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Meningiomas are the most frequently reported primary 
CNS tumors, comprising ~36.1% of all CNS tumors, with 
an incidence of 7.61/100 000.1 They originate from arach-
noid meningothelial cells and therefore belong to the 
group of intracranial extra-axial neoplasms. Just as in 
other neuro-oncologic entities (eg, gliomas), efforts are 
under way to incorporate molecular profiling into the diag-
nostic work-up to allow for a better characterization of the 
biological behavior of meningiomas and subsequently 

guide individualized therapy.2,3 In the updated World Health 
Organization (WHO) classification of 2016, the grading and 
classification of meningiomas did not undergo major revi-
sions, except for the introduction of brain invasion as a cri-
terion for the diagnosis of an atypical meningioma.4

Recently, guidelines for diagnosis and treatment of 
meningiomas have been published by the European 
Association of Neurooncology (EANO).2 If treatment is 
required, surgery is the first option. However, there is a 
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Abstract
Advances in molecular profiling and the application of advanced imaging techniques are currently refreshing 
diagnostic considerations in meningioma patients. Not only technical refinements but also sophisticated histo-
pathological and molecular studies have the potential to overcome some of the challenges during meningioma 
management. Exact tumor delineation, assessment of tumor growth, and pathophysiological parameters were 
recently addressed by “advanced” MRI and PET. In the field of neuropathology, high-throughput sequencing and 
DNA methylation analysis of meningioma tissue has greatly advanced the knowledge of molecular aberrations 
in meningioma patients. These techniques allow for more reliable prediction of the biological behavior and clini-
cal course of meningiomas and subsequently have the potential to guide individualized meningioma therapy. 
However, higher costs and longer duration of full molecular work-up compared with histological assessment may 
delay the implementation into clinical routine.

This review highlights the diagnostic challenges of meningiomas from both the neuroimaging as well as the neu-
ropathological side and presents the latest scientific achievements and studies potentially helping in overcoming 
these challenges. It complements the recently proposed European Association of Neuro-Oncology guidelines on 
treatment and diagnosis of meningiomas by integrating data on nonstandard imaging and molecular assessments 
most likely impacting the future.
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significant subset of patients (especially with higher WHO 
grades) who are not successfully managed by surgery 
alone or in whom a complete resection is not possible 
due to the location of the tumor to eloquent brain areas. 
In these patients, adjuvant therapy regimens mainly in the 
form of radiotherapy need to be applied. Various treatment 
concepts combining surgery and radiosurgery or fraction-
ated radiotherapy with different radiation schedules as 
well as pharmacological approaches are being developed 
and prospective randomized trials are currently ongoing.2 
Importantly, according to the EANO guidelines, inciden-
tally diagnosed and radiologically presumed meningiomas 
(usually asymptomatic) may be managed with observation 
only. In these patients, treatment may be withhold until 
symptoms develop, sustained growth occurs, or concerns 
of entrapment on sensitive structures arises.2,5 In these 
cases, definitive diagnosis including histological classi-
fication and grading is lacking without tissue diagnosis; 
risk assessment for tumor growth and progression is then 
exclusively based on clinical and standard MRI findings. 
Given the number of tumors managed without invasive 
diagnosis, meningiomas are one of the most important 
neuro-oncologic entities requiring highly precise and reli-
able non-invasive diagnostic modalities.

This review highlights the daily diagnostic challenges 
that arise during clinical management of meningioma 
patients from both the neuroimaging and the neuropathol-
ogy point of view and complements the current guidelines 
by integrating nonstandard imaging and molecular assess-
ments most likely impacting the future.

Meningioma Diagnosis

Imaging Techniques and Findings

The tentative diagnosis of meningioma can be made by 
contrast-enhanced MRI,2 which is also used for long-term 
follow-up because of the superior soft-tissue capabilities 
and absence of radiation exposure. In case of contrain-
dications (eg, pacemaker), contrast-enhanced CT can be 
applied as an alternative cross-sectional technique.6 Intra-
arterial cerebral angiography has no routine role in the 
diagnostic workup of meningiomas but can be used as an 
adjunct to treatment planning or preoperative devascu-
larization in selected cases.2 As meningioma cells strongly 
express somatostatin-receptor subtype 2 (SSTR2),7 PET-
based imaging using SSTR ligands such as 68Ga-DOTATOC 
(DOTA-(Tyr3)-octreotide) and 68Ga DOTATATE (DOTA-D-
Phe1-Tyr3-octreotate) has shown to be a helpful additional 
diagnostic tool.8–10

Meningiomas appear as broad-based dural hemispheric 
or oval lesions, attached to the dura mater. They most fre-
quently occur supratentorially at the calvaria or the skull 
base meninges, along the falx and in the parafalcine lo-
cation, but they can also be found attached to the ten-
torium, in the cerebello-pontine angle, within the optic 
nerve sheath, or occurring intraventricularly.11 On CT, 
meningiomas usually appear isodense but can occasion-
ally be hyperdense or slightly hypodense compared with 
brain tissue.12 CT is more sensitive than MRI in detecting 

psammomatous calcifications in the tumor, which is seen 
in approximately 25% of meningiomas. Best demonstrated 
on CT are osseous destructions which were shown to be 
indicative of atypical or malignant meningioma. In con-
trast, hyperostosis of adjacent skull bone, radiologically 
characterized by cortical thickening and hyperdensity, is 
highly suggestive of benign meningioma.6 Hyperostosis 
associated with meningiomas has shown to be caused 
by tumor invasion of the bone.12 On MRI, meningiomas 
present isointense to the cortex on T1- and T2-weighted 
sequences and with typically a strong homogeneous en-
hancement following administration of gadolinium con-
trast. An enhancing “dural tail” adjacent to the tumor, 
which in histopathological correlations has occasionally 
shown a tumor invasion into the dura mater, represents 
a hypervascular, nonneoplastic reaction in the majority of 
cases.13 Benign meningiomas typically derive their main 
blood supply from the external carotid via dural branches. 
These vessels do not contain a blood–brain barrier and are 
thus permeable to gadolinium, generating typical time–
intensity curves in T2*-weighted MRI, with little or no re-
turn to baseline following contrast agent application.14 
However, as the meningioma enlarges, it may recruit pial 
branches at the periphery of the tumor from the brain par-
enchyma, which do contain a blood–brain barrier, show-
ing an elevated relative cerebral blood volume (rCBV) with 
time–intensity curves that return to baseline signal levels.15 
MR spectroscopy with the ability to evaluate metabolite 
concentrations within a given region of interest shows a 
characteristic alanin peak at 1.3–1.5  ppm16 (Fig.  1). These 
pathophysiologic backgrounds allow functional imaging 
techniques to assess tumor aggressiveness and solve dif-
ferential diagnostic problems as stated below.11,15,17

Histological Features

The majority of cases display a histology that allows identi-
fication of the entity meningioma upon inspection of hema-
toxylin/eosin staining. Typical features include formation of 
whorls of tumor cells, nuclear pseudo-inclusions, pseudo-
syncytial growth, and formation of concentric calcifica-
tions, called “psammoma bodies.”4 Immunohistochemistry 
for epithelial membrane antigen or SSTR2a,18 which are 
usually positive in meningioma, support the histological 
diagnosis (Fig. 2).

Challenge I: Differential Diagnoses

Radiological Aspects

A variety of intracranial lesions may radiologically mimic 
meningioma. Tumor location and growth pattern, however, 
might be helpful for differential diagnostic considerations 
(Table 1). If located in the cerebral hemispheres, meningi-
omas can be difficult to distinguish from dural metastases 
especially from prostate, lung, kidney, or breast can-
cers,19,20 primary glial tumors that extend into the suba-
rachnoid space,21 and hematopoietic neoplasms such as 
extra-axial non-Hodgkin lymphoma.22 Characteristic imag-
ing changes, suggestive of a meningioma, along the optic 
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nerve sheath or the cavernous sinus may represent glioma 
or even inflammatory (rheumatoid arthritis, Wegener’s 
granulomatosis, extra-axial neurosarcoidosis) and infec-
tious diseases (tuberculosis, syphilitic gumma).13,23,24 
Pituitary neoplasms like adenomas or craniopharyn-
giomas may also mimic meningiomas. If located at the 
skull base and especially at the cerebello-pontine angle, 
meningiomas have to be distinguished from vestibular 
schwannomas and neoplastic meningitis; if located within 
ventricles, they need to be differentiated from other ven-
tricle tumors such as choroid plexus papillomas/carcino-
mas, ependymomas or metastases,11 and solitary fibrous 
tumors/hemangiopericytomas.25 As differential diagnoses 
along the spinal cord, metastases, subependymoma, and 
ependymoma have to be considered.

Functional imaging techniques including MR perfu-
sion may differentiate between meningioma and dural 
metastases from different entities (breast, colon, and 
prostate carcinoma),26 with the exception of metasta-
ses from Merkel cell carcinoma, renal carcinoma, or 
melanoma, which also represent hypervascular lesions 
with elevated CBV values.26,27 High-grade glioma invad-
ing the dura mater may also be difficult to distinguish 
from meningioma, as both lesions show high rCBV val-
ues in perfusion MRI.28,29 In these cases, the evaluation 
of the time–intensity curve was shown to be a helpful 
approach14 (Table  2). In MR spectroscopy, an elevated 
distinct metabolite peak at 3.8 ppm may allow a differen-
tiation between meningiomas, high-grade gliomas, and 
intracranial metastases.30

Fig. 1 Standard plus advanced MRI in a large bifrontal meningioma. MR images of a 67-year-old man with a 4-month history of progressive 
frontal headaches associated with decreased motivation and personality changes. (A) T1-weighted contrast-enhanced MR image shows a 
large meningioma bifrontally with intense, relatively inhomogeneous enhancement. (B) Axial T2-weighted sequence shows high signal intensity 
of the tumor with very little peritumoral edema. (C) MR spectroscopy shows a prominent resonance from choline (black arrow) and creatine 
(blue arrow) and an inverted doublet peak at 1.45 ppm, corresponding to alanin as a typical marker for meningiomas (red arrow). (D) In MR perfu-
sion there is increased blood volume at the periphery of the lesion due to pial blood supply and heterogeneous blood volume in the tumor center.
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Histological Aspects

Compared with imaging, differential diagnostic problems 
play only a minor role during neuropathological assess-
ment. If necessary, the most common differential diagno-
ses such as solitary fibrous tumor/hemangiopericytoma 
can be ruled out by staining for signal transducer and 
activator of transcription 6, which is strongly positive in 
the nucleus of solitary fibrous tumor/hemangiopericy-
toma but confined to the cytoplasm in meningioma31–34 
(Table  2). Once the entity is identified, the meningioma 
has to be assigned to one of 15 meningioma subtypes 
which have evolved over decades. This dates back to the 
1920s when Bailey and Cushing proposed the first clas-
sification schemes of meningioma, establishing the still 
recognized fibroblastic, meningothelial, and angiomatous 
subtypes.35,36 Importantly, subsequent studies added to 
the spectrum of subtypes and reported different propensi-
ties for recurrence.37–40

Challenge II: Meningioma Subtyping 
and Grading

Imaging Features

Up to now, the value of meningioma grading on the 
basis of neuroimaging has been low. In a retrospective 
study of 120 meningioma patients, distinct MRI features 

(such as indistinct tumor–brain interface, positive cap-
sular enhancement, and heterogeneous tumor enhance-
ment) were shown to correlate with a higher WHO grade.41 
Contradictory results on tumor grading were reported for 
diffusion-weighted (DW) MRI.42,43 In a retrospective study 
of 177 meningioma patients, DW-MRI had no value in both 
determining the histological behavior and differentiating 
between histopathological subtypes of meningiomas.42 
In contrast, the preoperative assessment of the apparent 
diffusion coefficient (ADC) from DW-MRI showed to be 
inversely correlated with the histological grade of 77 men-
ingioma patients. Studies on MR perfusion for meningi-
oma subtyping are scarce and existing evidence is likewise 
contradictory.17,43 In a small pilot study, 24 meningioma 
patients were examined using dynamic O-(2-[18F]-fluoro-
ethyl)-L-tyrosine (18F-FET) PET and it could be observed that 
different patterns of time–activity curves in combination 
with tumor-to-brain ratios are able to differentiate between 
high-grade and low-grade meningiomas44 (Table 2).

Histological Features

As stated above, the challenge in the neuropathological 
work-up of meningioma is usually not the identification of 
the entity, but subtyping and grading. The WHO classifica-
tion recognizes 15 subtypes of meningioma4: 9 are allot-
ted to WHO grade I, and 3 each to WHO grades II and III.4 
The criteria for consecutive subtyping and grading are 
based purely on histology. Among grade I meningiomas, 

Fig. 2 Molecular versus histological diagnosis in meningioma. (A) A meningioma with widely inconspicuous histology and low mitotic activity 
may harbor (B) a small area of elevated proliferation. If this area is included in the 10 HPF for assessment of mitotic activity, it might surpass the 
threshold for WHO grade II. However, if this area is regarded as nonrepresentative and excluded from assessment of mitotic activity, or not even 
present in the section due to sampling bias, the identical tumor might be assigned WHO grade I. (C) Detection of an AKT1 mutation associated 
with WHO grade I and slow or no progression, or (D) of a TERT promoter mutation, indicating a higher risk of recurrence, gives additional objec-
tive information on the tumor biology. Scale bar represents 100 µm.
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the 9 variants are defined by cytological or histoarchi-
tectonic features. Examples are presence of secretory 
granula, yielding the diagnosis of secretory meningioma 
WHO grade I, or spindle cells in a collagen-rich matrix 
in fibrous meningioma WHO grade I.  Yet, several of the 
various histological patterns can occur in the same tumor 
to varying extent, making subtyping prone to a consider-
able interobserver and sampling bias.45 The lack of exact 
delineation of subtypes might be of limited clinical rele-
vance among WHO grade I tumors. However, the diagnosis 
of a higher grade is based on similar, purely histological 
criteria. Atypical meningioma WHO grade II is diagnosed 
if increased mitotic activity is detected, independently of 

the presence of any of the histological patterns found in 
grade I  tumors. As a threshold for increased mitotic ac-
tivity, the current classification recommends using either 
≥4 mitotic figures in 10 microscopic high-power fields 
(HPF) (ie, about 0.16  mm2 each) or ≥5 mitotic figures in 
10 HPF if the tumor has markedly increased cellularity. 
Moreover, a catalogue of alternative criteria exists: high 
cell density, pleomorphism, necrosis, “sheeting”-like 
growth, high core/nucleus ratio. If 3 of these are present, 
atypical meningioma can be diagnosed in the absence of 
increased mitotic activity. Finally, histological evidence for 
brain invasion is another independent criterion for atypical 
meningioma WHO grade II, newly introduced in the recent 
update of the WHO classification.4

Besides these manifold criteria for atypical meningioma 
WHO grade II, clear cell histology and cord-like growth pat-
tern in a mucoid matrix also render a grade II diagnosis, 
namely clear cell or chordoid meningioma WHO grade II. 
Observations that meningioma with these features tend to 
have more aggressive behavior lead to their general des-
ignation as WHO grade II.4,37,40 However, these variants are 
so rare that studies investigating the prognostic relevance 
had to rely on limited case numbers. Similarly, grade III 
meningioma is defined by “overtly malignant histology” 
and “markedly elevated mitotic activity,” usually regarded 
as ≥20 mitotic figures per 10 HPF, then termed anaplastic 
meningioma WHO grade III. Formation of perivascular 
pseudopapillary growth or rhabdoid cells can also qualify 
for grade III, termed papillary or rhabdoid meningioma 
WHO grade III.4,38,39,46,47

Recent studies have questioned the reliability of several 
of these criteria. Brain invasion, a criterion for atypical men-
ingioma WHO grade II, was not associated with increased 
risk of recurrence in 3 recent reports.48–50 In another recent 
study, rhabdoid cytology was not indicative of increased 
risk of recurrence when other criteria of malignancy were 
lacking.51 Accordingly, the updated WHO classification rec-
ommends to diagnose rhabdoid meningioma WHO grade 
III only if these cytological features are accompanied by 
increased proliferation. Although the concordance for histo-
logical grading was up to 87.2% in a comparative Radiation 
Therapy Oncology Group study,45 the high subjectivity 
of evaluation criteria is a matter of ongoing debates. Risk 
stratification based on biomarkers is anticipated to increase 
the prediction power of the classification (Table 2).

Molecular Profiles

Meningiomas were among the first tumors in which 
cytogenetic aberrations were identified: loss of a copy of 
22q52 frequently accompanied by mutations of the remain-
ing NF2 allele affects 60%–80% of meningiomas.53–57 
Subsequent studies identified that an accumulation of 
cytogenetic aberrations, most frequently losses of 1p, 
10, and 14q, is associated with malignancy and risk of 
recurrence.58–60 Thus, novel grading algorithms were pro-
posed that take chromosomal aberrations into account.61 
However, their advantage over the WHO classification in 
prognostic accuracy and the cost of cytogenetic analyses 
rendered this approach unfeasible for routine diagnostic 
application.

Table 1 Differential diagnoses11,13,21,25,89–94

Localization Differential Diagnoses

Cerebral 
hemispheres

- Dural metastases (prostate, lung, kidney,  
breast cancer, neuroblastoma)

-Glioma
-Non Hodgkin lymphoma
-Primary Hodgkin disease
-Solitary fibrous tumor/hemangiopericytoma
-Pleomorphic xanthoastrocytoma
-Hemangioblastoma
-Cavernoma
- Mucosa-associated lymphoid tissue  
lymphoma (MALT)

-Histiocytosis

Optic nerve 
sheath

-Optic glioma
-Optic neuritis

Cavernous 
sinus

-Glioma
- Inflammatory (rheumatoid arthritis, Wegener 
granulomatosis, neurosarcoidosis)

- Infectious disease (tuberculosis, syphilitic 
gumma)

- Erdheim–Chester disease and eosinophilic 
granuloma

Nasal cavity -Adenoid cystic carcinoma
-Chloroma
-Esthesioneuroblastoma

Spinal cord -Glioma
-Ependymoma
-Subependymoma
-Schwannoma
-Embryonal tumor
-Meningeal melanoma

Cerebello- 
pontine 
angle

-Schwannoma
-Neoplastic meningitis
-Papillary middle-ear tumor
-Metastases
-Plasmacytoma
- Teflon granuloma following microvascular 
decompression

Ventricles -Choroid plexus papillomas/carcinomas
-Ependymomas
-Metastases

Pituitary 
gland

-Pituitary adenoma
-Adenohypophysitis
-Pituitary apoplexy
-MALT95

-Craniopharyngioma

Arterial mal-
formations

-Arterial aneurysm
-Dural cavernous angioma
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High-throughput sequencing of meningiomas have 
significantly advanced the knowledge of molecular aber-
rations in meningioma during the past 4  years. Besides 
NF2 mutations, recurrent mutations in AKT1, SMO, 
PIK3CA, KLF4, TRAF7, POLR2A, PRKAR1A, and SUFU were 
detected.62–67 Except for SUFU, they occur mutually exclu-
sively to NF2 mutations in most cases. Moreover, activat-
ing hotspot mutations in AKT1 and KLF4 usually coincide 
with mutations in TRAF7. No exact hotspot was detected 
for TRAF7. Instead, the mutations are distributed through-
out the sequence that codes for the WD40 domain of the 
TRAF7 protein. Intriguingly, several of these mutations or 
combinations of mutations are associated with distinct 
tumor localizations or histological subtypes. AKT1/TRAF7 
and SMO mutations mostly affect basal meningioma with 
meningothelial histology. KLF4/TRAF7 mutant meningi-
omas are virtually always associated with occurrence of 
secretory granula in the tumor and, therefore, molecularly 
define secretory meningiomas of WHO grade I. These find-
ings might have both a diagnostic as well as a therapeutic 
impact. With inhibitors of mutant AKT, SMO, and PIK3CA 
available, this novel insight might soon be applied for 

novel therapy approaches in meningioma. First clinical tri-
als have already been initiated (eg, NCT02523014).

As stated above, cytogenetic aberrations have shown to 
be associated with malignancy and risk of recurrence.58–60 
However, none of these markers has been demonstrated 
to be of prognostic relevance. In contrast, mutations in 
the promoter region of TERT are strongly associated with 
increased risk of recurrence and shorter progression-free 
survival compared with meningiomas with identical his-
tology but TERT wild-type status.3,68,69 Thus, TERT might 
emerge as the first molecular biomarker of more aggres-
sive meningioma. While TERT mutations affect only about 
6%–8% of meningiomas, further studies and trials are 
warranted to identify reliable markers for the full range of 
meningioma subtypes (Table 2).

Recent studies on genome-wide DNA methylation profil-
ing distinguished 6 distinct molecular classes associated 
with a more homogeneous clinical course. The methylation-
based classification system allows prognostication with 
higher power than the WHO classification, which is mor-
phology based. Specifically, patients with WHO grade I his-
tology but a high risk of recurrence and patients at lower 

Table 2 Challenges during menigioma management and recent study results on how to overcome them

CHALLENGE Diagnostic Approach

Differential 
diagnosis

MRI Standard MRI—tumor location might be helpful (Table 1)
MR perfusion14,26 to differentiate between meningioma and dural metastases, CAVE— 
tumors with elevated blood perfusion
MRS peak at 3.8 ppm in meningiomas.30

PET -

Neuropathology STAT6 staining31–34 to differentiate between meningioma and solitary fibrous tumor/ 
hemangiopericytoma

Subtyping and 
grading

MRI Anatomical features41 to distinguish between WHO grades
Contradictory results on DW-MRI42,43 and perfusion MRI17 for meningioma subtyping

PET Dynamic 18F-FET PET44 to distinguish between high-grade and low-grade meningiomas

Neuropathology Histological features4: brain invasion as new additional criterion to diagnose atypical  
meningioma WHO grade II
Molecular pathology62–67:
-AKT1/TRAF7 and SMO mutations mostly in basal meningioma with meningothelial 
histology
-KLF4/TRAF7 mutation in secretory meningiomas WHO grade I

Assessment of 
tumor growth and 
risk of recurrence

MRI Follow-up imaging according to WHO grade2

-WHO grade I: 1x/year for 5 years, afterward every 2 years
-WHO grade II: every 6 months for 5 years, afterward 1x/year
-WHO grade III: every 3–6 months indefinitely

PET 68Ga-DOTATATE PET75: SUVmax predicts faster growth in WHO grade I and II meningioma,  
not in WHO grade III
11C-MET PET76,77: contradictory results on predicting tumor growth

Neuropathology TERT promoter region mutation3,68,69 is associated with increased risk of recurrence and 
shorter progression-free survival, present in only 6%–8% of meningiomas

Delineation of 
tumor extent

MRI Standard MRI has difficulties in differentiating meningioma from adjacent anatomical  
structures (skull base) and postoperative changes.

PET 68Ga-DOTATATE PET10 to discriminate meningioma from tumor-free tissue uptake (SUVmax 
threshold, 2.3) and to improve target volume definition in radiation planning8,82–84 in the 
vicinity of bony skull base or after complex surgical procedures

Neuropathology Histological assessment of dura invasion and of other surrounding structures.

Abbreviations: ADC = apparent diffusion coefficient, MRS = magnetic resonance spectroscopy, ppm = parts per million, STAT6 = signal transducer 
and activator of transcription 6, 18F-FET = O-(2-[18F]-fluoro-ethyl)-L-tyrosine, 11C-MET = [11C]Methionine,68 Ga-DOTATATE = DOTA-(Tyr3)-octreotide, 
TERT = telomerase reverse transcriptase. SUV = standardized uptake value.
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risk of recurrence among WHO grade II tumors are better 
differentiated. In addition, the number of relevant subtypes 
may be reduced from the currently recognized 15 histologi-
cal variants to 6 clinically relevant molecular classes, each 
with a characteristic molecular profile70 (Fig. 2).

Challenge III: Assessment of 
Tumor Growth

Imaging Features

A major challenge in meningioma management is the early 
prediction of tumor recurrence or progression (ie, the iden-
tification of meningioma patients with progressive tumor 
growth). Given the generally slow growth rate of benign 
meningiomas, the tumor must reach a substantial size 
before regrowth and progression can be diagnosed, and 
it is critical to select an appropriate time point for therapy 
initiation, especially in regions difficult to access, such as 
the skull base. Recommended intervals of follow-up imag-
ing by standard MRI currently depend on the WHO grade.2 
WHO I grade tumors require annual MRI assessments for 
5 years followed by biannual follow-ups. Follow-up imag-
ing of WHO grade II meningiomas should be done every 
6 months, then annually after 5 years, and WHO grade III 
tumors require follow-up every 3–6  months indefinitely. 
The most important factor to estimate tumor recurrence is 
the grade of surgical resection as defined by Simpson.71,72 
Further risk factors for progression and recurrence of men-
ingiomas are not fully understood and it therefore is of 
great interest to find methods that can predict tumor pro-
gression earlier than solely when there is a radiological 
increase in size. In this context, the natural history of 273 
intracranial meningiomas being managed purely conserv-
atively was studied, and factors associated with a higher 
annual growth rate were male sex, initial tumor diameter 
greater than 25 mm, T2 signal hyperintensity and edema 
on MRI, and the presence of symptoms.73

An imaging-based approach in 144 meningioma patients 
following surgery showed that DW-MRI including ADC 
maps outperformed WHO grading for the prediction of pro-
gression after initial treatment.74 In this retrospective study 
the authors were able to stratify the patients into 3 risk 
groups and showed that patients with non-Simpson grade 
I  resection and low ADC values have a significant risk of 
progression or recurrence and may benefit from adjuvant 
radiotherapy and/or additional surgery.

Promising results for the identification of an increased 
growth rate were recently reported by Sommerauer et al,75 
who showed that a high expression of SSTR2 in 64 men-
ingioma patients as measured by maximum standardized 
uptake value (SUVmax) in 68Ga-DOTATATE PET predicts 
faster growth in WHO grades I and II meningioma, whereas 
WHO grade III meningioma did not show an association of 
tumor growth rate with tracer binding. The authors stated 
that these data may help in planning the optimal time point 
for surgery and for follow-up imaging and may especially 
be valuable for newly diagnosed meningioma in critical 
locations such as the skull base.75 Contradictory findings 
on the assessment of the tumor growth rate were reported 

for the radiolabeled amino acid 11C-methyl-L-methionine 
(11C-MET).76,77 However, a recently reported 10-year fol-
low-up evaluation of proton beam irradiated meningioma 
patients using 11C-MET PET78 showed that in cases where 
tumor remnants showed progression (n = 2), the 11C-MET 
uptake ratio increased considerably earlier than the vol-
ume increase on MRI.78

Challenge IV: Delineation of 
Tumor Extent

Following surgery, conventional neuroimaging with CT 
or MRI has limitations in distinguishing between tumor 
remnants and adjacent anatomical structures, postopera-
tive changes (eg, scars),79 or bone involvement.80 This con-
stitutes a major challenge in delineating tumor borders, 
which is particularly important for subsequent treatment 
planning such as (re-)resection or radiation therapy (ie, 
definition of the target volume).

Data on ultra-high-field MRI were recently reported for 4 
meningioma patients. The advantages of 7.0 Tesla MRI over 
1.5 Tesla MRI were a more detailed depiction of the peri- 
and intratumoral vasculature and a clear delineation of 
the tumor–brain interface useful for surgical planning. The 
authors, however, reported an impaired image quality in 
skull base lesions at 7.0 Tesla due to susceptibility artifacts.81

PET studies have shown to be of more value to overcome 
this challenge. Rachinger and colleagues observed impor-
tant findings for the understanding of the 68Ga-DOTATATE 
PET signal.10 In a study with neuronavigated tissue sam-
pling, they found that an increased 68Ga-DOTATATE uptake 
(SUVmax threshold, 2.3) in PET imaging discriminates men-
ingioma and tumor-free tissue with higher sensitivity than 
standard MRI (90% vs 79%)10 (Fig. 3).

A PET-based imaging approach with SSTR2 ligands has 
therefore been investigated for high-precision radiother-
apy planning of subtotally resected or recurring complex 
skull base meningioma8,82–84 with the goal to spare as 
much critical tissue as possible without missing tumor. In 
these studies, radiation planning with 68Ga-DOTATOC-PET 
showed an improvement of target volume definition by 
providing additional information in around two thirds of 
cases,8,82–84 with most adaptations being necessary in the 
vicinity of bony skull base or after complex surgical pro-
cedures. Similar findings could be observed in other PET 
studies using 11C-MET.85,86

Future Directions and Prospects

Future attempts to understand meningioma may combine 
imaging, histological, and molecular features. Similar 
to parenchymal brain tumors, the concept of an “inte-
grated diagnosis” will be adopted also for meningiomas.87 
Integrated diagnoses consider the histological appear-
ance and genetic and epigenetic aberrations and provide 
a more precise prediction of risk of recurrence in order to 
well advise patients, guide management decisions, and 
stratify for clinical trials. A  further step in this context, 
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complementing the evolving landscape of genetic analy-
sis (“genomics”), can be “radiomics”—the extraction of 
a large number of quantitative imaging features and rec-
ognition of imaging phenotypes/patterns by automated 
data characterization.88 Linkage of these radiomic features 
to genomic data (“imaging-genomics” or “radiogenom-
ics”) is currently an evolving research field that hopefully 
will also address meningioma challenges such as tumor 
growth kinetics and differential diagnoses as outlined 
above. Ultimately, it will be the goal not only to character-
ize meningioma tissue and give prognostic information 
but to offer potential therapeutic strategies—in the form 
of targeted therapies (eg, NCT02523014) or recently also in 
the form of immunologic approaches (eg, NCT02648997).

Summary

In summary, neuroimaging with standard MRI is the 
imaging modality of choice for the initial diagnosis and 
follow-up of meningioma patients. Functional imaging 
approaches such as perfusion MRI may help in differen-
tial diagnostic problems, and PET imaging especially with 
SSTR2 ligands may overcome diagnostic challenges with 

respect to tumor delineation and the evaluation of tumor 
growth rate. Research on molecular genetic alterations in 
meningiomas is currently ongoing with the goal to incor-
porate molecular markers into WHO classification and 
allow for a more precise assessment of prognosis, risk of 
recurrence, and guidance of therapy.
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