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Introduction: The main goal of brain tumour surgery is to maximize tumour resection while avoiding neurological
deficits. Accurate characterization of tissue and delineation of resection margins are, therefore, essential to
achieve optimal surgical results.

Objectives: The primary objective of this study was to develop and validate a mass spectrometry- based technique
for the molecular characterization of high- and low-grade glioma tissue during surgery.

Methods: An electrosurgical knife is connected to a mass spectrometer (iKnife). Using this system, an aerosol
created during electrosurgical resection is aspirated to a mass spectrometer to determine the molecular profile of
the tissue within seconds. This rapid evaporative ionization mass spectrometry (REIMS) technique is used to
create a chemical profile database and develop a real-time tissue recognition system based on machine learning.
Results: Classification models were built by analysing biopsies from 36 patients who underwent brain tumour
resection. Our multivariate statistical model could differentiate between astrocytoma grade II and III, glioblas-
toma, oligodendroglioma grade II and III, and normal brain tissue with an 88% overall accuracy. Astrocytoma
and oligodendroglioma grade II were separated from normal brain with a 96% correct classification rate. REIMS
could differentiate between different percentages of GBM with 99.2% sensitivity and different percentages of
astrocytoma grade II with 97.5% sensitivity.

Conclusion: Real-time information during electrosurgical dissection can improve intra-operative decision-making,
leading to a more accurate tumour removal for different glioma subtypes.

Introduction

Intraoperative tissue diagnosis, in particular with respect to the
determination of tumour type and grade, is mostly limited to frozen
section analyses. This approach relies on haematoxylin and eosin (H&E)
staining of cellular structures to reveal morphologic and cytologic fea-

Gliomas are the most common primary brain tumours and, according
to the National Institutes of Health (NIH), represent about 81% of ma-
lignant brain lesions [1]. The clinical management of these tumours
remains a significant challenge due to their biological behaviour, their
infiltration in the viable and functioning brain, and close proximity to
critical functional brain tissue [2]. Accurate characterization of tissue
and delineation of resection margins is essential to maximize tumour
resection and minimize postoperative neurological deficits. Currently,
histopathological grading of surgical biopsies and genetic phenotyping
determines first-line treatment. However, these results are usually only
available after the surgery has finished.

tures. The interpretation of the results is mainly subjective, based on the
trained eye and experience of the pathologist. However, the genetic
variability and genomic instability of brain tumours remains invisible
under a microscope. Furthermore, histopathology is time-consuming
(20-30 mins) and costly and, therefore, rarely used in practice [3].
Significant progress has been made in the development of medical im-
aging modalities and brain-mapping techniques, such as magnetic
resonance imaging, computed tomography or fluorescence-guided sur-
gery (using 5-aminolevulinic acid; 5-ALA) [4,5]. These approaches
provide an insight into the location and extent of the brain tumour and
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Nomenclature

5-ALA  5-aminolevulinic acid
AMX Abstract Model Builder
BMI Body Mass Index

CUSA/SSI Cavitron ultrasonic surgical aspiration/sonic spray
ionisation

FA Fatty acids

FN False negative

FP False positive

GBM Glioblastoma

H&E Haematoxylin and eosin
LDA Linear discriminant analyses

MRI Magnetic resonance imaging
NIH National Institutes of Health
PA Phosphatidic acids

PCA Principal component analyses
PE Phosphatidylethanolamines
QTOF Quadrupole time-of-flight
REIMS  Rapid evaporative ionization mass spectrometry
SP Sphingolipids

TIC Total ion chromatogram

N True negative

TP True positive

WHO World Health Organisation

into the relationship between the tumour cells and the surrounding
tissue. For the resection of high-grade gliomas, 5-ALA is a well-
established intraoperative adjunct to differentiate tumour from the
surrounding brain parenchyma. However, at the margin of these
diffusely infiltrating glioma tumours the fluorescence gradually be-
comes weak and therefore difficult to judge relative to the nonfluores-
cent normal tissue. Besides, the lack of fluorescence does not equate to a
complete absence of tumour, especially in the peritumoral regions
[6-9]. Furthermore, in low-grade gliomas, the use of 5-ALA remains
limited due to lack of fluorescence in a large percentage of patients.

Currently, fluorescence-guided surgery with 5-ALA is often used in
combination with intraoperative contrast-enhanced magnetic resonance
imaging (MRI) to determine the resection margin in high-grade gliomas
[10]. However, the MRI appearance of high-grade gliomas does not al-
ways correspond to their histopathological composition, often restrict-
ing the identification of tumour to contrast-enhanced areas and making
characterisation of the areas of infiltrative tumour unreliable [11]. Here,
a precise correlation between the preoperative imaging data and the
patient’s brain anatomy is crucial to guarantee an accurate localisation
of the tumour during surgery. Currently, this correlation is strongly
influenced by brain shift or the intraoperative deformation of brain
tissues. Therefore, the correlation of brain structures in preoperative and
intraoperative images becomes inaccurate, and reduces the precision by
which resection margins, based on in vivo imaging alone, can be
determined [12]. Preoperative localisation of these tumours using con-
ventional medical imaging showed an increased probability for suc-
cessful treatment. However, in up to 65-80% of glioma resections, some
residual tumour tissue remains after surgery. Up to now, surgeons still
suffer from the lack of intraoperative feedback, especially in low-grade
gliomas, that provides guidance towards accurate identification of, not
only the residual tumour tissue, but also the proximity to the sur-
rounding normal tissue [13].

Electrosurgical (electro-cauterisation) devices are used during
virtually every surgical resection of a brain lesion in order to achieve
haemostasis and an improved accuracy of dissection. A major by-
product is ‘smoke’, which results from evaporating tissue debris dur-
ing electrosurgical procedures. This smoke has already been shown to
contain a rich source of molecular information that allows recognition
and delineation of pathological tissue in real-time using mass spec-
trometry [14-17]. The technique, called rapid evaporative ionization
mass spectrometry (REIMS), connects an electrosurgical knife to a mass
spectrometer (a so-called intelligent knife, or iKnife), converting tissue
components into gas-phase ionic species appropriate for mass spectro-
metric analysis [18]. Furthermore, the procedure of sampling the
smoke, transfer to the mass spectrometer, analysis and feedback to the
surgeon takes just 0.7-2.5 s, without specialized sample preparation.
Similar sampling techniques hyphenated to mass spectrometry have
already shown potential for the in-depth characterisation of brain tu-
mours. However, most of these techniques, such as the MasSpec Pen
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[19], SpiderMass [20,21], and cavitron ultrasonic surgical aspiration/
sonic spray ionisation (CUSA/SSI) [22] only allow sampling of biopsies,
and cannot be used for guiding tissue resection [23].

Real-time tissue interrogation during electrosurgical dissection could
lead to more accurate tumour removal based on instantly available in-
formation on the nature of the tissue. In this project, we further devel-
oped and validated the use of the REIMS technique for real-time
characterisation of gliomas. Here, we determined the applicability of
REIMS to differentiate between the different types and grades of gli-
omas, as well as measure the diagnostic accuracy and sensitivity of
REIMS to detect tumour cells in the tumour margin of both high- and
low-grade gliomas.

Materials and methods
Biological samples

All patients (>11 years of age) were scheduled to undergo an elective
neurosurgical procedure under total intravenous general anaesthesia.
This single-centre, prospective observational study was performed at
Leuven University hospitals, Gasthuisberg (Leuven, Belgium). The study
protocol was approved by the Ethics Committee Research UZ/KU
Leuven (S60291) and the project was registered under the UZ Leuven
Tissue Bank. Thirty-six patients were enrolled and provided written
informed consent prior to participation. Patients were included when
resection of brain tissue had to be performed in the context of their
underlying disease, independent of the current study. While part of the
brain tissue was sent to the pathology department for histopathological
evaluation, the remainder was used for ex vivo REIMS analysis.

Demographic and clinicopathological data included age, gender,
height, Body Mass Index (BMI) and post-operative histopathological
information (including histological tumour subtype (astrocytoma, oli-
godendroglioma and glioblastoma (GBM)); and WHO grade). Where
feasible, for GBM, tissue was provided from the centre of the tumour and
from the infiltrating tumour margin. As a control, tissue from the tem-
poral neocortex was obtained from patients undergoing mesial temporal
epilepsy surgery. All samples were immediately stored at —80 °C until
analysis.

Patients suspected to harbour malignant gliomas were all operated
under 5-ALA induced fluorescence-guided resections: sampling in these
tumours was always performed in the bright fluorescence zones for
bulky tumour parts and in the fluorescence margin zones for invasion
fronts.

Sample processing with REIMS

REIMS analyses were performed directly on the thawed brain sam-
ples. All investigated samples had one freeze-thaw cycle. Based on the
size of the tissue biopsy, 1 to 5 cuts were made using a monopolar
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electrosurgical pencil with needle electrode (@ 2.8 mm) (Covidien,
Medtronic, Jette, Belgium) in pure cut setting (continuous RF wave)
with a Covidien Force FX™ generator (Medtronic, Jette, Belgium).
Furthermore, a supplementary video (Supplementary Data 2) shows
application of the bipolar forceps (Covidien Medtronic, Jette, Belgium)
in coagulation mode for the classification of human brain tumours. The
power settings ranged between 20 and 25 Watts. The aerosol resulting
from electrosurgical dissection was aspirated using a Venturi pump and
transferred to the mass spectrometer using a tygon evacuation tube.
Mass spectrometric analysis was performed using a Waters Xevo G2-XS
quadrupole time-of-flight (QTOF) instrument equipped with a REIMS
source (Waters Corporation, Wilmslow, UK). In addition, the aerosol
was mixed with isopropanol as the matrix solvent during measurement,
prior to introduction into the REIMS source, to enhance the signal in-
tensity of the ions and obtain a constant cleaning source. A flow rate
ranging from 0.15 to 0.20 mL/min was investigated and the best signal
intensity was obtained at 0.20 mL/min. Leucine enkephalin (0.15 ng/
uL) was used as an external lock mass (mass in negative mode m/z
554.2615) for all samples. The sample cone and heater bias were set to
80 V. All analyses were performed in negative ionisation mode over a
range of 50-1000 m/z and with a scan time of 1 sec. Prior to every use,
the instrument was calibrated using sodium formate.

Histopathology

Prior to and following sample processing using REIMS on the GBM
tissue samples, the samples were sectioned at 12 um on a cryotome
(Leica) for histopathology of the tissue that was burnt using the iKnife.
H&E stained sections were scanned using an Aperio CS2 pathology
scanner (Leica®). Subsequently, H&E-stained slides were examined by a
senior expert histopathologist to identify the area surrounding the
sampling point and assign a tissue diagnosis. This provided the best
possible knowledge and insight about the tissue under study in lieu of
the complete tissue removal at the REIMS analysis points.

For low-grade gliomas, multiple REIMS mass spectra were obtained
and compared to evaluate the reproducibility of the REIMS technique.
Supplementary Data 1, Fig. 1, shows the spectra obtained from two
REIMS ‘burning’ points in one astrocytoma GR II sample and in one
oligodendroglioma GR II sample. In both low-grade glioma’s, similar
mass spectra were obtained from both analysis points, showing a good
reproducibility of REIMS analyses in low-grade gliomas.

Data analysis

MassLynx MS software (Waters Corporation, Wilmslow, UK) was
applied for mass spectrometric data acquisition. Abstract Model Builder
(AMX, Version 0.9.2092.0, Waters Research Centre, Hungary) was used
to process all raw mass spectrometric data collected on the REIMS in-
strument, model building and model classification. REIMS mean mass
spectra were summed for each burn to create a single profile per sam-
pling spot. For each model, all spectra were binned with a bin of 0.5 m/z
and a mass range of m/z 300 to 900. Lock mass correction, background
subtraction and normalisation (divided by the ion chromatogram (TIC))
was performed to pre-process the spectra prior to building the model.

Multivariate statistical analyses, i.e. principal component analyses
(PCA) and linear discriminant analyses (LDA), were performed on the
defined REIMS spectra. Fragmentation patterns were not taken into
account for these statistical analyses and were only used for lipid iden-
tification purposes. Unsupervised PCA is a method for dimensionality
reduction, because smaller data sets are easier to evaluate and visualize.
This allows one to obtain insights into the variance in the lipid patterns
that are included in this model. Furthermore, supervised LDA was per-
formed to further model and optimize the differences between the
classes of data. PCA/LDA classification, based on the REIMS lipid pat-
terns, was compared with the histopathological evaluation of the tissue
to calculate the accuracy of the REIMS based classifier. Cross-validation
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of the LDA models was performed using leave-20%-out cross-validation,
which randomly selects 20% of the spectra in one round to leave it out of
the training set and builds the model on the remaining 80%. Loading
plots were generated to identify spectral differences between the
different brain tumour types and grades and between tumour and
normal tissue. Furthermore, PCA/LDA models created in the AMX
software were exported into the recognition software used in post-
processing and real-time mode for the direct characterisation of blind
samples.

From the generated confusion matrix, the performance was evalu-
ated based on true positive (TP), false positive (FP), false negative (FN),
true negative (TN) using the following:

Sensitivity = TP
VY = TP rEN
Specificit ™
CCII1CI! = ——=
P Y= IN+FP

Lipid identification

Lipid identification was based on the data acquired from REIMS and
on the exact mass measurement acquired using MALDI-based DDA [24].
A MALDI/ESI Injector (Spectroglyph LLC, Kennewick, WA) is coupled to
an Orbitrap Elite using the earlier described DDA-imaging method by
Ellis et al. [24]. Furthermore, REIMS MS/MS fragmentation patterns
were used to confirm the lipid identification. REIMS tandem MS was
performed using the Xevo G2-XS QTOF mass spectrometer by collision-
induced dissociation with argon gas. The obtained exact masses and MS/
MS data from the Orbitrap Elite mass spectrometer and fragmentation
patterns from REIMS tandem MS were compared to the online LIP-
IDMAPS structure database, the ALEX 123 lipid database, the Human
Metabolome Database and reference literature. GraphPad (version 8)
was used for the analyses of patient metadata and for the analyses of the
raw data matrix exported from AMX software.

Mathematical models for classification accuracy

The classification accuracy of REIMS for GBM and astrocytoma GRII,
was evaluated by creating two mathematical models. The raw mass
spectra of either all GBM and normal brain samples or all astrocytoma
GR Il and normal brain samples, obtained by REIMS, were exported from
AMX model builder to CVS. In turn, the spectra of the diseased samples
(GBM or astrocytoma GRII) were combined with the spectra of the
normal control brain samples in order to create different percentages of
“disease”. Every sample point in a percentage class consisted of 100
spectra and one percentage class consisted of ten sampling points. For
instance, the 70% GBM class, consists of ten sample points that are all
built out of the combined spectra from 70 GBM samples and the spectra
from 30 normal brain samples.

Results

A total of 36 specimens from adult neurosurgical patients were
included (23 men and 13 women), including 3 diffuse astrocytomas
(WHO grade 1II), 3 anaplastic astrocytomas (WHO grade III), 11 glio-
blastomas (WHO grade IV), 6 oligodendrogliomas (WHO grade II), 2
anaplastic oligodendrogliomas (WHO grade III) and 11 control samples.
The demographic data of all patients are presented in Supplementary
Data 1, Table 1. Depending on the biopsy size, 1 to 5 analysis points per
sample produced a total of 124 mass spectra (Normal = 31, Astrocytoma
grade II = 10, Astrocytoma grade III = 30, GBM = 27, Oligoden-
droglioma grade II = 17, Oligodendroglioma grade III = 9).
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REIMS classification of the different types and grades of glioma brain
tumours

Tumour identification within a timeframe of seconds could signifi-
cantly influence surgical decisions. Using REIMS, the direct intra-
operative identification of tumour type and grade could guide and in-
fluence the surgical strategy in real-time. Therefore, a PCA/LDA classi-
fication model was built including the following classes; Normal brain
tissue, Astrocytoma grade II, Astrocytoma grade III, GBM, Oligoden-
droglioma grade II and Oligodendroglioma grade III, to allow a rapid
overall differentiation between the different types and grades of glioma
brain tumours (Fig. 1a). Data from 124 sampling points from a total of
36 individual specimens were used; i.e. from 13 normal specimens (31
sampling points) and 27 tumour specimens (93 sampling points). The
leave-20%-out cross-validation of this model resulted in an overall ac-
curacy of 87.90%, allowing a good first classification (Fig. 1c).

REIMS Tandem MS and DDA experiments were performed to identify
the lipids that significantly differed between the classes (Fig. 1b). Online
MS databases were used for lipid identification based on the fragmen-
tation and the accurate mass data. Mass peaks that contributed to the
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class separation were mainly glycerophospholipids with phosphatidyl-
ethanolamines (PE) being the most commonly identified. Furthermore,
phosphatidic acids (PA), sphingolipids (SP) and fatty acids (FA) were
also identified (Table 1).

Interestingly, these differences between the classes were represented
by changing ratios of these mass peaks rather than the presence or
absence of specific lipid species. Glioblastomas were separated with a
100% correct classification rate from other glioma subtypes along the
first linear discriminant (LD1). However, in this case, only sampling
points originating from bulk tumour were taken into account. Further-
more, 30% of the low-grade gliomas were incorrectly classified as
normal brain tissue in this model.

The applicability of this model was also tested using a bipolar for-
ceps, since these are commonly used during the main part of brain
surgery. A GBM sample and normal brain tissue sample were subjected
to REIMS analysis using the bipolar forceps in coagulation mode. The
recognition software was concordant with the histopathological
assessment of these samples. An illustrative video can be found in
Supplementary Data 2. While it was only tested on a limited number of
samples, our results indicate that the model built using the monopolar
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Fig. 1. Multivariate statistical analysis of different glioma types. A 3D PCA/LDA classification model obtained ex vivo of 5 different types and grades of glioma
vs control brain tissue. B The first loading plot for glioma and normal brain tissue demonstrates the contribution of the ten lipids. C Leave 20%-out cross-validation,

proportion (%) of correct classification following PCA/LDA analysis.
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Table 1

Lipid assignments by tandem mass spectrometry (MS/MS) for the ten most
relevant peaks contributing to the LDA class separation between intra-axial
brain tumours and normal brain tissue.

Journal of Mass Spectrometry and Advances in the Clinical Lab 24 (2022) 80-89

needle electrode could also be applied using bipolar forceps.

REIMS classification accuracy in high-grade glioma

Model m/z Lipid class Configuration Ton During high-grade glioma resection, the invasive tumour margin
Intra-axial brain ~ 303.25  Fatty acyl FA 20:4 M between tumour tissue and the surrounding brain is still difficult to
tumours vs - visualise. While significant advancements have been made in the tech-
Normal H]™ nologies of neurosurgery, none of these provide the required molecular
307.25  Fatty acyl FA 20:2 M . . .
- precision to delineate / evaluate tumour margins and the extent of
H- infiltration. Therefore, we evaluated the sensitivity of REIMS in the
671.45  Phosphatidic acid PA 16:0_18:2 and M prediction of this tumour margin (percentage of brain tumour that can
PA 16:1.18:1 - be detected). A PCA/LDA model was built with different percentages of
. HI GBM (Fig. 2a). Each class was mathematically built by combining GBM
698.55 Phosphatidic acid PA 16:0_20:2 and M . . . .
PA 18:1 18:1 B and control brain tissue spectral data from 100 sampling points into the
HI™ following percentage classes: 0%, 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%,
718.55  Phosphatidyl- PE 16:0_18:0 M 40%, 50%, 60%, 70%, 80%, 90% and 100% GBM. Lock mass correction,
ethanolamine T background subtraction and normalisation (divided by the total ion
72655  Phosphatidyl- PE 0-36:3 I[{I\}[ chl"orflatogram (TIC)) were performed to pre-process the spectra prior to
ethanolamine B building the model.
H]~ The leave-20%-out cross validation showed an overall correct clas-
744.55  Phosphatidyl- PE16:020:1and  [M sification rate of 97.04%, a sensitivity of 99.3% and a specificity of 100%
ethanolamine PE 18:0.18:1 o (Fig. 2b). With up to 1% GBM in the investigated sample, there is a 20 %
H] . . . .
77455  Phosphatidyl- PE 0-18:1 22:6 M chance of a false negative result with this model. This model showed a
ethanolamine _ 100% correct classification rate starting from 5% GBM. Furthermore,
H]~ the accuracy of this percentage model was tested by exporting the model
790.55  Phosphatidyl- PE 18:0.22:6 M data into the AMX recognition software. Here, three REIMS spectra
ethanolamine I;], originating from the bulk tumour, fluorescent margin region and normal
844.65 Phosphatidylserine PS18:1220and  [M brain tissue were analysed (Fig. 3a). These samples were evaluated as an
18:1.22:1 - independent validation set and were not used to build the model in
HI™ Fig. 2a. The spectra obtained from the bulk tumour and control brain
tissue were classified as 100% GBM and 0% GBM, respectively. In the
spectrum originating from the invasive region 10% GBM was detected.
In order to validate these results, the recognition output was
A. 0%
@® 5% 10% 20% 30% P% 50% 60% 70% 80% 90% 100%
B e A B
1% < .
2% %G 4%
3%
B. Overall accuracy Predicted Class (%)
97.04% 0 1 2 3 4 5 10 20 30 40 50 60 70 80 90 100
0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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3 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 80 20 0 0 0 0 0 0 0 0 0 0
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Class (%) 30 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0
50 o o o0 ©0 0 O O 0 0 0 100 0 0 0 0 0
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Fig. 2. Classification model of different percentages of GBM. A PCA/LDA model of different % of GBM using the mean spectral information of 100 GBM and
control brain tissue REIMS spectra; B Leave-20%-out cross-validation, proportion (%) of correct classification following PCA/LDA analysis.
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1067

Invasive region

Qupath quantification
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Fig. 3. Validation of the REIMS technique for GBM cells A. REIMS mass spectra obtained from the bulk tumour in the fluorescent margin of the tumour and in a
control brain sample. These REIMS spectra were further used in the recognition software for identification with the classification model described in Fig. 2a. B.
Histological image (H&E); full tissue section in the upper right corner and magnification of the highlighted region (black square) after cell detection and classifi-
cation. C. The Qupath quantification of the proportion of tumoral cells in the selected areas representative for the area of the REIMS ‘burning point’.

compared to the actual percentages of tumour cells quantified in the
H&E slides of the same tissue sample after REIMS cauterisation. This was
done by analysing the scanned H&E images in Qupath (v0.2.3), [25] an
open source software developed for digital pathology image annotation
and analysis [26]. Here, in an independent set of H&E GBM samples,

A.

Astrocytoma Il

Normal
Oligodendroglioma II °

regions of tumour and normal brain tissue were manually defined
(Fig. 3b). Automated cell detection, based on morphometric features of
the detected cells, was used to train a classifier with the ability to
distinguish between tumour and normal cells. This classifier was then
applied to an area representative of the area of the REIMS ‘burning
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Fig. 4. Multivariate statistical analysis of low-grade gliomas. A 3D PCA/LDA model of astrocytoma GII and oligodendroglioma GII vs normal brain tissue. B
Leave-20%-out cross-validation, proportion (%) of correct classification following PCA/LDA analysis.
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point’. Here, the edges of the burning point were avoided to prevent the
inclusion of cells with changed morphology due to the cauterisation
process common with REIMS. Application of this method affirmed 100%
and 0% of the tumour cells in the bulk tumour and normal tissue sam-
ples, respectively. Furthermore, in the tissue sample originating from
the fluorescent margin, Qupath quantification resulted in 10.67% GBM
cells (Fig. 3c). This real-time, intra-operative information on the per-
centage of remaining tumour cells in the tumour margin provides the
neurosurgeon with crucial and previously unavailable information,
which could improve patient outcome.

REIMS classification accuracy of low-grade glioma

Similar to high-grade gliomas, the visual discrimination between
tumour and normal brain in low-grade gliomas remains challenging.
Low-grade gliomas are slowly evolving, but highly invasive tumours
that show only subtle differences versus the surrounding functioning
brain. Furthermore, our first classification model (Fig. 1) showed a
relatively high percentage of low-grade gliomas that were incorrectly
classified as normal brain tissue. Therefore, we created a classification
model consisting solely of low-grade gliomas to in order to increase the
classification rate of these tumours (Fig. 4a). A PCA/LDA model was
created based on data from 57 sampling points; i.e. from 6 oligoden-
droglioma grade II (17 sampling points), 3 astrocytoma grade II (9
sampling points) and 11 normal specimens (31 sampling points). The
leave-20%-out cross-validation resulted in an overall accuracy of
96.49%, with a false negative rate of 6% and a false positive rate of 0%
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(Fig. 4b). Oligodendroglioma grade II was separated from normal brain
tissue along the first linear discriminant with 100% correct classification
rate. Twenty-two percent of the astrocytoma grade II sampling points
were wrongly classified as normal brain tissue.

Therefore, the accuracy of this technique for the separation of as-
trocytoma grade II and normal brain was tested in more detail by using a
percentage model of increasing percentage of astrocytoma grade II. This
model was built in the same way as the previous GBM % model and
showed an overall accuracy of 75%, a sensitivity of 97.5% and a spec-
ificity of 50% (Fig. 5). At 1% astrocytoma grade II there is a 20% chance
the model gives a false negative result and at 3% astrocytoma grade II
there is a 10%. Furthermore, until 2% astrocytoma grade II, there is a
30% change the model shows a false positive result. These results
demonstrate that REIMS can serve as an easy-to-use, real-time, intra-
operative detection technique for residual low-grade glioma tumour
tissue. REIMS might, therefore, significantly influence surgical decision
making, allowing maximal extent of resection in low-grade gliomas.

Discussion

The introduction of analytical technologies, such as MRI, ultrasound,
neuro-navigation and, in malignant gliomas, fluorescence-guided sur-
gery, supports the surgeon to identify tumour tissue intra-operatively
and delineate a perceived margin. Nevertheless, these techniques
show limited chemical information, sometimes low sensitivity and often
the need for the use of contrast agents or pre-operative administration of
(pro-)drugs. These issues create the need for a rapid and accurate
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Fig. 5. Classification model of different percentages of astrocytoma GII. A PCA/LDA model of different % of astrocytoma GII built using the mean spectral
information of 100 astrocytoma GII and normal brain tissue REIMS spectra; B Leave-20%-out cross-validation, proportion (%) of correct classification following PCA/

LDA analysis.
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characterisation method of brain tumours and their margins without
interfering with the surgical workflow. Our work investigates the
feasibility, accuracy and sensitivity of a mass spectrometric based
diagnostic approach for the differentiation of gliomas, both low-grade
and high-grade, from the surrounding healthy and functional brain.

The visualisation of the invasive margin of gliomas and the assess-
ment of the status of post-resection cavity walls is challenging for the
surgeon. Currently, intraoperative MRI and 5-ALA-based fluorescence
are the only tools in clinical routine that show residual tumour in situ. At
the margin of high-grade gliomas, 5-ALA has been shown to label
tumour with a 91% sensitivity and 80% specificity, compared to a 66%
sensitivity and 60% specificity with intraoperative MRI [27]. However,
the diagnostic accuracy is based on histological evaluation of these
techniques, causing results to be highly dependent on the trained-eye
and expertise of the pathologist. REIMS could provide a more sensitive
platform to characterize the disease state and its borders by identifying
changes in the molecular profile of the tissue. Our model, built to
differentiate different percentages of GBM and normal brain tissue,
showed a 97% correct classification rate and could differentiate
different percentages of GBM from normal brain with 99.3% sensitivity
and 100% specificity. A recent study by Molina et al. investigated the
diagnostic accuracy and perception of protoporphyrin IX discrimination
using a novel filter system with higher background illumination
compared to the gold standard filter system [28]. Notwithstanding these
improvements, they still found a median tumour cell density of 13% in
the non-fluorescent marginal tissue. Therefore, REIMS could comple-
ment 5-ALA fluorescence during the resection of high-grade gliomas and
provide a more objective insight in the margins of fluorescence.

Notably, the intensity of fluorescence of 5-ALA depends on the grade
and molecular characteristics of the tumour, as well as on the pharma-
cokinetic features of the patient. In almost half of the patients, the
fluorescence is perceived as suboptimal [29,30]. However, expertise of
the surgeon might also influence this outcome. The intra-operative
evaluation of the different shades of fluorescence is subjective and
strongly depends on the experience of the neurosurgeon. Lastly, the
administration of 5-ALA harbours the risk of photosensitivity. The pro-
posed REIMS technology does not require the use of pro-drugs and tissue
classification results are presented in a standardized, universal, and
easily interpretable format.

The importance of marginal, and maybe supramarginal, resection is
not exclusive for high-grade gliomas. In low-grade glioma, a growing
body of evidence also supports the positive prognostic impact of maxi-
mized resection on progression-free survival. Here, the role of 5-ALA
fluorescent guided surgery remains limited, because visible fluores-
cence is only observed in 10-20% of patients [31,32]. Therefore, intra-
operative and post-operative MRI are considered the gold standard in
the follow-up and further management of low-grade gliomas, the former
being expensive, time consuming and not real-time. Post-operative MRI
is used to detect tumour remnants and, therefore, has a strong influence
on the adjuvant therapy. However, due to the silent progress of the
disease and the ability to infiltrate brain tissue beyond MRI boundaries,
it is, up to now, almost not possible to detect complete tumour extension
of low-grade glioma tumours [33,34]. Furthermore, since most of these
tumours are non-enhancing, the estimation of residual tumour cells after
surgery remains challenging [35]. In this study, we developed a REIMS
based classification system that can differentiate between low-grade
astrocytoma, low-grade oligodendroglioma and normal brain tissue
with a 96.49% correct classification rate. Furthermore, to obtain insight
into the accuracy of REIMS for low-grade gliomas, a classification model
was built to differentiate between percentages of grade II astrocytoma.
This model only showed false negative results up to 5% grade II astro-
cytoma cells and showed a 80% correct classification rate starting from
10% grade II astrocytoma. In turn, REIMS would allow real-time dif-
ferentiation between tumour cells and normal cells in the margin of
these slowly infiltrating tumours and even provide information on the
amount of tumour cells in the resected tissue. Furthermore, the REIMS
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technique will allow detection of the complete range of biomolecules,
including biomarkers, such as proteins and lipids.

For this project, an electrosurgical needle (2 mm) was used instead of
an electrosurgical blade to increase the reproducibility of our REIMS
analyses [23]. REIMS is a destructive process and, therefore, it is
impossible to have histopathological confirmation of the exact cellular
content under analysis. To minimise this uncertainty as much as
possible, the electrosurgical needle was used and a frozen tissue section
was made before and after REIMS analyses of the GBM samples.
Furthermore, needle ablation has been widely applied to neurosurgery
compared to the use of an electrosurgical blade. Therefore, we expect
that our ex vivo results will be easily translated to in vivo use. The
limitation of using an electrosurgical needle compared to an electro-
surgical knife is the decreased amount of smoke and subsequent lower
intensity mass spectrum.

For REIMS, a recognition software has already been developed to
automatically analyse the REIMS spectra. In a next step, this technique
will be implemented in the operating theatre. The equipment is trans-
portable and can be easily moved between the different operating
rooms. The system consists of an analysis device (iKnife connected to a
mass spectrometer), a computer with mass spectrometry analysis soft-
ware to automatically analyse the REIMS spectra and an indication
screen for the neurosurgeon. This screen shows a fast and clear indica-
tion of the type, grade and/or cell percentage of the tumour. The
depicted information is based on the databases and PCA/LDA analyses
we created in this research using the REIMS set-up. Importantly, in the
operating room, it is expected that a monitor will directly provide the
surgeon with a fast and clear diagnostic result, without the need for any
mass spectrometric training. Furthermore, this technique has already
proven its ability in real-time tumour margin detection and phenotyping
[36,37]. Balog et al. evaluated a REIMS endoscopic method in vivo on
three patients referred for colonoscopy. Here, a uniform spectral pattern
was found and colonic polyps could be differentiated from the healthy
mucosal layer, in agreement with the ex vivo studies [37]. Vaysse et al.
recently evaluated the applicability of REIMS to use breast stromal
molecular information to guide breast conserving surgery [16]. They
showed that a REIMS model of ex vivo molecular profiles enabled in vivo
recognition of stroma and, thereby, illustrated the usability of an ex vivo
created model during surgery. Furthermore, a combination of REIMS
and DESI might provide complementary information in the characteri-
sation of brain tumours. DESI-MS allows the acquisition of images of the
tissue, providing a correlation of chemical and spatial information.
Theoretically, similar chemical species are observed by DESI and REIMS.
However, the spectral profiles obtained are still markedly different. In
order to solve this challenge, previous work suggested a cross-platform
normalisation approach in order to convert the raw mass spectra ob-
tained by the different ionisation methods [38]. This might allow one to
use different ionisation methods for the population of future large scale
MS-based tissue datasets.

For neurosurgeons engaged in oncological surgery, this technique
could potentially represent a step towards the next level in terms of
intra-operative assessment of extent of resection, both for low- and high-
grade gliomas. The technology allows a continuous and rapid (0.7-2.5 s)
sampling option for the resected tissue, barely interfering with the
normal surgical workflow and with high spatial and temporal resolution.
With ongoing resection of tumour invasion zones, it is anticipated ac-
cording to our model, that REIMS sampling results will show degressive
percentages of tumour presence in the surrounding normal brain,
thereby delivering the first method that would be able to quantify extent
of resection in invasive tumour areas.

Our results indicate that REIMS is a real-time, reliable methodology
that can be implemented in the current surgical workflow for brain
tumour removal. However, a limitation of this study is the limited
sample sizes for the different classifications. Therefore, the prediction
values only provide a valuable estimate of the prediction performance. A
follow-up study with a larger sample set will be required in order to
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further validate these results. We demonstrate the complexity and het-
erogeneity of glioma infiltration and confirm the utility and potential of
REIMS in the characterisation of the tumour and the tumour margins
within seconds. To date, unresected residual tumour is still the leading
cause of recurrence and tumour progression and extent of resection is an
independent prognosticator for both low- and high-grade gliomas. Here,
REIMS coupled with intraoperative imaging techniques and functional
monitoring tools will maximize tumour resection and avoid post-
operative neurological deficits and ultimately improve patient outcome.
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