3 0 3 0.258
Recurrent 12 4 16 0.170
Ki-67 labeling index(%) 4.10 ± 2.70 (range1-12) 3.67 ± 1.94 (range1-8) 3.91 ± 2.40 (range1-12) 0.341
PR positive
H3K27me3 positive

46 (76.67%)
51 (85.00%)

40 (88.89%)
39 (86.67%)

86 (81.9%)
91 (86.7%)

0.130
0.773
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First, three pairs of samples in two groups were tested using t-
test analysis. Levene test was used to test the homogeneity of
variance. For the data with the homogeneity of variance greater
than 0.05, a t-test was used to detect whether the characteristics
of the average of the two groups of independent samples showed
significant differences (P < 0.05). Only characteristics with
significant differences were retained.

Second, a further feature screen was performed based on
LASSO regression, which added L1 regular expression based on
the least square regression. The features screened by t-test were
standardized; the optimal parameter lambda was selected after
ten-fold cross-validation. Thus, the corresponding coefficients of
the model were trained. Features with nonzero coefficients in
the LASSO regression model were selected.

Model Training and Evaluation
Machine learning models were developed to predict the outcome
of NF2 status based on different algorithm. We used five
supervised machine learning algorithms to establish the
prediction model. All the cases were randomly divided into
training and validation cohorts in the ratio of 7:3. The
algorithm was trained based on the training group, and its
effectiveness was verified in the validation group. The
Frontiers in Oncology | www.frontiersin.org 4302
algorithm with the highest AUC (area under the curve) in the
validation cohorts was chosen as the best model. Five prediction
models were generated by random forest (RF), k-nearest
neighbor (KNN), support vector machine (SVM), logistic
regression (LR), and extreme gradient boosting (xgboost)
methods. The training and validation cohorts were divided
based on the selected feature subset. Predictions were made
after iterative optimization. The sensitivity, specificity,
accuracy, and F1 score were evaluated. The model performance
was analyzed by plotting ROC (receiver operating characteristic),
P-R (analysis and precision-recall), and calibration curves. The
MRI scans of 30 meningioma patients from First Affiliated
Hospital of Nanjing Medical University were used as external
validation to verify the accuracy of the best model.

Statistical Analysis
Statistical analysis was performed using SPSS 26.0 (IBM SPSS
statistics 26.0 for mac; IBM corp). For continuous variables, the
Student t-test was used; for comparison of mean values of
continuous variables, ANOVA was used. Categorical variables
were compared using the c2 test and the Fisher test. Continuous
data were expressed as mean ± SD. P-value <0.05 was considered
statistically significant.
A

B D

C

FIGURE 1 | Workflow. (A) Patient recruitment strategy. (B) 390 features were extracted from region of interest (ROI) on each magnetic resonance imaging (MRI)
sequence. (C) The inner loop included hyperparameter tuning and features selection in the training datasets. After feature selection, the model with optimal
parameters was used for prediction in the test set. This procedure developed 10 different models with specific sets of features and hyperparameters. (D) The
effectiveness of the model was verified in the validation group. Receiver operating characteristic (ROC) analysis and precision and recall (P-R) analysis were used for
model performance evaluation. The MRI scans of 30 meningioma patients from another hospital were used as external validation.
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RESULTS

Clinical Data and Immunohistochemistry
A total of 105 patients (32 males and 73 females) with intracranial
meningiomas were recruited in the training and testing cohorts,
including 60 patients with NF2 mutation/loss and 45 wild type
patients. The mean age of the patients was 53.17 ± 9.60 years (range
31 to 73 years). There are 90 (85.71%) grade 1, 14 grade 2 (13.33%)
and 1 grade 3 patients (0.95%), respectively. The most common
pathological subtype was fibrous (45, 42.86%). The median Ki-67
labeling index was 3.91 ± 2.40(range 1-12). PR was positive in 86
patients (81.9%). Loss of H3K27me3 expression was observed in 14
patients (13.3%). No diffence was observed of the compared the
clinical and immunohistochemical characteristics between NF2
mutant and wild-type groups. Parasinoidal (26/60) was the most
common location in NF2 mut/loss group, while NF2 wild tumours
were more likely in skull base locations (25/45). Three cases of
multiple meningiomas were identified in our cohort. However, only
one tumor in each patient was removed, which were all belonged to
the NF2 mutation group. 16 patients (4 with wildtype NF2 and 12
with NF2 mutations) were regarded as recurrent meningiomas and
no difference was observed between de novo and recurrent patients
regarding NF2 status (p = 0.170).

NF2 Sequencing Analysis and
LOH Analysis
Among all 105 patients, 52 patients (49.52%) hadNF2mutations;
8 patients (7.62%) showed loss of NF2 gene due to partial
deletion of chromosome 22q. The remaining 45 patients had
wild-type NF2. Allelic deletion of NF2 and mutations were
classified as NF2 mutation group, amounting to 60 cases. Of
all patients with NF2mutations, 23 were nonsense mutations; 16
were frameshift mutation; 8 were splice site mutation; 4 were
missense mutation. Exon 1 and Exon 6 was detected the highest
mutation frequency, accounting for 6 (11.54%) and 7 (13.46%) of
all mutants, respectively. However, we did not find any obvious
hot spot mutations. The most common copy number deletion
occurred in 22q11.21- q13.33. Details of the NF2mutation status
were shown in Supplementary Table 1.
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Radiomic Feature Selection and Radiomic
Signature Construction
A total of 130 radiomic features were extracted from each sequence.
390 radiomic features were included in the screening process. 147
radiomic features showed statistically significant differences
between the NF2 mut/loss and wild-type groups. Only 9 features
had nonzero coefficients in the LASSO regression model. The
screening process of Lamda is shown in Figure 2. In Figure 2A,
The red line represents the standard deviation of the mean square
error (MSE) of l. The blue bar indicates the range of the mean
square error. The lambda with the lowest standard deviation is the
most suitable for classification and the model is the simplest.
Therefore, We chose the position with the lowest lambda
standard deviation (red line) as the most appropriate l Value.
The details and p-values for these 9 features are shown in Table 2. 4
features were from the CE-T1Flair, 3 from T1WI, and 2 from
T2WI sequences. 7 features could describe the texture of tumors
and 2 described the wavelet of tumors. The 9 radiomics
features were selected for the model building. We tried to
cluster nine radiomics features through unsupervised hierarchical
cluster analysis. PCA (Principal Component Analysis) is used to
reduce the dimension and describe the distribution of
data (Figure 3).

Finally, we decided to incorporate the 9 features into the
model. Gray Level Dependence Matrix (GLDM) quantifies gray
level dependencies in an image. included descriptors of the three-
dimensional size and shape of the ROI. First-order statistics
describe the distribution of voxel intensities within the image
region defined by the mask through commonly used and
basic metrics.

Gray Level Co-occurrence Matrix (GLCM) describes the
second-order joint probability function of an image region
constrained by the mask.

Model Training and Performance
We randomly divided all patients into training and validation
groups in a ratio of 7:3. 73 patients were included in the training
group. 9 radiomic features of 73 patients were used to train 5
supervised machine learning algorithms (RF, SVM, LR, KNN,
A B

FIGURE 2 | (A) The change of MSE corresponding to the LASSO method. (B) Lamda value screening of LASSO regression.
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and xgboost). The data of a total of 32 patients in the validation
cohort was used to evaluate the effectiveness of the algorithms.
The AUCs of each algorithm in training and validation cohorts
were calculated and compared as shown in Table 3 and Figure 4.
SVM (support vector machine) had the highest AUC of 0.89 in
the training cohort and 0.85 in the validation cohort. F1 score is
the harmonic average of accuracy and recall, while the value was
0.80 in the SVM model. LR (logistic regression) had an AUC of
0.84 in the training cohort and 0.82 in the validation cohort.
Most of the algorithms had AUCs above 0.7.
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Internal and External Verification
ROC and P-R curve analysis of SVM in training and validation
cohorts were shown in Figure 5. AUC of SVM were 0.89 and
0.85 in the training cohort and validation cohort respectively.
Figure 6 shows the predicted value and their actual mutation of
each validation group sample. Samples with a predicted value
greater than 0 were predicted to be NF2 mut-type by the SVM
model. The actual mutation of the sample were showen by color,
Green represents mut-type and blue represents wild-type. 30
meningioma patients from First Affiliated Hospital of Nanjing
Medical University were enrolled as external validation to verify
the accuracy of the SVM model. the AUC of SVM model is 0.82
in the external validation cohorts. The calibration curve analysis
and Hosmer-Lemeshow test for SVM model demonstrated the
observations and predictions in validation cohorts were in good
accordance (Figure 7).
DISCUSSION

NF2 inactivation was the most common alteration in
meningiomas and played an important role in tumor
A

B

FIGURE 3 | (A) 105 patients with meningiomas were divided into two categories by hierarchical cluster analysis. (B) PCA (Principal Component Analysis) plot showing the
distribution of principal components of the radiomics features. The majority of NF2-mut meningioma and NF2-wild meningioma cases were spatially separated.
TABLE 3 | The performances of five prediction models.

Comparisons Cohorts LR KNN Xgboost SVM RF

AUC train 0.85 1 1 0.89 1
test 0.85 0.76 0.82 0.85 0.77

Sensitivity train 0.775 1 1 0.893 0.806
test 0.75 0.692 0.74 0.7 0.6

Specificity train 0.781 1 1 0.737 0.765
test 0.8 0.789 0.88 0.727 0.765

Accuracy train 0.779 1 1 0.779 0.779
test 0.781 0.751 0.78 0.71 0.688

F1-score train 0.729 1 1 0.685 0.716
test 0.72 0.692 0.76 0.609 0.643
September 2022
 | Volume 12 | Article 8
TABLE 2 | The details of selected radiomics features.

Name Sequence Type p

glcm_Imc2 T2 Texture 0.027
gldm_DependenceNonUniformity T2 Texture 0.022
shape_LeastAxisLength T1 Wavelet 0.037
firstorder_Minimum T1 Texture 0.025
glcm_ClusterShade T1 Texture 0.037
firstorder_Skewness CET1 Wavelet 0.001
glcm_JointAverage CET1 Texture 0.005
glcm_SumAverage CET1 Texture 0.005
gldm_LargeDependenceHighGrayLevelEmphasis CET1 Texture 0.005
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progression (5, 18). Given this, the prediction ofNF2 inactivation
status before surgery might be meaningful for determining an
appropriate personalized treatment strategy. In this study, we
built a machine learning model to preoperatively predict the
Frontiers in Oncology | www.frontiersin.org 7305
status ofNF2 inactivation by radiomic analysis. We observed that
the models based on SVM produced excellent results in the
machine-learning experiments. Our radiomics model may aid
the early identifcation of meningioma patients with
NF2 mutation.

NF2 is located on the long arm of chromosome 22 (chr22q)
and encodes a 69 kDa protein named merlin (moesin-ezrin-
radixin-like protein). NF2 is a member of the Band 4.1 FERM
gene family (19). Merlin plays important role in several essential
pathways, including HIPPO pathway, mTOR/PI3K/AKT
pathway, and receptor tyrosine kinases (RTKs) (20, 21).
Previous studies showed that more than 60% of sporadic
meningioma patients harbored somatic mutation, epigenetic
inactivation, or allele loss of NF2 on chr22q. The proportion is
even higher in high-grade meningiomas (22–24). In a study of 88
sporadic meningiomas, 49% exhibited allelic loss of chromosome
22, 24% had NF2 somatic mutations and 26% had aberrant NF2
promoter methylation. In 17% of the meningiomas, epigenetic
NF2 inactivation was the only cause of NF2 deficiency (24).
Compared to NF2-wt meningioma, NF2 mutant meningiomas
was detected with a higher proliferation index (Ki-67 labels) and
often manifested in comparatively larger tumor size (25). In
addition, the deletion of NF2 leads to overexpression of focal
adhesion kinase (FAK), resulting in enhanced cell migration and
invasion (26). In all, non-invasive preoperative prediction of NF2
mutation might be of use. The knowledge of NF2 status might
FIGURE 4 | The Receiver operating characteristic (ROC) curve of five
prediction models in validation cohort.
A B

DC

FIGURE 5 | Performance of NF2 status predictive models based on SVM. (A, C) Receiver operating characteristic (ROC) curve and precision-recall (P-R) curve of
SVM predictive model in training group. (B, D) ROC curve and P-R curve of SVM predictive model in validation group.
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play a role in decision making of appropriate clinical treatment
strategies for meningioma patients.

Recently, several studies on radiomics focused on
meningiomas and demonstrated encouraging results. Previous
studies could distinguish WHO grade I meningiomas out of
WHO grade II and III meningiomas by radiomic analysis
models. These models were proved to have high accuracy and
sensitivity (27, 28). Lei et al. distinguished two subtypes in WHO
grade I meningiomas by radiomics with an accuracy higher than
90% (29). Other studies focused on predicting clinical
characteristics of meningiomas, such as extent of peritumoral
edema and tumor consistency. For example, Bing et al. analyzed
peritumoral edema in meningioma patients using an SVM-based
machine learning algorithm combined with clinical data (14).
Zhai et al. constructed a radiomic-based signature to predict
meningioma consistency with AUC of 0.94 in the validation
cohort (13). Taken together, previous studies proved the
feasibility of radiomic analysis for meningioma imaging. Some
Frontiers in Oncology | www.frontiersin.org 8306
studies also predicted the molecular typing of other primary
tumors, such as breast cancer and glioma. Monti et al. extracted
quantitative radiomic features from DCE-MRI pharmacokinetic
data to differentiate ER, PR, and HER2 status in breast cancer
(30). In glioma, radiomics had been used to predict IDH
mutation and co-deletion of 1p/19q (31, 32). However, up to
now, the report of such studies on meningiomas is scarce.

In this study, we first detected the occurrence of NF2
inactivation in the tumor samples. Mutations or loss of NF2
gene were also considered as inactivation of NF2. By feature
extraction and screening, we finally obtained 9 significant
radiomic features. In previous studies, screening features of
meningiomas ranged between 3 to 22 (27–29). The
discrepancy might be attributed to difference in the process of
screening and imaging data heterogeneity. Most of the 9 features
were extracted from T1WI plain scan and Gadolinium enhanced
sequences (33). The AUC of linear model based on SVM was
0.85 and 0.82 in the internal and external validation cohorts
A B

FIGURE 6 | (A) The calibration curve analysis and Hosmer-Lemeshow test for SVM model demonstrated the observations and predictions in validation cohorts were
in good accordance. (P = 0.411). (B) External validation was performed by 30 patients from other hospitals. The SVM model had an AUC of 0.83.
FIGURE 7 | The p-values of SVM for the validation cohorts. The blue bars show the radiomics signature values for the NF2-wild meningiomas, and the green bars
show the values for the NF2-mut meningiomas.
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respectively, consistent with findings of other studies which
predicted intracranial tumor biomarkers (31, 32). There were
many radiomics studies involving HER2 in breast cancers and
IDH1 in gliomas (34, 35). Approximately, 70% of HER2
mutations occured between amino acids 755 and 781 (exons
19 and 20) in breast cancers (36). 80% of IDH1 mutations in
gliomas occured on R132H (37). NF2 has 17 exons and harbors
no significant hotspot mutations (21). Our cohorts also showed
no significant hotspot mutations, in accordance to previous
reports. This may affect our prediction results; however, we
found AUCs for most of our models were above 0.7 in the
validation cohort. The data was not sufficient enough to
distinguish the differences between NF2 mutation types.

In our cohort, multiple meningiomas in a single patient were
considered as one tumor in ROI selection and feature extraction.
That’s because they chose to remove only the symptomatic
meningioma. Somatic mutation of NF2 is related to
neurofibromatosis type 2 (38) and is often found in multiple
intracranial meningiomas. All our 3 cases of multiple
meningiomas belonged to the NF2 mutation group. Whereas,
the difference in number of multiple meningiomas between NF2
mutant and wild-type groups had no statistical significance. NF2
plays an important role in progression of meningiomas (39).
Additionally, there was no significant difference in number of
relapse patients between the two groups, The limitations
mentioned above might be attributed to the comparatively small
sample size. A study by Clark et al. reported that in meningiomas
with NF2- mutations, tumor location had a predilection for the
posterior and lateral skull base, tentorium, and cerebral falx, while
sporadic mutations, such as those in TRAF7 and SMO, tended to
be relevant with anterior skull base location (5). This phenomenon
was not observed in our cohort. In some previous studies, clinical
data were added to radiomic models to optimize the impact (14).
No significant clinical features were found in our cohort, so these
were not included in the analysis.

Recently, radiomics studies of other diseases selected ROI
through automatic segmentation, such as lung cancer, breast
cancer and gastric disease (40–42). Jonathan et al. had developed
an algorithm based on convolutional neural network to
automatically segment vestibular schwannoma and achieved
satisfactory results (43). The application of automatic
segmentation could benefit our research and clinical practice.
Although at present, no research showed that there is a difference
in accuracy between automatic segmentation and manual
segmentation. Some studies showed that there was no
meningioma tumor cell in the gadolinium enhanced meningeal
tail sign (44), while some others drew the opposite conclusion
(45). We included the meningeal tail sign in ROI analysis because
the boundary between the meningeal tail sign and meningioma is
difficult to distinguish.

There were limitations in our present study. First, this was a
retrospective study with comparatively small sample size which
could have limited the accuracy of our model. Probably due to
restriction of sample size, many difference in clinical and
immunohistochemical features showed no statistical
significance. Secend, the result of this study predicts binary
Frontiers in Oncology | www.frontiersin.org 9307
variables. All our radiomic algorithms were based on linear
models. There might be nonlinear models with a higher fitting
degree. Finally, the clinical follow-up of these patients is still
underway. Hopefully, the follow-up data might further confirm
the significance of preoperative prediction of NF2 status.
CONCLUSION

This retrospective study demonstrated that multiparametric
MRI-based radiomics analysis could be a promising approach
for preoperative prediction of NF2 inactivation in patients with
meningioma. It could serve as an effective non-invasive approach
to predict NF2 inactivation and help determine individualized
therapeutic regime for patients with meningioma.
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center
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Objective: This study aimed to study the e�ciency and safety of a dose-staged

Gamma Knife radiosurgery strategy for large meningiomas or meningiomas

close to important nerve structures.

Methods: This study evaluates the outcome of a prospectively accrued

series of 71 consecutive patients with meningiomas treated with staged

dose-fractionated Gamma Knife radiosurgery. The average peripheral doses

for the first and second fractions were 9.0 ± 0.9Gy (8–12Gy) and 8.6 ± 0.7Gy

(range, 7–10Gy), respectively. The interval between fractions was 6.1 ± 1.9

months (range, 3–12 months). The median follow-up time was 36 months

(12–96 months).

Results: During the follow-up period after the second fraction, 97.2% achieved

tumor control in our series. A total of 2 patients exhibited local recurrence at

30 and 60months after the second fraction, respectively. No treatment-related

complications or new long-term neurological dysfunctions were reported.

MRIs observed slightly or moderately increased peritumoral edema in six

patients, but no specific neurological complaints are attributed to this finding.

Conclusion: This study investigates the e�ciency and safety of dose-staged

Gamma Knife radiosurgery as an alternative option for meningiomas that

were large in volume, adjacent to crucial structures, or in patients with

contraindications to craniotomy.

KEYWORDS

meningioma, staged radiosurgery, Gamma Knife, dose-staged GKRS, two-stage

Introduction

Meningioma is a common primary intracranial tumor, with 53.7% of all primary

non-malignant brain tumors (1). If total resection can be achieved without causing

neurological damage, microsurgical resection is the best treatment option. However,

when meningiomas are located close to critical structures, morbidity rates are

Frontiers inNeurology 01 frontiersin.org

310

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.893480
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.893480&domain=pdf&date_stamp=2022-10-13
mailto:yuanfanghaiyang@163.com
https://doi.org/10.3389/fneur.2022.893480
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fneur.2022.893480/full
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Gong et al. 10.3389/fneur.2022.893480

increased (2). In addition, some patients have contraindications

to general anesthesia and craniotomy. Stereotactic radiosurgery

is the primary treatment for WHO grade 1 meningioma

when the lesion volume is small and the imaging features

are typical, with an 85–100% tumor control rate achieved

at 5 years of treatment (3, 4). Conventional radiotherapy is

mainly used as adjuvant therapy after surgery for WHO grades

2 and 3 meningiomas (3–5). For meningiomas patients who

would not tolerate craniotomy, the single-fraction Gamma

Knife treatment with a peripheral dose of 12–14Gy in one

session has been proven effective. However, the treatment only

works with tumors with an average diameter of <3–3.5 cm to

avoid serious radiation-induced toxicity (6, 7). Single-fraction

Gamma Knife radiosurgery (GKRS) is limited by the radiation

tolerance of critical functional areas, such as the optic nerves

or chiasm, which cannot deliver the effective radiation dose

to tumors close to these structures (8, 9). The previous

studies on superior alternative radiation treatment for patients

with surgical contraindications with large meningiomas or

meningiomas close to important nerve structures are limited.

Hypofractionated stereotactic radiosurgery, treating a lesion

in 2–5 fractions of SRS, can potentially provide the ability to treat

large tumors at adequate tumor control and acceptable toxicity

(8, 10). However, details on treating large meningiomas with

fractionated Gamma Knife radiosurgery are rarely reported.

Limited studies have presented early results for the mode of

volume-fractionated staged radiosurgery to treat large skull base

meningiomas (11–14). This mode divides a large lesion into

two parts according to the volume. Each treatment adopts

a dose similar to the single-fraction Gamma Knife to treat

different tumor parts, with inter-fraction intervals of 3–9

Months. This study developed a dose-staged Gamma Knife

radiosurgery strategy (dose-staged GKRS) for patients with

surgical contraindications suffering from large meningiomas or

meningiomas close to critical nerve structures. The whole target

was covered with a lower dose, with an inter-fraction interval

of 6 months in every fraction. This study demonstrates the

experience obtained in a relatively large series of meningiomas

treated with dose-staged GKRS.

Materials and methods

Inclusion criteria and exclusion criteria

Meningiomas patients that meet the following criteria were

included in this study: the volume of meningiomas without

previous surgery is greater or equal to 10 cc; the volume of

residual or recurrent meningiomas after surgery was greater or

equal to 10 cc; meningiomas are located near the optic nerve

pathway, and the patient has useful vision regardless of the

tumor volume or whether or not surgery has been performed.

Patients with WHO grade 2–3 meningiomas or who had

progression of their tumor after prior irradiation were excluded.

TABLE 1 Characteristics of the 71 patients in this series.

Sex (n, %)

Male 14 (19.7%)

Female 57 (80.3%)

Age in years (mean± SD, range) 52.3± 11.2 (31–85)

Primary or postoperative treatment (n, %)

Primary 43 (60.6%)

Postoperative 28 (39.4%)

Initial tumor volume (n, %)

<8 cc 29 (40.8%)

8–20 cc 28 (39.4%)

>20 cc 14 (19.7%)

Tumor location (n, %)

Skull base 59 (83.1%)

Parasagittal sinus 9 (12.7%)

Lateral ventricle 1(1.4%)

Pineal region 1(1.4%)

Tentorium 1(1.4%)

Interval in months between radiosurgery stages

(mean± SD, range)

6.1± 1.9 (3–12)

Peripheral dose (Gy) for first treatment

(mean± SD, range)

9.0± 0.9 (8–13.5)

Peripheral dose (Gy) for second treatment

(mean± SD, range)

8.6± 0.7 (7–10)

Patient profile and diagnostic criteria

A total of 71 consecutive patients were included in the

retrospective, all with WHO grade 1 meningioma treated with

dose-staged GKRS at Shanghai Gamma Hospital (Gamma Knife

Center of Huashan Hospital) between June 2013 and March

2020. The characteristics of all patients are listed in Table 1.

These patients served as a prospectively accrued consecutive

series, consisting of 14 (19.7%) men and 57 (80.3%) women,

with an average age of 52.3 ± 11.2 years (range, 31–85). 28

(39.4%) patients had undergone surgical resection, and the

meningioma diagnosis was confirmed by histopathology. For

43 (60.6%) patients, radiosurgery was the initial treatment,

and the diagnosis of meningioma was based on MRI and CT

characteristics. The mean initial tumor volume of all cases in

this series was 12.7± 9.3 cm3 (range, 0.6–41.1 cm3). To analyze

the size effect of treated lesions on the volumetric outcome, we

divided all cases into three groups (<8 cc for 29 cases, 8–20 cc for

28 cases, >20 cc for 14 cases). Besides, the tumors were located

in the skull base (59 cases), parasagittal sinus (9 cases), lateral

ventricle (1 case), pineal region (1 case), and tentorium (1 case).

The WHO Classification of Tumors of the Central

Nervous System classifies meningiomas into three grades

and 15 subtypes. WHO grade 1 meningiomas consist of

benign tumors with nine subtypes (15). Before Gamma Knife

radiosurgery treatment, the patients were evaluated by a clinical
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FIGURE 1

The treatment protocol for two-staged radiosurgery for meningiomas in this series is ∼6-month interval between fractions.

examination, such as a detailed neurological examination,

thin-slice, contrast-enhanced MRI, and high-resolution

computed tomography (CT). A multidisciplinary team of

neurosurgeons, neuroradiologists, and radiation oncologists

evaluated each patient for treatment eligibility. For patients

without histopathology, CT and MRI features were evaluated

separately by two qualified neuroradiologists following the

EANO guidelines by T1WI signal strength, T2WI signal

strength, and the degree of peritumoral edema, respectively, and

the degree of enhancement of the tumors (5).

Dose-staged Gamma Knife radiosurgery
technique

Dose-staged Gamma Knife radiosurgery treatments were

conducted under local anesthesia using a Leksell Gamma

Knife model Perfexion (before January 2019) and ICON

(from February 2019) at Shanghai Gamma Hospital, Gamma

Knife Center of Huashan Hospital. Gadolinium-enhanced

images of T1-weighted, T2-weighted, and FLAIR sequences

were collected from each patient for pretreatment localization

using a 1.5-T MR imaging system (Signa Excite, GE, USA).

The tumor and adjacent critical structure delineation, dose

prescription, and planning were conducted by a neurosurgeon,

radiation oncologist, and radiation physicist. Dose planning

was performed using MR images mentioned above that were

exported to the Leksell GammaPlan software (version 10.0,

Elekta Instruments AB, Stockholm, Sweden). The peripheral

dose was administered to cover the gross tumor volume with no

additional margin. An independent central physician evaluates

every experiment plan before treatment is conducted.

Prescription dose and interval

This study used a two-stage treatment mode for all patients.

The prescription dose for each fraction depended on the tumor

volume and dose tolerance of the near nerves and brain

structures. The biological equivalent dose (BED) of normal brain

tissue and the tumor was calculated for α/β = 3Gy. In theory,

the total dose for individual patients was calculated and divided

into two-staged treatment. The average peripheral doses for the

first and second fractions were 9.0 ± 0.9Gy (range, 8–12Gy)

and 8.6 ± 0.7Gy (range, 7–10Gy), respectively (Table 1). The

prescription isodose line for each fraction was between 40 and

50% and did not require to be equal for the two stages. The

interval between stages was 6months. Still, the date of the second

stage of treatment was altered for follow-up imaging and side

effects after the first stage of treatment (Figure 1).

Follow-up evaluations and toxicity

The first follow-up was carried out for each patient 3–6

months after the first stage of the treatment by interviewing

the patients, examinations, and MR imaging to assess changes

in patients’ clinical symptoms and tumor volumes and

determine the second stage administration date. Patients

who exhibit satisfactory tumor control would receive regular

clinical and MRI follow-up every 6 months after the second

stage of treatment during the first year, annually for the

next 2 years, and once every 2 years (Figure 1). The

tumor volumes at each treatment stage and follow-up were

calculated and compared using the patient’s MRI data in the

Leksell GammaPlan software. The tumor control is evaluated

based on the change in tumor volume. Tumor control is

considered good when the tumor volume decreases. If the

tumor volume increases by more than 20%, an analysis of

the causes is required, and salvage treatment is conducted

when necessary.

All toxicities were scored according to version 5.0 of the

National Cancer Institute Common Terminology Criteria for

Adverse Events (16).

Statistical analysis

The SPSS software, version 25.0 (SPSS, Chicago, IL, USA),

was used for statistical analysis. Values are presented as mean ±
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FIGURE 2

Tumor volume trends for meningiomas of di�erent initial volume after dose-staged radiosurgery (A) <8 cc group, (B) 8–20 cc group, (C) >20 cc

group, (D) Combined group.

standard deviation data with normal distribution or median and

interquartile range for data that were abnormally distributed for

continuous variables and number (%) for categorical variables.

For multi-group comparisons, p values were derived from one-

way ANOVA. For all comparisons, p < 0.05 was considered

statistically significant.

Results

Tumor control

By the end of November 2021, the median follow-up

time for this study was 36 months (range, 12–96 months).

The average tumor volume between the first and second

stages was decreased by 6.2 ± 13.5%. However, the tumor

volume of 17 (23.9%) cases increased by 11.1 ± 6.9%. In the

other 54 (76.0%) cases, the mean tumor volume decreased

by 11.3± 8.5%. Most patients were followed-up through

November 2021, but some patients missed one or several

scheduled follow-up MRI scans. Recurrent cases were excluded

from further follow-up. The MRI follow-up data were obtained

from 65 (91.5%), 55 (77.5%), 48 (67.6%), and 38 (53.5%)

individuals after 6, 12, 24, and 36 months of second-stage

treatment, respectively. The follow-up data from 6 months

after the second treatment depicted that the volume of all

lesions decreased by 18.7 ± 14.5%. The follow-up data at

12, 24, and 36 months demonstrated that the tumor shrank

by 24.1± 14.5, 28.7± 15.0, and 33.1 ± 14.5%, respectively

(Figures 2–5). The percentage reduction in the volume of the

three subgroups grouped according to the initial volume has no

significant difference in each period after treatment (Figure 2,

Table 2).
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FIGURE 3

Axial MR imaging illustrating a huge postoperative residual orbitocranial meningioma post-operation treated with Gamma Knife radiosurgery. (A)

The prescription dose planning MRI for the first stage of Gamma Knife radiosurgery showing that the tumor margin was covered by 8.8Gy (45%

isodose surface). (B) The prescription dose planning MRI for the second stage of Gamma Knife radiosurgery demonstrated that the tumor

decreased by 9.8% and was treated with the same dose as the first stage. (C) MRI obtained 12 months after radiosurgery presented a decrease of

27.3% in tumor size. (D)MRI obtained 36 months after radiosurgery manifested that the tumor is under stable control. The patient’s right eye was

blind before radiosurgery. After Gamma Knife treatment, there were no obvious adverse reactions, and the vision of the left eye was unchanged.

After the second stage and in follow-up, the overall tumor

control rate was 97.2% (69/71). Local recurrences occurred in

2 cases, with the time of recurrences at 30 and 60 months after

the second stage of treatment. Those cases had not undergone

previous surgery before Gamma Knife. One case with a sellar

region meningioma reported vision loss 60 months after the

second stage of radiosurgery. MRI showed the tumor recurred

from its original position, and the patient immediately received

salvage radiosurgery. After the surgery, the tumor was reduced

by 23.3%, and the patient’s visuals were restored gradually
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FIGURE 4

Axial MR imaging illustrating a petroclival middle-posterior communicating meningioma treated with Gamma Knife radiosurgery. (A) The

prescription dose planning MRI for the first stage of Gamma Knife radiosurgery displaying that the tumor margin was covered by 8.8Gy (45%

isodose surface), and the tumor volume was 7.0 cc. (B) In the second fraction, the tumor was treated with the same dose as the first stage, and

the tumor volume was 6.1 cc. (C) MRI obtained 24 months after radiosurgery indicated that the tumor volume is 4.7 cc, decreased by 33.0%

compared with the pre-radiosurgery volume. No obvious adverse reactions were observed.

FIGURE 5

Axial MR imaging illustrating a posterior petrosal meningioma treated with Gamma Knife radiosurgery. (A) The prescription dose planning MRI

for the first stage of Gamma Knife radiosurgery presenting that the tumor margin was covered by 8.8Gy (45% isodose surface), and the tumor

volume was 11.0 cc. (B) In the second fraction, the tumor was treated repeatedly with the same precision dose as in the first stage, and the

tumor volume was 8.4 cc. (C) MRI obtained 24 months after radiosurgery revealed that the tumor volume is 6.1 cc and is decreased by 44.5%

compared with that pre-radiosurgery. No obvious adverse reactions were observed.

from 3 months after treatment. Another patient was diagnosed

with tumor recurrence on a surveillance MRI 30 months after

the second stage of treatment and received further surgery,

confirming the diagnosis of WHO grade 1 meningioma.

Clinical response and toxicity

Before radiosurgery, 35 (49.3%) patients had neurological

symptoms, and 36 (50.7%) patients were initially asymptomatic.

No obvious aggravation was reported in specific symptoms in

all patients after the first stage of treatment. However, MRI

showed signs of temporary tumor tissue swelling (reduction

of central area enhancement and slight expansion of volume)

and mild edema of peripheral brain tissue in 13 (18.3%) cases.

The second stage was delayed for 1–3 months to reduce the

radiation-related risk and improve the tolerance of these patients

to radiosurgery. After the second stage, among 35 patients with

neurological dysfunction, 11 patients had improvement and

remained stable, and the other 24 displayed no aggravation of

symptoms. A total of 15 (21.2%) patients reported nonspecific

headache or dizziness within 6 months after the second stage
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TABLE 2 Mean percentage reduction in volume for meningiomas with di�erent initial volume after dose-staged Gamma Knife (%).

Time period Total, n = 71 <8 cc, n = 29 8–12 cc, n = 28 >12 cc, n = 14 P

Second fraction 5.96 2.97 6.64 10.79 0.263

6 months 16.24 16.78 15.29 17.14 0.928

12 months 23 24.12 22.18 22.12 0.467

24 months 28.19 27.81 27.82 29.61 0.948

36 months 31.16 36.27 33.3 34.52 0.751

TABLE 3 Outcomes of clinical response and toxicity of dose-staged Gamma Knife for meningiomas in di�erent location.

Outcomes Skull base,

n = 59, (%)

Parasagittal sinus,

n = 9, (%)

Lateral ventricle,

n = 1, (%)

Pineal region,

n = 1, (%)

Tentorium,

n = 1, (%)

Total,

n = 71, (%)

Tumor control 57 (96.6) 9 (100) 1 (100) 1 (100) 1 (100) 69 (97.2)

Progression 2 (3.4) 0 0 0 0 2 (2.8)

GKRS related edema 4 (6.8) 1 (11.1) 1 (100) 0 0 6 (8.5)

Clinical progression 0 0 0 0 0 0

Headache 11 (18.6) 3 (33.3) 1 (100) 0 0 15 (21.1)

of treatment. Still, the headache was mild and had little effect

on daily life, and gradually disappeared after 1 month without

special treatment. During the follow-up period, limited edema

around the lesions was slightly increased in six cases; these

tumors were located in the skull base (4 cases), parasagittal sinus

(1 case), and lateral ventricle (1 case), respectively (Table 3). Still,

the tumor size was stable or shrunk, and these patients reported

no specific symptoms.

Discussion

The meningioma treatment is widely dominated by local

treatment, such as craniotomy or local radiosurgery. The classic

single-fraction Gamma Knife radiosurgery has a therapeutic

effect with a low incidence of toxic reactions for “suitable

cases” and, in the long-term, can achieve tumor control

rates similar to Simpson Grade 1 surgical resection (17, 18).

However, “suitable cases” often denote small tumors far from

the critical structures (e.g., optic nerve and brainstem). Some

meningiomas patients have large lesions in clinical practice,

but their physical conditions can poorly tolerate craniotomy.

Other patients may present with tumors close to the optic

nerve and other critical structures. Despite the small tumor, a

conventional prescription dose may risk consequential radiation

damage to the brain tissue or critical structures. These

circumstances have limited the application of Gamma Knife

radiosurgery and make it difficult for single-fraction Gamma

Knife radiosurgery (19–22).

About 40 years ago, a staged Gamma Knife strategy was

used to treat large AVMs and achieved positive results (23–26).

In recent decades, staged Gamma Knife radiosurgery was

used to treat brain metastases and meningiomas (11–14, 27–

31). Unlike conventional radiotherapy, which requires daily

treatments for 5–6 weeks, staged Gamma Knife radiosurgery

has a long interval between two sessions. Staged Gamma Knife

radiosurgery consists of two stages (11–14, 23–32): volume-

staged Gamma Knife radiosurgery in which different fractions

of the dose planning curves cover the different subvolumes of

the target; and dose-staged Gamma Knife radiosurgery in which

every fraction uses a lower dose to cover the whole target.

Few studies have reported the application of staged

Gamma Knife radiosurgery for meningioma treatments, which

all employed a volume-staged approach. The volume-staged

approach divides the target into two or more parts, and the

treatment volumes and doses of each stage differ. Iwai et al.

reported 7 cases of skull base meningiomas treated with volume-

staged Gamma Knife radiosurgery in 2001 (11). The volume

of each treatment was 6.8–29.6 cm3 (mean 18.6 cm3), with

an inter-fraction interval of 6 months and marginal doses

of 8–12Gy for each fraction. Six of seven patients achieved

tumor growth control during the follow-up period (mean 39

months). The number of cases increased to 27 in 2019 with

a similar treatment strategy. With an average follow-up of

84 months, only 25% of cases reported local tumor control

failure, and 4% reported permanent radiation injury (12). In

2009, Haselsberger et al. reported 20 staged Gamma Knife

radiosurgery cases for large meningiomas in critical locations

(13). The volume treated in each session was 5.4–42.9 cm3

(median 19.0 cm3), the treatment interval was between 1 and

12 months (median: 6 months), and the median prescription

dose with 45% isodose surface was 12Gy (range: 10–25Gy).
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TABLE 4 List of studies regarding staged Gamma-Knife radiosurgery for meningioma.

Authors & year No. of

cases

Fractionated

mode

Prescribe dose

& fractions

Interval

(m)

Tumor control Permanent radiation

injury (%)

Iwai et al. (11) 7 volume-staged 8–12Gy× 2 f 6 86% at 39m 0

Haselsberger et al. (13) 20 volume-staged 12Gy× 2 f 6 90% at 7.5 y 0

Su et al. (14) 4 volume-staged 8–15Gy× 2–3 f 4–6 100% at 100.5m 0

Iwai et al. (12) 27 volume-staged 8–12Gy× 2 f 3–9 75% at 84m 4

Present study 71 dose-staged 9Gy× 2 f 6 97.2% at 36m 0

During a median follow-up of 7.5 years, 90% of the patients

achieved tumor control (25% tumor regression, 65% stable

size). Su et al. reported 4 cases of large skull base meningioma

surrounding the optical apparatus (14), for which treatment

mode of 2–3 fractions was administered with intervals of 4–

6 months. In stage 1, ∼3/4 of the tumor volume far from the

optic nerve (13.2 cm3, range: 3.9–54.7 cm3) was treated with

a marginal dose of 13.5Gy (range: 12–15Gy). In stage 2, the

upper portion of the tumor located close to the optic nerve

was treated (4.3 cm3; range: 1.5–16.2 cm3), and the marginal

dose was 9Gy (range: 8–10Gy). A 34–46% reduction in tumor

volume was reported during a median follow-up period of

100.5 months. The efficiency and safety of the treatment are

generally satisfactory.

Nevertheless, the number of cases in each series is relatively

limited, and the approaches used in each stage vary to a

great degree. For volume-staged radiosurgery, at the site of the

junction between subvolumes, the center or sub-center of the

tumor, the dose delivered to the meningioma is insufficient

to control growth durably. Conversely, the dose delivered in

2 fractions to adjoining normal brain tissue may exceed its

tolerance level. Experiment and clinical data cannot decide the

best approach for fractionated radiosurgery for meningiomas.

Detailed research is required to design safe and effective

staged Gamma Knife radiosurgery meningioma plans that

stabilize the relationship between a single prescription dose and

treatment interval.

This study represents the first report of dose-staged Gamma

Knife radiosurgery for meningiomas. Dose-staged Gamma

Knife radiosurgery more closely fulfills tumor radiobiology’s

fundamental principles. Unlike volume-staged radiosurgery, the

schedule of dose-staged Gamma Knife radiosurgery gives more

stable radiation doses to the tumor. The contiguous normal

brain tissue has a longer repair period and lowers integral doses

of radiation; avoid exposing brain tissue at the sites where

adjoining stages of volume-staged radiosurgery complement the

high dose of radiation from each fraction. Seventy-one cases

were included in our study, and compared with other published

articles; this is the largest number of cases reported yet for staged

Gamma Knife radiosurgery of meningiomas. It was found that

after a median follow-up of 36 months, 97.2% (69/71) of the

lesions were reduced or stable after treatment, and only two

patients had a local failure. The therapeutic effect is satisfactory

compared to previous literature listed in Table 4.

Leksell Gamma Knife model ICON can provide

continuously fractionated radiotherapy treatment. A relatively

fixed dose is usually implemented in 3–5 consecutive days

(10, 33). This study used stage radiosurgery with a long

interfraction interval instead of fractionated radiosurgery

delivered on interval days. A slow response was observed

in benign meningiomas to radiosurgery, where tumor tissue

swelling and edema of peripheral brain tissue were reported

from 3 to 6 months after radiosurgery (2, 34). Radiation-related

adverse reactions after continuously delivered fractionated

radiotherapy are unavoidable. Staged radiosurgery can adjust

the treatment time and the dose for the second stage based

on the treatment results of the first stage and the adverse side

effects. After the first stage of treatment, 13 (18.3%) patients

showed MRI signs of transient tumor tissue swelling and mild

edema of peripheral brain tissue. Reports on the radiosurgery

treatment of large meningiomas are limited, and the efficacy

and biological mechanism of both continuously delivered

fractionated radiotherapy and staged radiosurgery require

further investigation.

In addition, 17 (23.9%) lesions had slightly increased by 11.1

± 6.9% during the second stage of treatment. Although the

degree of enlargement in these cases is small, it is considered

a transient swelling of tumor tissue after radiosurgery instead

of tumor progression. This is due to two aspects: firstly, WHO

grade 1 meningioma normally progresses very slowly even

without treatment; secondly, contrast-enhanced MRI showed

that the enhancement of these tumors had slightly decreased.

During the follow-up period of 6–36 months after the two

stages of treatment, the lesion volumes gradually reduced to the

proportion of the patients with no acute inflammatory changes.

This study suggests that dose-staged Gamma Knife

radiosurgery has minimal adverse side effects and is well-

tolerated for large meningiomas or those close to important

nerve structures. The relatively longer interval of the two stages

provided a sufficient “buffer period,” ensuring that patients

with poor physical conditions could sustain the treatment plan.

As a result, the tumor received a sufficient prescription dose,
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with only two lesions’ recurrence at 30 and 60 months after

radiosurgery. The tumor volume of the patients decreased by

an average of more than 30% during the follow-up period of 36

months. Although 15 patients reported no headache or dizziness

6 months after the second stage of treatment, these symptoms

were usually mild, had little effect on daily life, and gradually

relieved after about 1 month without special treatment. After

dose-staged Gamma Knife radiosurgery, the MRI detected

edema around the tumor was slightly larger than that before

Gamma Knife radiosurgery in six cases. Still, the tumor size was

stable or reduced, with most patients showing no symptoms.

No new neurological dysfunction related to radiosurgery was

found in this study. Among the 35 patients with neurological

dysfunction, 11 reported relief of symptoms due to reduced

tumor volume and reduced normal brain tissue compression.

The other 24 patients were stable throughout treatment and

in follow-up.

This study has several potential limitations. First, this

is a non-prospective controlled study. Further randomized

controlled studies need to be conducted to compare other

fractionated radiosurgery approaches with dose-staged Gamma

Knife radiosurgery for meningiomas. Second, due to the limited

follow-up data of more than 3 years, the longer-term efficacy

and safety required full monitoring. Furthermore, the treatment

response after Gamma Knife radiosurgery in meningiomas

could be influenced by many factors, such as prescription dose,

location, volume, pathological classification, and surgical history

(35). In this study, no difference was found in the percentage

reduction in volume for differential initial volumemeningiomas.

The outcomes of clinical response and toxicity based on tumor

location were illustrated in Table 3, however, among 71 cases,

59 cases (83.1%) were skull base meningiomas, and differential

treatment response based on location could not be fully clarified.

Future studies to analyze the impact of these prognostic factors

on dose-staged Gamma Knife radiosurgery in meningiomas are

still needed.

Conclusion

This study investigates the efficacy and safety of two-stage

dose-fractionated Gamma Knife radiosurgery for meningiomas,

providing an innovative and minimally invasive treatment

option for meningioma patients with contraindications

craniotomy. However, optimizing staged radiosurgery and

clarifying the radiobiological details relevant to this approach

still needed further investigation.
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Meningiomas are the most common primary intracranial neoplasm. While

traditionally viewed as benign, meningiomas are associated with significant

patient morbidity, and certain meningioma subgroups display more aggressive

and malignant behavior with higher rates of recurrence. Historically, the risk

stratification of meningioma recurrence has been primarily associated with the

World Health Organization histopathological grade and surgical extent of

resection. However, a growing body of literature has highlighted the value of

utilizing molecular characteristics to assess meningioma aggressiveness and

recurrence risk. In this review, we discuss preclinical and clinical evidence

surrounding the use of molecular classification schemes for meningioma

prognostication. We also highlight how molecular data may inform

meningioma treatment strategies and future directions.

KEYWORDS

meningioma, cytogenetics, genomics, epigenetics, methylation, atypical, anaplastic
Introduction

Meningiomas account for up to 40% of all primary central nervous system (CNS) tumors,

making them themost common primary intracranial tumor (1). While they are thought to be

derived from arachnoid cap cells due to cytological similarities (2, 3), the actual cell of origin

for meningiomas remains unknown. It is possible they are derived from arachnoid barrier

cells, a meningeal cell layer between pia and dura mater separating cerebrospinal fluid from

underlying blood vessels, since meningiomas and arachnoid barrier cells have shared

expression of prostaglandin D synthase (PGDS) (4, 5). Understanding the origin and

natural history of meningiomas is important, since the incidence of meningiomas has been

steadily rising, secondary to improvements in imaging resolution and more frequent use of

various imaging modalities by providers (6, 7).
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The 2021 World Health Organization (WHO) classification

system describes 15 meningioma variants categorized into 3

grades based off of histopathological features and molecular

biomarkers, with atypical and anaplastic criteria now applied to

each of the subtypes (8). Eighty percent of meningiomas fall

under the grade 1 category and can be treated with maximally

safe resection with the goal of gross total resection (9). However,

there remains a 5% 5-year recurrence rate for grade 1

meningiomas that increases to 40% for grade 2 meningiomas

(3), and there is no established standard of care (SOC) for grade

2 and 3 meningiomas (10). While meningiomas have been

traditionally risk stratified using the World Health

Organization (WHO) histopathological grade and extent of

surgical resection (8, 11), advances in molecular profiling have

highlighted the benefits of utilizing genetic and epigenetic

changes to further characterize meningioma aggressiveness

and recurrence risk. The inter-observer variability inherent to

histopathological diagnoses (12), coupled with advances in

genetic and epigenetic technologies that have changed our

understanding of meningioma tumor biology, lend support to

the need for new molecular classifications for diagnosis and

treatment. This review summarizes the use of genetic biomarkers

and other forms of molecular data to inform meningioma

prognostication and treatment strategies.
Key genetic changes in
meningiomas

Germline mutations

Neurofibromatosis 2
Sporadic mutations in the NF2 gene on chromosome 22 are

implicated in 40 to 60% of meningioma patients (3), while 50 to

75% of patients with germlinemutations developmeningiomas (13)

(Table 1). NF2 encodes for the tumor suppressor protein merlin

(14), the loss of which is a well-studied driver mutation commonly

implicated in high-grade meningiomas (15). NF2 loss-of-function

mutations occur through a double-hit mechanism in meningiomas,

either through a germline mutation and a second hit with a somatic

mutation in syndromic cases, or with a somatic single nucleotide

variation or insertion/deletion mutation and an overlapping

chromosome 22 deletion event as commonly seen in sporadic

cases (15). While 95% of NF2-associated meningiomas remain

grade 1 (13), the presence of an NF2 mutation has been associated

with increased tumor size and cell proliferation, and it has been

suggested that NF2 loss may be the primary and sole initiator of

meningioma tumorigenesis in both cranial and spinal meningiomas

(16, 17). Two phase II clinical trials (Table 2) are currently
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underway to test FAK inhibitor GSK2256098 and AZD2014 in

patients with NF2-mutated meningiomas and NF2 patients with

symptomatic meningiomas respectively (19, 20).

Switch/sucrose non-fermentable
Germline mutations in two SWI/SNF chromatin remodeling

complex subunits have also been implicated in meningioma

tumorigenesis: SMARCB1 and SMARCE1 (21). Mutations in

SMARCB1 have been linked to the development of multiple

meningiomas, while SMARCE1 loss of function mutations have

been implicated in patients with familial multiple spinal

meningiomas with clear cell histology (22, 23).

Suppressor of fused homolog
Germline mutations in known tumor suppressor SUFU on

chromosome 10 have long been associated with childhood

medulloblastoma, with loss of SUFU leading to disruptions in

the sonic hedgehog signaling pathway (24, 25). Germline

disruptions in SUFU are also thought to predispose to

development of additional cancers such as basal cell

carcinoma, gonadal tumors, and meningiomas (26). Mutations

in SUFU have been linked to development of isolated familial

meningiomas and development of multiple meningiomas (27).

In a case series of four related family members with three that

had a history of meningiomas, a frameshift mutation in SUFU

leading to a premature stop codon was isolated and is posited to

be related to development of meningiomas (28).
Somatic mutations

Krueppel like factor 4
KLF4 is a transcriptional regulator known tomaintain stemness

and found to perform both oncogenic and tumor suppressor

functions in a variety of cancers, including but not limited to

bladder, esophageal, and gastric cancers (29–32). KLF loss of

function has been implicated in colon cancer, while its

overexpression has been shown to lead to decreased

tumorigenicity of colon cancer cells in vivo (33, 34). In

meningiomas, it is one of two genes found to be mutated in

whole-exome sequencing of sixteen secretory meningiomas (35).

KLF4 overexpression in anaplastic meningiomas has been

associated with increased expression of tumor suppressor proteins

such as p21, p53, and BAX, demonstrating a potential anti-tumor

role in higher grade meningiomas (36). Recent in vitro data has also

suggested that skull-based meningiomas with KLF K409Q

mutations have a unique tumor phenotype that may respond to

mammalian target of rapamycin (mTOR) inhibition with

temsirolimus (37).
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Tumor necrosis factor receptor-associated
factor 7

TRAF7 encodes for a ubiquitin E3 ligase and is the second

most commonly mutated gene in meningiomas (38). It catalyzes

a variety of ubiquitination reactions, including that of tumor

suppressor p53, which has been shown to promote tumor

progression in hepatocellular cancer while stabilizing p53’s

anti-tumoral effects in breast cancer (39, 40). TRAF7 and

KLF4 mutations often co-occur in secretory meningiomas

(35), with 40% of TRAF7-mutated meningiomas harboring a

KLF4 mutation as well (41). TRAF7 is also one of four genes

including KLF4, AKT1, and SMO, likely to be mutated in non-

NF2 mutated meningiomas found at the skull base (38). TRAF7
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mutations are also closely associated with hyperostosis and often

found in spheno-orbital meningiomas (42).

Telomerase reverse transcriptase
TERT encodes for telomerase reverse transcriptase, a catalytic

subunit of telomerase that promotes cell immortalization via

telomere elongation (43). Mutations in the chr5:1,295,228

(C228T) and chr5:1,295,250 (C250T) regions of the TERT

promoter have been associated with uncontrolled proliferation in

several cancers (44–46) and recently in meningiomas that

demonstrate histological malignant transformation (47). TERT

promoter mutations are more commonly seen in higher grade

meningiomas, withmutations found in 1.7%, 5.7% and 20% of 2007
TABLE 1 Commonly identified germline and somatic mutations in meningiomas.

Gene Form of Mutation Clinical Associations

NF2 Loss of function
Sporadic mutations found in 40-60% of meningioma patients
50-75% of patients with germline mutations develop meningiomas
Associated with increased tumor size and cell proliferation

SWI/SNF Frameshift deletion ARID1A mutation are independently prognostic of significantly increased hazard of death

KLF4 KLF4 K409 Q missense
The mutation results in upregulation of HIF-1a pathway
Meningiomas with this mutation may respond to mTOR inhibition

TRAF7 WD40 domain mutation
TRAF7 mutations are found in nearly one-fourth of all meningiomas
Meningiomas harboring TRAF7 mutations tend to be benign, chromosome-stable, and
originating from medial skull base

TERT
TERT promoter chr5:1,295,228 (C228T) and
chr5:1,295,250 (C250T) regional mutations

TERT promoter mutations are more commonly seen in higher grade meningiomas,
particularly WHO grade 3
TERT promoter mutations are associated with significantly shorter time to progression,
shorter overall survival, and higher chances of recurrence

AKT1 Gain of function
AKT1 mutations occur with higher frequency among skull base meningiomas and are
associated with shorter time to recurrence

SMO/SUFU Gain of function
Associated with higher recurrence rates among olfactory groove meningiomas
Associated with larger tumor volume among anterior skull base meningiomas

PIK3CA Gain of function
Mutations in PIK3CA are estimated to occur in 7% of non-NF2 mutated meningiomas
PIK3CA mutations tend to be mutually exclusive with mutations in AKT1 and SMO

CDKN2A/B Loss of function mutation
Mutations in CDKN2A/B are associated with shorter time recurrence
CDKN2A/B alterations are now included as part of the classification criteria for WHO grade
3 meningiomas

POLR2A Gain of function mutation
POLR2A-mutant tumors harbor distinct characteristics, including meningothelial histology,
and a tendency to originate from tuberculum sellae region
POLR2A mutations are found almost exclusively in WHO grade 1 meningiomas
TABLE 2 Phase 2 clinical trials targeting genetic mutations in meningiomas.

Clinical Trial Duration Phase Target Treatment
Outcome
Measures

Reference

NCT02523014 2015-2024 2 SMO, FAK, AKT, CDK
Vismodegib, GSK2256098, Capivasertib, Abemaciclib
(n=124)

PFS, CR or PR Brastianos et al. (16)

NCT02831257 2016-2020 2 mTOR
Vistusertib
(n=18)

Radiographic response Plotkin et al. (17)

NCT03071874 2017-2021 2 mTOR
Vistusertib
(n=28)

PFS Plotkin et al. (18)
PFS, Progression-free survival.
CR, Complete response
PR, Partial response.
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WHO classification grade 1, 2, and 3 meningiomas respectively

(18). Clinically, mutations in the TERT promoter region have been

associated with significantly shorter time to progression, shorter

overall survival, and higher chances of recurrence (18, 48, 49).

TERT promoter mutations are now included in the 2021 WHO

classification of grade 3 meningiomas (8).

AKT1
AKT1 encodes for AKT1 kinase, which regulates cell growth

and survival through a variety of pathways (50). AKT1

mutations have been shown to lead to PI3K/AKT pathway

activation (51). In a study that applied exome sequencing to

300 meningiomas, mutations in AKT1 were found in 13% of

tumors (38). Among skull base meningiomas, AKT1 mutations

were found at a higher frequency of 30% and was shown to be

associated with shorter time to recurrence (52). In the same

study, mutations in AKT1 were found to activate mTOR and

ERK1/2 signaling pathways (52). AKT inhibitors have been

shown to downregulate the expression of osteoglycin (OGN),

an oncogene implicated in meningioma growth, in vitro and to

stabilize meningotheliomatous meningioma growth in the lung

of a patient with multiple intra- and extra-cranial tumors

(53, 54).

Smoothened
SMO is a G-protein coupled receptor involved in the

Hedgehog (Hh) signaling pathway (55). Mutations in SMO

have been detected in 3 to 6% of all meningiomas, 28% of

olfactory groove meningiomas, and 11% of anterior skull base

meningiomas (56–59). Compared to meningiomas with AKT1

mutations, SMO-mutated olfactory groove meningiomas had

higher recurrence rates, and when compared to AKT1-mutated

or wild type meningiomas, SMO-mutated anterior skull base

meningiomas had significantly larger tumor volume (58, 59).

Given the targetable nature of SMO mutations, a clinical trial is

currently underway to test the SMO inhibitor vismodegib in

SMO-mutant meningiomas (19).

PIK3CA
PIK3CA encodes for a catalytic subunit of phosphatidylinositol

3-kinase (PI3K) that has been implicated in several human cancers

(60). Mutations in PIK3CA are estimated to occur in 7% of non-

NF2 mutated meningiomas and tend to be mutually exclusive with

aforementioned mutations in AKT1 and SMO (57). In a study

assessing 55 meningioma patient samples, PIK3CAmutations were

found in two patients who had atypical and anaplastic

meningiomas respectively (61). PI3K alterations have also been

seen to co-occur with TRAF7 mutations, with these tumors

demonstrating lower levels of chromosomal instability and

clinical tendencies to arise in the skull base (57). Targeting

PIK3CA has long been an area of therapeutic interest given the

role that increased protein expression in the PI3K/AKT pathway
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plays in more aggressive malignant meningiomas (62). Two phase

II clinical trials are currently underway targeting the PI3K/AKT

pathway with vistusertib and capivasertib respectively (19, 63).
CDKN2A/B
The cyclin-dependent kinase inhibitor A and B (CDKN2A/

B) gene encodes for three tumor suppressor proteins, the loss of

which has been demonstrated to contribute to spontaneous

development of melanomas in CDKN2A/B knockout mice

(64). In addition to NF2 inactivation, loss of CDKN2A/B

contributes to meningioma progression and has been

associated with shorter time to recurrence in mice (65).

Among a series of 17 recurrent and 13 non-recurrent

meningiomas, CDKN2A/B alterations were found only in

recurrent meningiomas, and a novel SNV (p.Ala148Thr) was

identified in 5 recurrent meningiomas, further supporting the

association between CDKN2A/B alterations and meningioma

recurrence (66). Along with TERT promoter mutations,

CDKN2AB alterations are now included in categorizing grade

III meningiomas (8).
SUFU
Changes in SUFU lead to dysregulation of the hedgehog

(Hh) signaling pathway, the activation of which has been shown

to play a critical role in meningioma growth and development,

with 72% of Hh signaling pathway genes being differentially

expressed in meningiomas compared to normal tissue (67).

Across 850 meningiomas that underwent genomic analyses,

SUFU mutations were identified in 23 patients and seen to co-

occur with PTEN and ARID1A mutations (68).
POL2RA
POLR2A, the catalytic subunit of RNA polymerase II, has

been shown to harbor mutations that characterize a distinct

subset of meningiomas that lack the aforementioned mutations

commonly seen in other meningiomas (69). Meningiomas with

mutations in POLR2A were exclusively benign with distinct

meningothelial histology and were more likely to arise from the

tuberculum sellae (69).
Cytogenetic alterations

There are several copy number variations (CNVs) associated

with meningioma pathology (Table 3). The initial loss of

chromosome 22q in meningioma tumorigenesis has long been

established as an early chromosomal event linked to both NF2

mutated and non-NF2 mutated tumors (3, 70). It is estimated to

be found in 60 to 70% of all meningiomas, with significantly

increased odds among older patients (71, 72). While the loss of

22q occurs in many patients with established neurofibromatosis
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type 2 syndrome, somatic mutations have also been discovered

in around 47% of sporadic meningiomas (73, 74).

In the 40% of meningiomas that do not have NF2

inactivation, alternative explanations are sought to explain

meningioma tumorigenesis (75). Losses in chromosomal

locations 1p and 14q have been identified in higher grade

meningiomas (71). Specifically, loss of 1p is the second most

common chromosomal event after loss of 22q, and it has been

linked to higher rates of tumor recurrence and progression (76).

The frequency of mutations in 1p increases roughly from 30% in

grade 1 (2000 WHO classification) tumors to 80% and 100% of

grade 2 and 3 tumors respectively (76). Losses in 14q are the

third most common cytogenetic change detected among

meningiomas, with similar frequencies among WHO grade 1

through 3 tumors as 1p losses (76). Similar to 1p losses, a loss at

chromosomal arm 14q has also been correlated to increased risk

of tumor recurrence (77).

The concurrent loss of 1p and 3p has also been detected in a

small subset of meningiomas without detectable losses in

chromosome 22. These losses are hypothesized to contribute

to meningioma growth, as changes in chromosome 3 have been

linked to other cancers such as breast and small cell lung cancer

(78, 79). Other chromosomes such as 6 have been found to

harbor genes such as HIST1H1C and CTGF, changes in which

are associated with meningioma recurrence (80). Loss of

heterozygosity at certain sites of chromosome 10 have also

been predictive of recurrence and worse prognosis in

meningioma patients (81).

Greater number of chromosomal anomalies within a tumor

has also been associated with higher tumor grade. For instance,

in Pfisterer et al., the distribution of chromosomal 1, 14, and 22

anomalies was examined among 77 meningioma cases (82). The

loss of 1p, 14q, or 22q alone was only found in grade I

meningiomas, while 23% of meningiomas with both 1p and

14q deletions were grade II meningiomas, and 80% of

meningiomas with losses in all three chromosomes were grade

III (82). In the literature, losses of 1p were found in 75% of high-

grade versus 23% of low-grade tumors, 14q losses in 67% of

high-grade versus 31% of benign tumors, and chromosomal 22

deletions in 47% of grade II versus 19% of grade I tumors (77,

83). Bi et al. examined the genomes of 39 high-grade
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meningiomas and found that high-grade tumors were more

likely to have loss of chromosome 22 and 1p than low-grade

meningiomas, with high-grade meningiomas also commonly

exhibiting losses of 1p, 6q, 10q, 18q and gains of 17q and

20q (84).
Radiation-induced meningiomas

Meningiomas are one of the most common tumors to arise

after radiotherapy, particularly in the pediatric population (85,

86). Radiation-induced meningiomas have a tendency to behave

more aggressively than sporadic meningiomas and often arise

two decades after radiation treatment (87, 88). Unlike sporadic

meningiomas that commonly harbor NF2 mutations, the same

mutations are not seen in radiation-induced meningiomas (87).

Instead, loss of chromosomal segment 1p was found to play a

larger role in development of radiation-induced meningiomas,

followed by changes in chromosomal locations 9p, 19q, and 22q

(87). Among 16 patients with radiation-induced meningiomas,

cytogenetic analyses revealed changes in chromosome 1p in 89%

of cases and changes in chromosome 6 in 67% of cases (89).

Further work exploring the genetics underlying the aggressive

behavior of radiation-induced meningiomas may shed

light on how to best distinguish benign from malignant

sporadic meningiomas.
Methylation profiling

Epigenetic changes have been found to be useful biomarkers

of cancer diagnosis and predictors of recurrence and treatment

response. For instance, alterations in hypermethylation of O6-

methylguanine DNA methyltransferase (MGMT) in

glioblastoma can be useful indicators of chemotherapy

response (90). In meningiomas, the absence of trimethylation

of H3K27 (H3K27me3) has been shown to be associated with

more aggressive growth of tumor, as well as NF2 and SUFU

mutations, allowing us to further stratify grade 1 and 2 tumors

according to the 2016 WHO classification system (91).
TABLE 3 Commonly identified cytogenetic alterations in meningiomas.

Chromosome Type of alteration Implication for prognostication

22q Deletion
Estimated to be found in 60-70% of all meningiomas

Both biallelic loss and macro-mutations in 22q are more commonly detected in fibroelastic than in
meningothelial histological subtypes

1p Deletion
Second most common chromosomal event after loss of 22q

Loss of 1p has been linked to higher rates of tumor recurrence and progression

14q Deletion
Third most common cytogenetic change detected among meningiomas

Loss at chromosomal arm 14q has also been correlated with increased risk of tumor recurrence

6q, 10q, 17q, 18q, 20q Deletion More commonly found in high-grade meningiomas when compared to low-grade meningiomas
frontiersin.org

https://doi.org/10.3389/fonc.2022.910199
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Wang et al. 10.3389/fonc.2022.910199
In another study examining 1268 meningiomas, the loss of

H3K27me3 was found to be a significant predictor of negative

prognosis and recurrence, further underlying the importance of

methylation profiling in categorizing meningiomas (92).

Methylation profiling has taken on a similar role in

identifying and distinguishing meningiomas. When compared

to bulk RNA-sequencing, DNA methylation profiling was found

to more accurately identify meningioma metastases to the liver

in one case report (93). While both bulk RNA-sequencing and

DNA methylation profiling could separate the liver metastasis

from the primary intracranial meningioma, DNA methylation

could better establish the diagnosis of the liver metastasis as a

meningioma while hepatocyte-specific gene expression

confounded similar findings using bulk RNA-sequencing (93).

However, it is important to note that these findings were in the

context of one case report, and the improved accuracy of DNA

methylation profiling in this instance cannot be generalized. In

another study, application of DNA methylation profiling to

more than 3000 meningiomas identified an epigenetically

distinct cluster of 31 tumors, the majority of which were

histopathologically diagnosed as clear cell meningiomas (94).

Several studies that have integrated methylation studies with

other techniques to classify meningiomas will be discussed in the

upcoming section.
Molecular profiling for meningioma
stratification

Advances in computational molecular profiling techniques

have allowed for new classifications of meningiomas that

account for findings at the DNA level rather than

histopathological analysis (95). A variety of techniques

including sequencing, methylation profiles, and copy number

variation analysis have also been used to generate scores that

may better predict prognosis in meningioma patients when

compared to standard WHO grading systems.

Genomic sequencing analyses have also been utilized to

further classify meningiomas. Patel et al. applied bulk RNA-

sequencing and whole-exome sequencing to 160 tumors from

140 meningioma patients to identify 3 classes of meningiomas

that were found to predict recurrence more accurately than the

standard 2016 WHO grading system (96). Among the three

groups (designated type A, B, and C), type C had the highest

MIB1 proliferative index, the highest proportion of men, and the

shortest recurrence-free survival despite containing primarily

WHO grade 1 tumors (96). Type C tumors were also found to

have increased expression of FOXM1, leading to loss of the

repressive DREAM complex (96). Work by Vasudevan et al.

similarly revealed two distinct groups of 280 meningiomas, with

aggressive tumors marked by increased expression of FOXM1

(97). FOXM1 has also been implicated as one of three genes
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upregulated in primary atypical meningiomas, which have also

been found to demonstrate NF2 loss, genomic instability,

muta t ions in SMARCB1 , and a hypermethy la t ed

phenotype (98).

Genomic analyses applied to aggressive meningiomas have

also identified 3 distinct groups of meningiomas organized by

NF2 status: NF2-mutant, NF2-agnostic, and NF2-wild type (68).

NF2-mutant meningiomas were more often associated with men

and mutations in CDKN2A/B while NF2-agnostic meningiomas

were often associated with TERT and TP53 mutations (68). The

third group of NF2-wild type tumors predominantly lacked NF2

mutations and were split further into 3 subgroups: those

containing chromatin regulator mutations in BAP1 or PBRM1,

skull-based meningiomas with AKT1, PIK3CA, and SMO

mutations, and meningiomas with a mix of mutations that

shared no discernable pattern (68). Genomic analysis of 300

meningiomas by Clark et al. also revealed benign tumors at the

skull base express mutations in TRAF7, KLF4, AKT1, and SMO

while higher grade tumors often contained NF2 mutations and

were found at the cerebral and cerebellar hemispheres (38).

Genome-wide DNA methylation profi les on 497

meningiomas revealed 6 distinct methylation classes that were

found to predict meningioma progression more accurately when

compared to 2016 WHO grade 1 tumors and meningioma

recurrence more accurately when compared to 2016 WHO

grade 2 tumors (99). Similarly, Nassiri et al. applied copy

number variation analysis, somatic point mutations,

methylation profiles, and messenger RNA abundance to 121

meningioma patient samples to create four molecular groups of

meningiomas: immunogenic, benign NF2 wild-type,

hypermetabolic, and proliferative (100). The four groups were

able to predict patient outcomes more accurately when

compared to the existing 2016 WHO classification system and

to classification systems based off DNA methylation (100).

Methylation analysis by Olar et al. revealed two distinct

groups with favorable and unfavorable prognoses respectively

(101). Tumors in the unfavorable prognosis group were found to

have a higher proportion of copy number aberrations than those

in the favorable prognosis group, including losses of 1p and

14q (101).

The integration of histologic findings with genetic profiling

including methylation profiling and copy number analysis has

further helped improve the precision of meningioma

stratification. Using data across 3031 meningiomas, Maas et al.

developed an integrated score that predicted risk of meningioma

progression more accurately than existing 2016 WHO grading

by classifying tumors into low, intermediate, and high-risk

groups based off of histology, methylation classes, and CNV

analysis (102). While CNV- and methylation-based subtypes

independently demonstrated increased prediction accuracy

compared to the existing 2016 WHO grading system, the

integrated score resulted in further improved accuracy,
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emphasizing the value of both histology and molecular risk

stratification in meningiomas (102).

Integrated use of DNA methylation, RNA sequencing, and

cytogenetic profiling by Patel et al. on 110 grade 1 and II

meningiomas according to the 2016 WHO classification

system revealed two benign and one malignant tumor group

closely resembling the previously established type A, B, and C

classifications (103). Methylation analysis further distinguished

these groups as tumors with balanced methylation (Meth 1),

hypomethylation (Meth 2), and hypermethylation (Meth 3)

(103). When comparing these groups to those established by

Olar et al., Meth 2 and 3 tumors were conferred a favorable and

unfavorable prognosis respectively, corresponding with clinical

outcomes (101, 103). Further analysis revealed 75% of tumors

classified via methylation analysis corresponded to a tumor

group established by either transcriptional classification (type

A, B, C) or cytogenetic classification (no loss, 22q loss, 1p/22q

loss) (103).

In a similar vein, Driver et al. created an integrated scoring

system by combining chromosomal losses, CDKN2A losses, and

mitotic count to separate meningiomas into three separate

groups (104). The subsequent grading system reclassified 32%

of meningiomas to a higher or low grade when compared to

their original WHO grade and was able to more reliably predict

risk of recurrence compared to the existing 2007 and 2016WHO

grading system (104). Key molecular alterations associated with

high grade included higher mitotic count, 1p del, 3p del, 4p/q

del, 6 p/q del, 10 p/q del, 14q del, 18 p/q del, 19 p/q del, and del

CDKN2A/B (104). While both Driver and Maas et al.

emphasized 22q, 1p, 6q, and 14q loss as the most frequent

deletions encountered, Driver et al. also included 3p, 4p/q, 10p/

q, 18p/q, 19p/q alterations and mitotic count instead of

methylation families in their scoring system (102, 104).

Most recently, DNA methylation profiling on 565

meningiomas was performed and integrated with single cell,

proteomic, and other genetic, transcriptomic, biochemical

approaches to categorize meningiomas into three distinct

clinical groups: merlin-intact meningiomas, immune-enriched

meningiomas, and hypermitotic meningiomas (105). Merlin-

intact meningiomas were characterized by gain of function in

chromosome 5, loss of function in chromosome 6p, and intact

NF2 expression, with the best overall survival among the three

groups (105). Immune-enriched meningiomas exhibited gain of

function in 6p and loss of function in 22q, and notably,

lymphocytes in these tumor microenvironments were prone to

exhibiting exhaustion markers, potentially explaining why

immune checkpoint blockade has not had the same effect on

survival in meningiomas as it has in other cancers (106).

Hypermitotic meningiomas had the worst overall survival of

all three groups and were distinguished by upregulation of

FOXM1 expression, which was found to regulate DNA

damage response, potentially increasing hypermitotic

meningioma resistance to cytotoxic therapy (105).
Frontiers in Oncology 07
326
Future directions

While the information afforded by integrated scoring systems is

an essential first step to guiding meningioma management, many

questions remain to be answered particularly regarding adjuvant

therapies and post-operative imaging follow-up. For instance, while

most studies do not include Simpson grade or gross versus subtotal

resection as part of their grading criteria, these are essential factors

that guide decisions regarding post-operative management and

consideration of radiotherapy. It is important to determine

whether there are specific genetic changes that make a tumor

amenable to systemic therapies such as upfront radiation versus

observation. Since new classification schemes including the recent

changes to the WHO grading system may alter how aggressively a

tumor is treated, it is also important to determine whether

new classification systems are changing outcomes such as

recurrence rates.

In addition, with several novel integrated systems of

meningioma classification, it will be crucial to compare the

accuracy of different systems through further investigation,

including cross study group comparisons. Another potential

factor limiting the widespread use of novel integrated

classification systems is the high cost and limited availability of

some of the technologies utilized, including DNA methylation and

next generation sequencing. When applying these technologies to

categorize meningiomas, it is also important to take note of

intratumoral heterogeneity among meningiomas, with spatially

distinct areas of the same tumor exhibiting distinct gene

expression patterns (107). Moving forward, it is important to

determine how the new groupings afforded by integrated scoring

systems may change future management of meningiomas.
Conclusions

Meningiomas are the most common primary intracranial

neoplasm and among the most genetically well-studied

intracranial tumors. While pre-existing classification schemes

by the WHO have traditionally been used to predict

meningioma prognosis and risk of recurrence, advances in

molecular profiling have allowed for development of several

new classification schemes utilizing DNA-level rather than

histopathological findings. It is critical to continue applying

new sequencing and computational technologies to better

predict meningioma behavior in the clinical setting.
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