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A B S T R A C T

Meningiomas are the most frequent intracranial tumors. The majority are benign slow-growing tumors,
but they can be difficult to treat depending on their location and size. While meningiomas are well
delineated on magnetic resonance imaging by their uptake of contrast, surgical limitations still present
themselves from not knowing the extent of invasion of the dura matter by meningioma cells. The
development of tools to characterize tumor tissue in real or near real time could prevent recurrence after
tumor resection by allowing for more precise surgery, i.e., removal of tumor with preservation of healthy
tissue. The development of ambient ionization mass spectrometry for molecular characterization of
tissue and its implementation in the surgical decision-making workflow carry the potential to fulfill this
need. Here, we present the characterization of meningioma and dura mater by desorption electrospray
ionization mass spectrometry to validate the technique for the molecular assessment of surgical margins
and diagnosis of meningioma from surgical tissue in real-time. Nine stereotactically resected surgical
samples and three autopsy samples were analyzed by standard histopathology and mass spectrometry
imaging. All samples indicated a strong correlation between results from both techniques. We then
highlight the value of desorption electrospray ionization mass spectrometry for the molecular subtyping/
subgrouping of meningiomas from a series of forty genetically characterized specimens. The minimal
sample preparation required for desorption electrospray ionization mass spectrometry offers a distinct
advantage for applications relying on real-time information such as surgical decision-making. The
technology here was tested to distinguish meningioma from dura mater as an approach to precisely
define surgical margins. In addition, we classify meningiomas into fibroblastic and meningothelial
subtypes and more notably recognize meningiomas with NF2 genetic aberrations.

ã 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Meningiomas are the most common intracranial neoplasia
and represent 30% of the primary central nervous system (CNS)
tumors in adults whereas they are rare during youth (0.4–4.6% of
all children and adolescents tumors) [1,2]. They arise from the
dura mater or the arachnoidal cap cells of the leptomeninges and
are graded according to increased degrees of anaplasia in typical
(WHO grade I), atypical (WHO grade II) and anaplastic (WHO
grade III) meningiomas [3,4]. Several histologic subtypes belong
to each WHO grade. Nine are included in the WHO grade I
among which are meningothelial, fibroblastic, transitional, and
psammomatous [4]. More than half of meningiomas have been
ing of meningiomas by desorption electrospray ionization mass
m. (2014), http://dx.doi.org/10.1016/j.ijms.2014.06.024
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linked to mutation or deletion of the neurofibromin 2 gene NF2
[5]. Large-scale whole genome genotyping and exome sequencing
studies also reported that non-NF2-related meningiomas harbor
other recurrent oncogenic mutations [6,7]. Tumor recurrence is
the major clinical complication in the clinical management of
meningiomas. Their histological subtype and mitotic index are
part of the numerous factors taken into account for their
management, but the main prognostic criteria still remains the
extent of surgical tumor removal [8]. While meningiomas are
well defined radiologically by contrast enhancement, limitations
still exist in optimizing surgical margins due to their invasion of
the dura and bone. In recent years, the implementation of
techniques (i.e., endoscopy [9–11], ultrasound [12,13]) helped to
increase the resection rate of complex tumors, but did not
address the degree of dura involvement. Despite the role of
intraoperative magnetic resonance imaging (MRI) for glioma
surgery [14,15] or stereotactic tumor biopsy [16], both techniques
are limited for such complex meningiomas [17]. The implemen-
tation of mass spectrometry to inform surgical decision-making
and perform molecular subtyping could therefore be of benefit to
improve patient care in providing real-time characterization of
tissue.

The ability to operate mass spectrometers in the ambient
environment opened many areas of application for mass spec-
trometry (MS) [18]. Direct analysis in real time (DART), and
desorption electrospray ionization (DESI) were the first ambient
MS methods to be introduced [19,20]. This led to subsequent
development of multiple atmospheric pressure ionization sources
including methods in which the energetic beam consists of
metastable gas-phase atoms and reagent ions (i.e., DAPCI [21–23],
FAPA [24], LTP [25,26]), energetic droplets (i.e., EASI [27])
combinations of laser radiation and ESI (i.e., ELDI [28], MALDESI
[29,30], LAESI [31,32] and thermally induced disintegration
[33,34]).

In the DESI process, a spray of charged microdroplets produced
under a pneumatic assistance is directed onto the sample surface
at a specific angle. The sample/microdroplet interaction induces
desorption of the analytes. Several ion formation mechanisms have
been proposed for DESI [35]. They include droplet pickup,
condensed charge transfer, and gas phase charge transfer.
Following desorption, analyte ions are introduced into the mass
spectrometer inlet through an extended capillary or a transfer line.
Studies have indicated that interfaces with heated nebulizing gas
or heated transfer capillary increase the signal intensity observed
[36,37].

The ease of running a DESI–MS analysis (minimal to no sample
pre-treatment) makes this technique ideal for a range of analytical
applications including the detection of drugs of abuse [38] or
explosives from skin [39] as well as the analysis of pharmaceuticals
tablets [40], layer chromatography plates [41] and biological
samples [42–50]. Combining DESI to mass spectrometry imaging
(MSI) represents a powerful approach for surface and in particular
biological tissue analysis [42–51]. DESI–MSI analysis is performed
by rastering the sample surface with respect to the stationary
continuous flux of spray-charged droplets through an array of pre-
defined coordinates. A mass spectrum containing mass-to-charge
(m/z) and relative abundance information is collected at each
position. The resulting data are then concatenated into an array
and selected m/z values are plotted to assess spatial distribution of
intensity at specific m/z values. Due to the high sensitivity and
specificity of DESI–MSI, this tool is becoming a valuable addition to
the established clinical workflow for surgical decision-making. By
investigating metabolite and lipid distribution in tissue sections,
relevant studies evidenced the ability of DESI–MSI to discriminate
healthy from diseased human tissues but also tumors that are
highly distinct from one another (e.g., glioma from meningioma) or
Please cite this article in press as: D. Calligaris, et al., Molecular typ
spectrometry imaging for surgical decision-making, Int. J. Mass Spectro
presenting histological similarities (e.g., oligodendroglioma from
low grade astrocytoma) [43–45,50].

Here, we have analyzed a series of normal autopsy and
meningioma samples by DESI–MS to evaluate and validate the
approach in discriminating tumor from normal dura as well as
to determine the molecular subtype of the tumor. We are
showing that DESI–MS can readily discriminate dura mater
from tumor tissue. The approach was validated by correlating
mass spectrometry imaging results with histopathological
staining, and statistical analysis such as principal component
analysis (PCA). We have also evaluated the usefulness of this
technique to perform subtyping and subgrouping of meningio-
mas according to DESI–MSI lipid profiling data using a series of
genetically characterized meningiomas [6]. We were able to
distinguish the WHO grade I subtypes fibroblastic, and
meningothelial, as well as a subset of grade I fibroblastic
meningiomas with NF2 genetic aberration. Our study demon-
strates the value of DESI–MS to provide molecular information
from surgical tissue that correlates with histopathological
evaluation and genotyping, both for margin delineation and to
better understand the nature of the neoplasm. The real-time
molecular information promises to become increasingly valuable
to surgeons to support their decision-making toward precise
surgery, i.e., optimal tumor removal with preservation of
adjacent healthy tissue.

2. Methods

2.1. Reagents

N,N-Dimethylformamide (DMF) was purchased from Sigma–
Aldrich, Saint Louis, MO. Acetonitrile (ACN) hematoxylin, eosin Y,
xylene, methanol, ethanol, bluing reagent (0.1% ammonia–water
solution), and xylene were purchased from Thermo Fisher
Scientific, Pittsburgh, PA.

2.2. Sample collection

Research subjects were recruited from surgical candidates at
the neurosurgery clinic of the BWH, and gave written informed
consent to the Partners Healthcare Institutional Review Board
(IRB) protocols. Meningioma samples were obtained in coopera-
tion with the BWH Neurooncology Program Biorepository collec-
tion, and analyzed under Institutional Review Board-approved
research protocol.

2.3. Image-guided neurosurgery

Surgery was performed with auxiliary image guidance of the
BrainLab Cranial 2.1 neuronavigation system (BrainLab). Pre-
operative MRI-imaging sequences included full T2 (1 �1 � 2 mm,
100 � 100 slice matrix) and post-contrast T1 (1 �1 �1 mm,
256 � 256 slice matrix, 176 slices), processed in the BrainLab
iPlanNet 3.0 software. Standard clinical protocols were observed to
obtain primary diagnosis from stained frozen sections.

2.4. Stereotactic sample acquisition

Additional samples were acquired during the course of clinical
resection after confirmation of the clinical frozen-section
diagnosis. Each sample site was localized by the neurosurgeon
using the neuronavigation system pointer, and the locations were
transferred for offline visualization using the OpenIGTLink
protocol (client: open-source 3D Slicer software on www.Slicer.
org; server: BrainLab Cranial 2.1 with OpenIGTLink license
option) [52].
ing of meningiomas by desorption electrospray ionization mass
m. (2014), http://dx.doi.org/10.1016/j.ijms.2014.06.024

http://www.Slicer.org
http://www.Slicer.org
http://dx.doi.org/10.1016/j.ijms.2014.06.024


145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

Table 1
Sample list from surgical case 41 and post-mortem examination.

Name WHO grade Diagnosis

A1 I Meningioma/calcifications
B2 I Meningioma
C3 I Meningioma/calcifications
D4 I Meningioma
F6 I Meningioma
G7 I Meningioma/calcifications
H8 I Meningioma/calcifications
J10 I Dura/some tumor cells
K11 I Meningioma
PM1 – Dura/some cells
PM3 – Dura/some cells
PM8 – Dura/some cells
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2.5. Hematoxylin and eosin staining

The following protocol for H&E staining was performed: (1) fix
in methanol (2 min), (2) rinse in water (10 dips), (3) stain in Harris
hematoxylin solution (1.5 min), (4) rinse in water (10 dips), (5) blue
in 0.1% ammonia (a quick dip), (6) rinse in water (10 dips), (7)
counterstain in eosin Y (8 s), (8) rinse and dehydrate in 95% EtOH
(10 dips), (9) rinse and dehydrate again in 95% EtOH (10 dips), (10)
dip in xylene (6 dips), and (11) dip in xylene again (6 dips).
Sections were dried at room temperature in hood and covered with
histological mounting medium (Richard-Allan Scientific, Thermo
Fisher Scientific, Pittsburgh, PA) and a glass cover slide.
Table 2
Meningioma sample list.

Sample WHO grade Diag

MG-3 I Fibro
MG-5 I Fibro
MG-8 I Fibro
MG-9 I Fibro
MG-13 I Fibro
MG-15 I Fibro
MG-18 I Fibro
MG-20 I Fibro
MG-22 I Fibro
MG-25 I Fibro
MG-30 I Fibro
MG-37 I Fibro
MG-2 I Men
MG-6 I Men
MG-11 I Men
MG-12 I Men
MG-14 I Men
MG-16 I Men
MG-19 I Men
MG-21 I Men
MG-34 I Men
MG-35 I Men
MG-38 I Men
MG-7 II Men
MG-10 II Men
MG-26 II Men
MG-1 I Tran
MG-17 I Tran
MG-24 I Tran
MG-27 I Tran
MG-28 I Tran
MG-29 I Tran
MG-31 I Tran
MG-36 I Tran
MG-39 I Tran
MG-40 I Tran
MG-4 I Psam
MG-23 I Psam
MG-32 I Psam
MG-33 I Micr

Please cite this article in press as: D. Calligaris, et al., Molecular typ
spectrometry imaging for surgical decision-making, Int. J. Mass Spectro
2.6. Cancer gene mutation profiling

Cancer gene mutation profiling was performed as previously
described [6,53]. Mutations for each meningioma sample are listed
in Table 2.

2.7. DESI–Mass spectrometry imaging

DESI–MSI was performed using an amaZon speedTM ion trap
mass spectrometer (Bruker Daltonics) equipped with a commercial
DESI ion source from Prosolia, Inc. The spray solvent was
1:1 acetonitrile:dimethylformamide, and the solvent flow rate
was 0.7 mL min�1. Data acquisition was performed with a spray
voltage of 4500 V, 200 �C heated capillary temperature, and
4 L min�1 dry gas. Target mass was set to m/z 600. DESI–MSI
was performed in a line-by-line fashion with a lateral spatial
resolution of 200 mm. Seventeen microscans were averaged for
each pixel in the images.

2.8. Statistical analysis

Principal component analysis was carried out using ClinPro-
Tools 3.0 software (Bruker Daltonics). PCA is a mathematical
technique designed to extract, display and rank the variance within
a data set [54]. DESI–MSI data was converted for import to
ClinProTools 3.0 using in-house software. Normalization, baseline
subtraction, peak peaking and spectra recalibration were
nosis Genetic mutation

blastic NF2
blastic ND
blastic ND
blastic NF2
blastic ND
blastic NF2
blastic NF2
blastic ND
blastic NF2
blastic NF2
blastic NF2
blastic NF2
ingothelial AKT 1
ingothelial ND
ingothelial ND
ingothelial (focal secretary) SMO
ingothelial SMO
ingothelial AKT 1
ingothelial MTOR
ingothelial ND
ingothelial ND
ingothelial ND
ingothelial AKT 1
ingothelial ND
ingothelial NF2
ingothelial ND
sitional SMARCB2 and NF2
sitional NF2
sitional NF2
sitional NF2
sitional NF2
sitional AKT 1
sitional NF, chromothripsis
sitional NF2
sitional FSCB
sitional ND
mamatous NF2
mamatous ND
mamatous NF2
osystic/angiomatous TET 1

ing of meningiomas by desorption electrospray ionization mass
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automatically performed within ClinProTools 3.0 using the default
method. Individual peak intensities were standardized across the
data set. The mass range used for PCA was m/z 500–1000.

2.9. Visualization of MRI and MS data

MRI data obtained were plotted in 3D Slicer (www.Slicer.org)
(version 4.1). The sum of the absolute intensity values of m/z
682.7 divided by the number of pixels of each samples analyzed by
DESI–MSI were overlaid as stereotactic points rendered in color
scales representing the different tissue types.

3. Results and discussion

3.1. Evaluation of meningioma resection by DESI–mass spectrometry

Previous studies have indicated that DESI–MSI is a useful tool
for the discrimination of tumors of the central nervous system
(distinct versus similar histological patterns) and viable from non-
viable tumor tissue [43–45,49,50]. Here we have analyzed nine
surgical samples from a tumor diagnosed as a secretory
Fig. 1. Optical images of the samples H&E stained after MSI analysis of surgical samples A
MSI (left panels). Squares delineate regions corresponding to the magnified images prese
representing the distribution of an ion at m/z value 682.7.

Please cite this article in press as: D. Calligaris, et al., Molecular typ
spectrometry imaging for surgical decision-making, Int. J. Mass Spectro
meningioma (WHO grade I) after histopathologic evaluation.
Stereotactic information was digitally registered to pre-operative
MRI for seven of the nine biopsies (A1 to H8 samples listed in
Table 1), and all surgical samples were H&E stained after being
analyzed by DESI–MSI for validation. Results from histopathologic
examination of the H&E stained sections by light microscopy are
summarized in Table 1 and indicate that some of these samples
were tumor, dura mater or composed of a mixture of tumor and
dura. During surgery, gross complete excision of meningioma is
attempted by excising a wide margin of the dura, but this is done
without real-time information to precisely define that this margin
is free of tumor. The optimized removal of infiltrative meningioma
cells into the adjacent dura would decrease the risk or time to
tumor recurrence. DESI mass spectrometry is well poised to
provide molecular information from surgical samples during
surgery and could inform such surgical decision.

The analysis of an H&E stained tissue section of surgical sample
A1 shows typical histological features of a meningioma (Fig. 1a)
whereasJ10 presentstwodistincthistological regions corresponding
to meningioma tissue and dura mater (Fig. 1b). The latter presents
the same dense irregular connective tissue encountered in an
1 (a) and J10 (b), and post-mortem sample PM3 (c) tissue sections analyzed by DESI–
nted in middle panels. Right panels display the DESI–MSI ion images of each sample

ing of meningiomas by desorption electrospray ionization mass
m. (2014), http://dx.doi.org/10.1016/j.ijms.2014.06.024
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autopsy tissue section corresponding to dura mater with scattered
fibroblast cells (Fig. 1c). Results from negative mode DESI–MSI
experiments performed on the nine surgical samples show specific
lipid profiles according to the tissue type in the mass range of m/z
550–900. The average mass spectra from two regions of interest
(ROI) delineated in the sample J10 (i.e., meningioma tissue and dura
mater) indicate that the dura has a lower lipid content than
meningioma (Fig. 2a). This is in accordance with previous studies
that reported the biochemical composition by multinuclear
magnetic resonance spectroscopy and Raman spectroscopy of both
tissues with a large amount of collagen in dura and a higher lipid
content in meningioma tissues [55,56]. We then used PCA to
identify discriminating peaks between the two tissue types using
the mass spectra extracted from the two ROIs of surgical sample J10
(Fig. 2b). According to the first two principal components, PCA
results show that mass spectra acquired in each region belong to the
same tissue type delineated in Fig.1b (Fig. 2b, left panel). Moreover,
the loading model of Fig. 2b (right panel) shows that two ions (m/z
values of 682.7 and 684.7) seem to be mainly detected in regions
with the presence of tumor cells (i.e., meningioma) and is confirmed
by the p-values of the Wilcoxon/Kruskal–Wallis (PWKW) test and
the Anderson–Darling test (�0.05 and >0.05, respectively). As
shown in the ion images of Figs.1a and b, S1, S2a and b, the ion at m/z
value 682.7 is more prominent in meningioma tissue than in dura
mater (Figs. 1c and S3). Plotting the intensity values of ion m/z
682.7 from the digitally registered surgical samples onto the pre-
operative MRI suggest a co-localization between the ion
Fig. 2. Average mass spectra of the phospholipid content of case 41 secretory meningiom
DESI–MSI analysis of A1 (tumor) and J10 (dura), respectively. Score plot of the two first 

n = 69) (b). Loading plot of the first and second principal components (c). m/z value
meningioma). (For interpretation of the references to color in this figure legend, the re

Please cite this article in press as: D. Calligaris, et al., Molecular typ
spectrometry imaging for surgical decision-making, Int. J. Mass Spectro
distribution with the contrast enhancing mass (Fig. 3a and b). For
all of these samples, the intensity values are over 3084 a.u. (i.e.,
A1 intensity value) with the exception of surgical sample D4 for
which the overall intensity at m/z 682.7 is poor, likely due to the low
quality of the tissue section (Fig. S2c). In contrast, the intensity
values for m/z 682.7 from autopsy samples of dura mater tissue (i.e.,
PM samples Fig. 3c) and surgical sample J10 (Fig. 3c) are significantly
lower and consistent with histopathologic examination of the
tissues that indicates mostly dura mater comprised of dense
collagen and admixed fibroblasts (Figs. 1b, c and S3).

3.2. Preliminary data of meningioma subtyping and subgrouping by
DESI mass spectrometry

The majority of meningiomas are present as benign tumors, but
at least 20% of them are present as clinically aggressive tumors and
thus have a high likelihood of recurrence. Grading and subtyping
based on histopathological evaluation is used to establish
prognosis, but there is still considerable variability in clinical
outcomes and minimal information on molecular alterations is
provided in some centers [57]. The development of tools that could
rapidly evaluate the type and the potential aggressiveness of a
given meningioma could inform surgical decisions and the post-
surgical strategy. DESI has been used for glioma classification [43]
and could be a potential complement to standard histopathology
based diagnosis by providing rapid molecular subtyping/sub-
grouping of meningiomas.
a WHO grade I (a). Insets show optical images of the sections stained with H&E after
principal components (in red the tumor group, n = 81 and in green the dura group,
s correspond to the ions preferentially detected in high cellularity regions (i.e.,
ader is referred to the web version of this article.)

ing of meningiomas by desorption electrospray ionization mass
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DESI–MSI was carried out on 41 human meningioma
samples that belong to 4 different subtypes (fibroblastic,
meningothelial, transitional and psammomatous) according to
the established histological features of WHO grade I meningio-
mas (Fig. 4 and Table 2). The sample set was used in a previous
study from our center reporting on the genetic make-up of
these tumors, and their most significant genetic aberrations
detected by whole-genome or whole-exome sequencing [6] are
Fig. 4. Meningioma subtypes and subgroups. Each subgroup is characterize

Please cite this article in press as: D. Calligaris, et al., Molecular typ
spectrometry imaging for surgical decision-making, Int. J. Mass Spectro
reported in Fig. 4 and Table 2. Negative ion mode DESI–
mass spectrometry imaging data shows similar lipid profiles in
the mass range m/z 500–1000, representing mostly diacylgly-
cerol and phospholipids species with different relative abun-
dances for each meningioma subtype (Fig. S4). Transitional and
meningothelial meningiomas which share similar cytomorphol-
ogy also have lipid profiles that closely resemble one another
(Figs. S4b and c).
d by the absence or the presence of the mutations listed in the figure.
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optical images of the sections stained with H&E after DESI–MSI analysis of MG-13
(fibroblastic) and MG-6 (meningothelial) samples, respectively. Arrows of upper
average mass spectrum display phospholipids presenting specific relative
abundance between each sample. Score plot of the two first principal components
(in red the fibroblastic group, n = 165 and in green the meningothelial group,
n = 346) (b). Circle indicates mass spectra acquired during DESI–MSI analysis of
sample MG-6. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. Average mass spectra of the phospholipid content of fibroblastic
meningioma samples wild type NF2 (red) or NF2 mutated (green) (a). Insets show
optical images of the sections stained with H&E after DESI–MSI analysis of MG-13
(wild type NF2 fibroblastic meningioma) and MG-25 (NF2 mutated fibroblastic
meningioma) samples, respectively. Score plot of the two first principal
components (in red the wild type NF2 fibroblastic group, n = 165 and in green
the NF2 mutated fibroblastic group, n = 748) (b). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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We selected three samples of fibroblastic (MG-5, MG-8 and MG-
13) and three samples of meningothelial (MG-6, MG-11 and MG-
35) meningioma that all had wild-type NF2 (Table 2) for statistical
analyses. The representative average mass spectra of the phos-
pholipid content of fibroblastic and meningothelial meningioma
samples were normalized and are shown in Fig. 5a. For each
subtype, several phospholipids are present with a distinct relative
abundance (indicated by arrows in Fig. 5a). Principal component
analysis was performed on 165 and 346 different mass spectra
obtained from the DESI–MSI analyses of fibroblastic and menin-
gothelial meningioma samples, respectively (Fig. 5b). Our results
indicate that these two meningioma subtypes are separated on the
basis of the two first principal components (PC1 and PC2) with
cumulative proportions of 24% for PC1 and 9% for PC2. While the
mass spectra of the fibroblastic meningioma samples are closely
clustered, those from meningothelial sample are divided in two
groups. All the mass spectra from the left group (circled in Fig. 5b)
belong to the sample MG-6, and further histological evaluation of
the tissue indicated the presence of psammoma bodies, absent
from the other samples. Psammoma bodies arise from the
accumulation of apatite crystals that accumulate in and on matrix
vesicles produced by the central cell of the whorl present in
meningothelial tissue [58,59] resulting in a distinct histopatho-
logical feature that seems to be distinguished by the PCA.
Please cite this article in press as: D. Calligaris, et al., Molecular typ
spectrometry imaging for surgical decision-making, Int. J. Mass Spectro
We then attempted to determine if there are detectable
differences between the wild type NF2 fibroblastic, meningothelial
and transitional subtype datasets. Transitional meningiomas are
tumors that display histological features of both meningothelial
and transitional subtype (Fig. 4) [60]. The PCA results suggest a
detectable separation between the three subtypes despite
histological similarities between meningothelial and transitional
(data not shown), but due to the low number of wild type NF2
transitional meningioma sample available for this study (only one
sample i.e., MG-10), further analysis will need to be done to
confirm.

We also used DESI–MSI to perform subgrouping of fibroblastic
meningioma samples. The wild type NF2 fibroblastic meningiomas
were compared to NF2 mutated fibroblastic meningiomas (in
Table 1 MG-3 and MG-9 corresponding to 165 mass spectra and
MG-15, MG-18, MG-22, MG-25 and MG-30 corresponding to
748 mass spectra). As indicated in Fig. 6, wild type and NF2
mutated fibroblastic meningiomas have a similar profile with some
differences in lipid content. PCA results indicate a specific
clustering of each group according to the two first principal
components (cumulative proportions of 34% for PC1 and 8% for
PC2). Limitations were reached in an attempt to further subgroup
meningiomas based on AKT1 and SMO mutation status using
samples MG-12, MG-14, MG-16 and MG-38. The low number of
samples is each subgroup could be the limitation, but it is also
ing of meningiomas by desorption electrospray ionization mass
m. (2014), http://dx.doi.org/10.1016/j.ijms.2014.06.024
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possible that the mutations do not translate into phenotypes that
could be resolved from the analysis of metabolites and lipids.

4. Conclusion

Ambient mass spectrometry is proving to be a powerful tool to
provide near-real time molecular information from surgical
samples. The classification, subtyping and identification of many
different brain tumor types have already been achieved by DESI
mass spectrometry, but none of these studies have yet explored the
specific concerns for the management of meningiomas. While
meningiomas appear to be well-defined on MRI, the only available
tool for the assessment of dura invasion has been the histopatho-
logical evaluation of the tissue. The conventional pathology-
surgery information feedback loop is impractical for the accurate
delineation of tumor involvement. We have here shown that DESI–
MS analysis of surgical tissue allows dura mater to be distinguished
from meningioma tissue by monitoring the signal of ions
associated with cellularity. The DESI–MS data also allowed us to
readily distinguish the two main meningioma subtypes fibroblas-
tic and meningothelial, and to identify samples harboring NF2
genetic aberrations. The application of DESI–MS to the specific
needs of meningioma management is one of a growing number of
examples supporting the potential of ambient ionization in
analytical fields that rely on rapid or real-time molecular
information.
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