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Simple Summary: Meningiomas are benign tumors of the meninges and represent the most common
primary brain tumor. Most tumors can be cured by surgical excision or stabilized by radiation
therapy. However, recurrent cases are difficult to treat and alternatives to surgery and radiation
are lacking. Therefore, a reliable prognostic marker is important for early identification of patients
at risk. The presence of infiltrative growth of meningioma cells into central nervous system tissue
has been identified as a negative prognostic factor and was therefore included in the latest WHO
classification for CNS tumors. Since then, the clinical impact of CNS invasion has been questioned
by different retrospective studies and its removal from the WHO classification has been suggested.
There may be several reasons for the emergence of conflicting results on this matter, which are
discussed in this review together with the potential and future perspectives of the role of CNS
invasion in meningiomas.

Abstract: Most meningiomas are slow growing tumors arising from the arachnoid cap cells and can be
cured by surgical resection or radiation therapy in selected cases. However, recurrent and aggressive
cases are also quite common and challenging to treat due to no established treatment alternatives.
Assessment of the risk of recurrence is therefore of utmost importance and several prognostic clinical
and molecular markers have been established. Additionally, the identification of invasive growth
of meningioma cells into CNS tissue was demonstrated to lead to a higher risk of recurrence and
was therefore integrated into the WHO classification of CNS tumors. However, the evidence for its
prognostic impact has been questioned in subsequent studies and its exclusion from the next WHO
classification proposed. We were recently able to show the prognostic impact of CNS invasion in a
large comprehensive retrospective meningioma cohort including other established prognostic factors.
In this review we discuss the growing experiences that have been gained on this matter, with a focus
on the currently nonuniform histopathological assessment, imaging characteristics and intraoperative
sampling as well as the overall outlook on the future role of this potential prognostic factor.

Keywords: meningioma; invasive growth; brain invasion; prognosis; recurrence; WHO classification
for CNS tumors

1. Introduction

Meningiomas account for approximately one third of primary intracranial tumors [1].
Based on the increasing availability of cranial imaging the incidence seems to rise con-
stantly [2]. They arise from arachnoid cap cells and usually show slow circumscribed
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growth and are therefore considered benign neoplasms [3]. However, about 20% show a
more aggressive behavior with an increased proliferation rate and a higher tendency to
recur [3]. Most meningiomas can be treated effectively by surgical excision, while radiation
therapy is reserved for selected cases, recurrent tumors and primarily fast-growing sub-
types [4-7]. There are no other established therapy options and especially, more aggressive
meningiomas are challenging to treat. After multiple rounds of resection and radiation
there is no established treatment alternative to oppose further disease progression, while
individualized treatment approaches are frequently offered [8].

During the last decade, a central part of meningioma research was the identification
and description of potential markers to improve the prognostic assessment of patients. On a
molecular level, tumors can be roughly dichotomized as NF2 (neurofibromatosis type 2) and
non-NF2-mutated meningiomas, and NF?2 is the main identified driver mutation in atypical
meningiomas [9,10]. Mutations of the promotor of the telomere reverse transcriptase
(TERT), loss of the cyclin-dependent kinase inhibitor 2A /B (CDKN2A /B) and loss of the
trimethylation of lysin 27 of histone 3 (H3K27me3), were identified as negative prognostic
markers independent of tumor histology [11-14].

Brain invasion in meningiomas involves a complex interplay between cell adhesion
molecules, extracellular matrix, the basement membrane at the brain tumor interface
and the stimulation of growth factors. For further details of a three-step process that
involves degradation, migration and differentiation the reader is referred to the review
by Qin et al. [15]. In proteomic analysis the Wnt signaling cascade was identified as one
of the significantly modulated pathways in meningioma and is involved in epithelial-
to-mesenchymal transition [16]. It is likely that brain invasion through epithelial-to-
mesenchymal transition may be modulated by altered expression of beta-catenin and
E-cadherin in meningiomas as members of the Wnt pathway [17,18].

With the introduction of the updated WHO classification for central nervous system
tumors in 2016, the detection of CNS invasion was integrated as a stand-alone criterion for
atypia, leading to a WHO grade II assignment in tumors without other signs of atypia [3].
Since then, the prognostic role of brain invasion in meningioma has been questioned
because of the contradictory results of different retrospective analyses [19-21]. It is currently
under discussion, whether it should be removed from the upcoming WHO classification
or whether the diagnosis should be supplemented with an appropriate reference to the
contradictory data situation. However, there is an obvious problem regarding tumor
sampling, which is usually done in a non-standardized way, potentially minimizing the
chance for neuropathologists to detect invasive growth into CNS tissue. Furthermore, no
clear-cut criteria exist for the histopathological detection of invasive growth into brain
parenchyma and the supporting staining. Another important aspect, which has attracted
little attention so far, is the potential of preoperative imaging regarding the illustration of
invasive features, which would be of great help for preoperative planning.

Overall, the evidence on the role of CNS invasion is scarce but promising. In this
review, the role and potential of CNS invasion in meningioma is illustrated from three
different points of view: histopathological, imaging and intraoperative assessment.

2. Histopathological Assessment of Invasive Growth

In 2016, brain invasion in meningioma was clearly defined as an additional criterion
for atypia in the revised fourth edition of the WHO classification of central nervous system
tumors. Such tumors, even in the absence of mitotic activity—so called otherwise histologi-
cally benign meningiomas—are now classified as WHO grade II tumors [3]. The supporting
evidence is based on a single comprehensive study of 89 cases, wherein CNS parenchyma
was present within the tumor specimen. For recurrence-free analysis 22 cases were clas-
sified as brain invasive and compared to 54 cases with the absence of brain invasion [22].
Brain invasion was defined by Perry et al. as fingerlike or knobby protrusions into under-
lying cortex and/or absence of a leptomeningeal layer at the tumor-CNS interface. The
previous classification in 2007 used the same study as the main evidence and suggested that
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such tumors “should thus prognostically be considered as WHO grade I1” [23], resulting in
divergent tumor grading in various neuropathological institutions between 2007 and 2016.
The same study was also referenced in the third edition of the WHO classification of 2000 to
indicate a negative prognostic significance for brain invasion. However, the classification of
2000 did not recommend this as a criterion for atypia [24]. Therefore, brain invasive menin-
giomas were usually assigned WHO grade I between 2000 and 2007 [23,24]. Previously, the
second edition of WHO classification in 1993 mentioned brain invasion as a malignancy
criterion only among anaplastic (grade III) meningiomas [25]. In the same year, McLean
and colleagues questioned the role of brain invasion for tumor grading because they found
no prognostic role in 28 meningiomas [26]. Their analysis was restricted to grade II and
III meningiomas and did not include otherwise histologically benign meningiomas. A
follow-up series in 1999 by Perry et al. addressed this question directly and examined 20
meningiomas (only 23% of all the brain-invasive meningiomas were otherwise histologi-
cally benign after exclusion of subtotally resected tumors due to their higher recurrence
risk) showing a recurrence-free survival similar to atypical meningioma [27]. Because Perry
et al. observed only 4% brain invasive tumors, he expected that the proposed changes to the
WHO classification in 2016 would affect the incidence of WHO grade II tumors by 1%, but
was confronted with a “mini-epidemic in brain invasive otherwise benign meningiomas”
and suggested that a loosened approach of pathologic criteria to identify brain invasion
was the underlying cause [28]. As the concordance level between observers of detecting
brain invasion in meningiomas is generally very high (kappa 0.76; highest kappa of all
tested features in NRG Oncology RTOG Trial 0539) interobserver histological interpretation
differences alone may not explain these discrepancies [29]. The revised 2016 WHO grading
resulted in further studies questioning the role of brain invasion in meningiomas. Vranic
et al., Streckert et al. and Champeaux et al. found a clear association with histologic
brain invasion and recurrence-free survival, but their cases were restricted to grade 11/1I1
tumors [30-32]. In their cohort of 19 patients with brain invasive otherwise benign menin-
giomas, Pizem et al. did not observe an increased incidence of recurrence [33]. Spille et al.
identified 20 patients with brain invasive otherwise benign meningiomas that showed
recurrence rates similar to WHO grade I tumors [34]. Another retrospective analysis of
49 grade II meningiomas reviewed the prognostic impact of different histopathological
criteria. In this series brain invasion showed no difference in the recurrence rate [35]. A
larger analysis by Baumgarten et al. compared 149 atypical meningiomas with 61 patients
with brain invasive otherwise benign meningiomas and found only four relapses in the
latter cohort [19]. A large bi-institutional study including 170 cases with available CNS
tissue found no association with progression-free survival and brain invasion [36]. In a
retrospective multicenter analysis of 200 atypical meningiomas that were treated with gross
total resection, brain invasion was not associated with an increased risk of recurrence [37].
In contrast, a recent bi-institutional study compared 25 otherwise benign meningiomas and
40 atypical brain invasive meningiomas and identified brain invasion as an independent
prognostic factor for the progression-free interval [38].

Because of the highly controversial data, the role of brain invasion remains unsolved,
and the upcoming fifth edition of the WHO CNS tumor classification attempts to refine the
histological criteria for a more stringent classification. While tongue-like protrusions in the
absence of intervening leptomeninges remain essential, meningoangiomatosis-like tumor
extension along Virchow-Robin spaces do not constitute brain invasion due to an intact pia
mater. The diverging results of studies on otherwise histologically benign meningiomas are
now noted in the WHO classification and the need for further studies to resolve this issue
is mentioned [28]. Because the majority of brain invasive meningiomas also show other
atypical features (such as elevated mitotic activity) and brain invasion in grade II tumors
is no longer disputed, only a subset of otherwise benign meningiomas is affected by the
ongoing controversy. Previous studies have proposed an increased expression of SPARC
(secreted protein, acidic and rich in cysteine) and matrix metalloproteinase-9 (MMP-9) as
a sign of brain-invasive meningioma in the absence of an infiltrative interface with the



Cancers 2021, 13, 3259

40f9

brain [39]. In addition, increased expression of CD44 and GFAP in astrocytic processes
of CNS tissue adjacent to tumor tissue suggests the absence of brain infiltration due their
adhesion to intact basement membrane [40]. GFAP staining is now highly recommended
in otherwise histologically benign meningiomas to address brain invasion in borderline
cases, but grading of such cases may be superseded in the future by established prognostic
molecular markers such as the TERT promotor mutation and/or CDKN2A /B deletion.
Standardized tumor sampling in future prospective studies is a prerequisite for obtaining
reproducible data regarding brain invasion.

3. Imaging Aspects of Invasive Growth

There is no established imaging characteristic that clearly depicts infiltrative growth of
meningiomas into the adjacent CNS parenchyma. In order to establish such radiographic
criteria, it is necessary to have definite criteria for the histopathological detection of invasive
growth as a reference. Furthermore, it would be necessary to have detailed sampling that
can be allocated to the preoperative imaging. Since there is no consensus either on the
histopathological definition of parenchymal invasion or a standardized sampling algorithm,
it is difficult to establish imaging characteristics of invasive growth.

However, there are a few studies that have addressed this radiographic aspect. Adeli
et al. analyzed imaging characteristics of 617 meningiomas and found an irregular tumor
shape, heterogenous contrast enhancement and peritumoral edema to be associated with
the detection of brain invasion (examples presented in Figure 1). However, only peritu-
moral edema remained as an independent predictor of brain invasion in the multivariate
analysis [41]. The predictive effect of peritumoral edema was later confirmed in other
studies [42,43]. Parenchymal edema adjacent to the meningioma interface seems to be an
expression of close interaction of the tumor with bordering structures, such as damage to
the cortex by an infiltrating tumor. However, it has to be kept in mind that edema is also
associated with meningioma size [44] and can also form, based on the pressure-dependent
compromise of parenchymal venous drainage.

Figure 1. Three meningiomas of the Tiibingen Meningioma Cohort are shown as representative
examples of MR-Imaging characteristics that have been associated with invasive growth (peritu-
moral edema (A); irregular contrast enhancement (B); irregular tumor shape (C)). In all three cases
histopathological evidence of invasive growth into CNS parenchyma was detected.

The utilization of radiomics has also been studied in meningiomas. A recent retrospec-
tive analysis has shown the prognostic potential of preoperative MRI radiomic features
in 128 primary grade I meningiomas [45]. Regarding infiltrative growth, Kandemirli et al.
compared radiomics-based postcontrast MRI features of 56 meningiomas with ascertained
brain invasion and 52 without brain invasion, including grade I and II tumors. The method
showed good potential in predicting brain invasion, especially when compared to grade I
meningiomas [46]. The most recent study on this topic by Joo et al. analyzed radiomic fea-
tures in 454 meningiomas, including 88 with histopathologically proven brain invasion. As
already mentioned, volume of peritumoral edema was again identified as an independent
predictive factor of brain invasion, but furthermore, brain-meningioma interface features
were also of significance [42]. Of note, radiomics has also shown potential in predicting
bone invasion of meningiomas in preoperative imaging in a series of 490 tumors [47].
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Although, imaging characteristics and especially radiomic features show great promise
in predicting invasive growth of meningiomas, further studies need to confirm its feasibility.
Furthermore, it is of great interest to assess the prognostic impact of radiographic detection
of CNS invasion, due to its independence from non-standardized intraoperative tissue
sampling compared to histopathological assessment.

4. Intraoperative Assessment and the Sampling Dilemma

We recently demonstrated the prognostic potential of the detection of CNS invasion
in a retrospective analysis where we compared the prognostic impact of intraoperative and
histopathological detection of invasive growth. The combination of both assessment types
showed a clear prognostic impact in a comprehensive multivariate analysis. Interestingly,
based on the intraoperative surgical evaluation, features of infiltrative growth were ob-
served in 23.7%, and only in 4.8% during histopathological assessment [48]. This reflects
the probable inconsistent sampling of areas of interest for histopathological assessment,
thus possibly leading to undersampling of CNS invasion. Unless the complete margin
between the meningioma and cortical structures is provided for histopathological analysis
(see Figure 2), CNS invasion can never be completely ruled out. This may very well have
been a decisive factor in other retrospective studies, that were unable to show a prognostic
impact of CNS invasion [19,20].

1 | >
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Figure 2. Illustration of the area of interest for meningioma sampling regarding the detection of
CNS invasion. Dotted lines represent contact of the meningioma surface with non-eloquent (green)
and eloquent (red) parenchyma ((A): right frontal convexity meningioma; (B): left frontoparietal
falcine meningioma; (C): right-sided sphenoid wing meningioma; (D): left temporo-parietal convexity
meningioma; (E): olfactory groove meningioma; (F): ventral thoracic meningioma).

There are several factors than can potentially influence the sampling. One is the tumor
location. In cases of skull base meningiomas the resection can be technically demanding,
especially when done through key-hole approaches. Such resection techniques are the
result of constant refinement of neurosurgical techniques and improvement of visualization
via the operative microscope and endoscope over several decades, which has led to less
morbidity and improved cosmetic results [49-51]. This development has evolved without
consideration of possible sampling problems, which have become more evident in light
of the possible prognostic role of CNS invasion, only in the last few years. However,
performing a larger surgical exposure during meningioma resection in order to possibly
improve tumor sampling and taking into account a higher risk of morbidity, is unacceptable
in light of the currently uncertain prognostic evidence of CNS invasion.
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Furthermore, meningiomas adjacent to highly eloquent areas may be difficult to
resect, especially if adhesions or possibly infiltrative growth is present [52]. In such cases
an expanded sampling to include bordering cortical tissue would increase the risk of
postoperative morbidity. Especially in such areas, it is of utmost importance to respect the
cortex even if adhesions or infiltrations are present. In non-eloquent areas it may be possible
to include adjacent cortical tissue with the sample in cases of clear intraoperative infiltrative
growth. This way meningioma protrusions into parenchyma may be histopathologically
detectable. However, it is ethically questionable to expand the sampling to neighboring
cortical structures, especially in light of the uncertain prognostic impact of CNS invasion.

Intraoperative labeling of suspicious areas of the tumor sample by the surgeon could
be a first step towards improving the assessment of invasive growth [53].

5. Outlook

The clinical and prognostic role of invasive growth of meningiomas into central
nervous system tissue has the potential to improve prognostication. First of all, it is
important to raise awareness in the neurosurgical society of the sampling problem. We
recently launched an online survey among members of the German Neurosurgical Society
to assess the perception of this issue and if specific measures have been undertaken
to improve or standardize meningioma sampling. Thus far, no national/international
standards or expert recommendations exist.

Furthermore, factors that hamper a complete tumor sampling need to be identified and
may then be further addressed. It is suspected that optimal intraoperative conditions for
meningioma sampling will very likely contradict the trend of performing smaller and more
focused surgical approaches, especially for skull base meningiomas. It will be challenging
to balance and satisfy both extremes, maximum chance for neuropathological detection of
CNS invasion as well as minimal invasive neurosurgical approaches for optimal clinical
and cosmetic outcomes.

However, most importantly, it is necessary to provide evidence of high quality for
the prognostic role of CNS invasion. Without a prospective study, including a clear docu-
mentation of the intraoperative evaluation and sampling as well as the histopathological
analysis, the evidence for or against the role of CNS invasion will remain questionable. In
order to tackle this problem, we are planning a prospective multicenter study.

In case the prognostic impact of CNS invasion becomes more established, the future
may bring uniform standards for the intraoperative sampling and histopathological assess-
ment, together with a clearer insight into the incidence and distribution among different
meningioma locations. This would be an important basis for the assessment of possible
tissue markers that may be associated with invasive growth and could simplify diagnostic
efforts and help us provide better care for meningioma patients. There are older reports
of potential markers such as SPARC that need to be reassessed in light of the growing
potential of CNS invasion and novel molecular markers emerging [54]. A deeper insight
into the mechanisms of infiltrative growth can furthermore spark the development of
innovative therapeutic approaches. In that respect, extracellular matrix degradation, cell
adhesion and growth factors have been formulated as potential therapy targets [15].

Overall, CNS invasion in meningiomas has a high potential to improve the risk
stratification for our patients. We highly encourage other researchers to provide their data
and experiences in order to advance this highly interesting research area.

6. Conclusions

The prognostic significance of CNS invasion in meningioma is currently under discus-
sion. Due to non-uniform histopathological criteria and non-standardized intraoperative
sampling, the potential of CNS invasion has not yet been utilized to its full extent.

Author Contributions: F.B., ].-M.H. and J.S. conceptualized, wrote and edited the manuscript. All
authors have read and agreed to the published version of the manuscript.
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