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Themain goal of brain tumor surgery is tomaximize tumor resection
while preserving brain function. However, existing imaging and
surgical techniques do not offer the molecular information needed
to delineate tumor boundaries. We have developed a system to
rapidly analyze and classify brain tumors based on lipid information
acquired by desorption electrospray ionization mass spectrometry
(DESI-MS). In this study, a classifierwas built to discriminate gliomas
and meningiomas based on 36 glioma and 19 meningioma samples.
The classifier was tested and results were validated for intraoper-
ative use by analyzing and diagnosing tissue sections from 32
surgical specimens obtained from five research subjects who un-
derwent brain tumor resection. The samples analyzed included
oligodendroglioma, astrocytoma, and meningioma tumors of dif-
ferent histological grades and tumor cell concentrations. The
molecular diagnosis derived from mass-spectrometry imaging cor-
responded to histopathology diagnosis with very few exceptions.
Our work demonstrates that DESI-MS technology has the potential
to identify the histology type of brain tumors. It provides in-
formation on glioma grade and, most importantly, may help define
tumor margins by measuring the tumor cell concentration in
a specimen. Results for stereotactically registered samples were
correlated to preoperative MRI through neuronavigation, and
visualized over segmented 3D MRI tumor volume reconstruction.
Our findings demonstrate the potential of ambient mass spectrom-
etry to guide brain tumor surgery by providing rapid diagnosis, and
tumor margin assessment in near–real time.

Surgery is a key component in the treatment of brain tumors.
Substantial evidence suggests that a smaller volume of post-

operative residual tumor is associated with an improved prog-
nosis (1–4). One of the greatest barriers to achieving optimal
surgical results in infiltrative tumors is the difficulty in dis-
tinguishing tumor from normal brain (5–7). Failure to discern
where the border of the lesion ends and viable, minimally infil-
trated brain begins increases the likelihood of inadequate re-
section and neurological damage. Although maximal surgical
resection with the goal of gross total tumor resection is desirable,
in practice, delineation of resection margins is difficult because
tumors can closely resemble healthy brain, often infiltrate brain
tissue, andmay be immediately adjacent to critical functional brain
tissue. Aggressive resection can increase the risk for postoperative
neurological deficits (7). For example, brain tumors located near
critical brain areas subserving primary motor, sensory, or language
functions are difficult to resect maximally while avoiding post-
operative neurological deficits (8). Therefore, the principal chal-
lenge and objective of neurosurgical intervention is to maximize
the resection of tumor, andminimize the potential for neurological
deficit by preserving critical tissue. Intraoperatively acquired
images can provide the neurosurgeon with the information needed
to perform real-time, image-guided surgery.
A variety of mapping techniques have been developed to pro-

vide the surgeon with an understanding of the relationship of the
tumor to surrounding key cortical areas, but none offers the
molecular precision required to delineate tumor boundaries and
evaluate the extent of infiltration. Intraoperative MRI, developed

at Brigham and Women’s Hospital (BWH), created an opportu-
nity for collecting information about the extent of tumor resection
during surgery (5, 6). Although brain tumor resection typically
requires multiple hours, intraoperative MRI can be completed
and information evaluated within an hour. However, MRI has
limited ability to distinguish residual tumor from surrounding
normal brain (9). In consequence, there is a need for more de-
tailed molecular information to be acquired on a timescale closer
to real time than can be supplied by MRI.
Standard histopathology methods are the gold standard for

detecting the presence of tumor and can provide diagnostic in-
formation during surgery within an hour, but are typically limited
to the evaluation of one or very few samples. The most useful
ancillary tests in diagnostic pathology exploit changes in nucleic
acids that are at the foundation of tumors: DNA point mutations,
chromosomal translocations, changes in copy number, and most
recently, the changes in mRNA levels (10). Beyond nucleic acids,
data on proteins and lipids in tissue can reveal important in-
formation about physiology and disease. Proteomic information is
used regularly in pathology, albeit in a low-throughput manner
using immunohistochemistry. The lipid constituents of tissues,
however, remain entirely unused in diagnostic practice as lip-
idomic information has until recently been impractical to acquire.
Now, desorption electrospray ionization mass spectrometry
(DESI-MS) (11), as well as related MS-imaging methods (12),
offer the possibility of incorporating lipid information into tumor
diagnostics. DESI is one of a recently developed group of ioni-
zation techniques in MS in which samples are examined in the
ambient environment with minimal pretreatment (13–17). Using
DESI, direct lipid analysis from biological samples such as tissue
sections can be performed rapidly and routinely. This micro-
extraction experiment takes less than a second and gives a large
amount of information on an individual small spot (pixel) on the
unmodified tissue. Samples can be examined also by scanning
them in 2D space while a spray of charged droplets impinges on
the tissue, extracting lipids into secondary microdroplets that are
continuously transferred to a mass spectrometer. Chemical in-
formation obtained from such scans is then represented in the
form of 2D images recording relative abundances and spatial
distributions of specific ions. In a single experiment, DESI-MS
allows the characterization and imaging of many lipids including
fatty acyls, glycerophospholipids, glycerolipids, and sphingolipids
(18). DESI-MS imaging of tissue sections from banked tissue has
been shown to enable disease diagnosis based on lipid profiles of
different human diseases, such as bladder (19), kidney (20),
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prostate (21), and brain cancer (22, 23). These studies demon-
strate the potential value of DESI in providing tissue diagnosis in
a few seconds for intraoperative use, a task also being investigated
by related mass-spectrometry methods (24).
The World Health Organisation (WHO) recognizes over 125

types of brain tumors according to histopathological evaluation.
Tissue is differentiated according to cellular composition, in-
cluding characteristics of astrocytic, ependymal, meningeal, neu-
ronal, oligodendrocytic cells, and according to tumor origin. The
WHO classification system also grades malignancy according to
such characteristics as proliferation, cellular and nuclear mor-
phology, necrosis, and the presence of abnormal vasculature
(25). Glial tumors, gliomas, account for 30% of all intracranial
tumors (26). The main subtypes are astrocytoma and oligoden-
droglioma, of which about 70% are grade III or higher. Grades
II–IV are characterized by the absence of a discrete tumor
boundary as tumor cells infiltrate into surrounding brain tissue.
The most malignant form, glioblastoma (astrocytoma WHO
grade IV), is refractory to treatment strategies and is associated
with a median survival of 12–15 mo (27). Meningiomas are brain
tumors that develop from the meninges, the tissue covering the
brain and spinal cord, and are the most common type of brain
tumor (34.7%) (26). Most meningiomas are slow growing, but
many of these must still be removed due to resulting neurological

complications. A small subset of meningiomas is more aggres-
sive, and also requires surgical intervention. In contrast to glio-
mas, meningiomas usually feature a very clear border between
tumor and normal brain.
Using a set of banked tumor samples, we have previously

demonstrated that gliomas of different subtypes (oligoden-
drogliomas, astrocytomas, and oligoastrocytomas), grades and
cell concentrations (a marker of tumor infiltration into normal
tissue) could be rapidly classified by DESI-MS imaging using
multivariate statistical analysis and machine learning (23). In the
present study, we expanded our classification strategy for brain
cancers by incorporating meningioma as a tumor type. The more
comprehensive classification system is tested and validated
through application to the diagnosis and tumor margin assess-
ment of stereotactically registered surgical specimens from
a cohort of five patients receiving neurosurgical care at BWH.
DESI-MS imaging data and statistical classification results are
correlated to histopathology for validation, and results for stereo-
tactically registered samples are correlated to preoperative MRI
through neuronavigation and visualized over segmented 3D MRI
tumor volume reconstruction. Tumor margins are defined by
evaluating the results for tumor grade and tumor cell concentration
in the samples removed from peripheral regions of the tumor. Our
results demonstrate an extensive clinical and interdisciplinary

Table 1. Classification results for surgical specimens from surgical cases 2, 3, 4, and 8

Tumor type (%) Glioma subtype (%) Glioma grade (%)
Glioma concentration

(%)

Name Histological diagnosis GL MG A OA O II III IV Low Med High

Case 2
S7 O, II, med 95 5 3 0 97 97 3 0 1 99 0
S8 O, II, low 80 20 13 1 86 58 32 11 48 44 7
S10 (B) O, II, low 100 0 0 0 100 15 59 26 43 57 0
S11 (A) O, II, low 100 0 0 0 100 27 52 21 41 59 0
S12 (C) O, II, med 92 8 45 0 55 100 0 0 8 92 0
S13 (D) O, II, med 95 5 2 0 98 100 0 0 7 88 5
S15 O, II, low 73 27 40 0 60 53 27 20 0 60 40
Total 90 10 10 1 89 67 24 9 27 69 4

Case 3
S16 O–III, high 22 78 20 4 76 4 76 21 1 10 89
S17 (B) O–III, high 10 90 37 18 46 3 85 11 1 29 70
S18 O–III, high 11 89 23 12 64 1 88 12 7 27 67
S19 O–III, high 86 14 7 26 67 0 76 24 4 79 17
S20 (C) O–III, high 83 17 21 7 71 1 93 6 11 35 54
S21 (D) O–III, med 97 3 43 17 40 14 43 43 8 46 46
S22 (A) O–III, high 51 49 0 0 100 5 94 1 1 67 32
S27 O–III, med 69 31 23 0 76 9 53 38 4 22 74
Total 50.2 49.8 20 12 68 4 76 20 4 40 56

Case 4
S23 meningioma 0 100
S24 meningioma 0 100
Total 0 100

Case 8
D12 (BL02) A–IV, high 100 0 21 8 71 38 0 63 58 0 42
D13 (BL04) A–IV, low 100 0 26 73 2 4 0 96 66 32 1
D14 (BL01) A–IV, high 100 0 58 42 0 4 0 96 66 13 21
D15 (BL05) A–IV, low 100 0 16 84 0 25 0 75 65 33 2
D16 (BL07) A–IV, low 100 0 31 69 0 44 0 56 69 24 7
D17 (BL08) A–IV, low 100 0 19 81 0 25 0 75 44 56 0
D18 (BL10) A–IV, med 100 0 5 2 93 20 29 52 7 0 93
D19 (BL11) A–IV, med 100 0 56 30 14 8 1 91 12 51 37
D20 (BL12) A–IV, med 100 0 14 86 0 11 0 89 17 80 3
Total 100 0 34 56 10 12 2 86 48 34 18

Results indicate the percent of pixels within each image that were assigned to a given class. For each case, samples for which stereostactic information was
available are marked by their position in parenthesis using alpha and alphanumeric labeling systems. Italicized results are in apparent disagreement with
diagnosis and further discussed in the text. A, astrocytoma; GL, glioma; Med, medium; MG, meningioma; OA, oligoastrocytoma; O, oligodendroglioma.
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workflow that usesDESI-MS imaging as an analytical platform that
can contribute molecular information in near–real time to support
surgical decision making.

Results and Discussion
Classification Models for Brain Tumors. First, we developed a clas-
sification model that would distinguish the two main types of
primary intracranial tumors characterized by different invasive
phenotypes: gliomas and meningiomas. DESI-MS imaging data
from 21 glioma samples, of different subtypes and histological
grades, and 11 meningioma samples were used as a training set.
The classifier generated using support vector machine (SVM)
supervised learning model had an overall recognition capability
of 100% with 99.7% cross-validation. We then applied this clas-
sification model of brain tumor type to a validation set of 8
meningiomas and 15 gliomas. The results are shown in Table S1.
It was remarkable that no discrepancies were observed for any of
the specimens tested, with 100% agreement between results for
brain tumor type and histopathological examination. The mass
spectra showed distinctive lipid profiles between gliomas and
meningiomas, as discussed next.

Molecular Diagnosis of Meningiomas by DESI-MS Imaging. Banked
meningioma tissue samples had a characteristic lipid profile in
the negative-ion mode mass spectra with prominent peaks ob-
served for plasmenylethanolamines (pls-PE), phosphatidylino-
sitols (PI), and phosphatidylserines (PS). For example, for
meningioma sample MG9, we observed high relative abundances
for the ions at m/z 788.3, PS(36:1), m/z 885.4, PI(38:4), and m/z
810.2, PS(38:4); and lower relative abundances of ions m/z 700.4,
pls-PE(34:1), m/z 722.3, pls-PE(36:4), m/z 750.3, pls-PE(38:4),
m/z 760.3, PS(34:1), m/z 766.3, PE(38:4), m/z 812.3, PS(38:3), m/z
834.3, PS(40:6), m/z 835.5, PI(34:1), m/z 836.3, PS(40:5), m/z
838.3, PS(40:4), m/z 887.4, PI(38:3), and m/z 913.4, PI(40:4).
Lipid species were tentatively identified based on collision-in-
duced dissociation (CID) tandem MS experiments and com-
parison with CID data obtained previously on lipid species from
human gliomas (22, 23). Meningioma lipid profiles (Fig. S1) were
characteristically different from those previously reported for
human gliomas by DESI-MS, with complete absence of the sul-
fatide ions commonly observed in our studies of low-grade gli-
omas (22). DESI-MS ion images showed relatively homogeneous
distributions of the main lipid ions throughout the tissue sam-
ples. It is interesting to note that for meningioma sample MG12,
a small region within the DESI-MS ion images showed a dis-
tinctive lipid profile characteristic of gray matter (Fig. S2). His-
topathological evaluation revealed that the region consisted of
normal brain gray matter abutting the meningioma tissue. This
example highlights the ability to determine margins between
meningioma and nonneoplastic brain tissue based on DESI-MS
lipid profiles.

Diagnosis of Tissue Specimens from Five Stereotactic Surgical Cases.
Next, we further validated the classification system using samples
obtained from five surgeries that were performed in the Ad-
vanced Multi-Modality Image Guided Operating suite and in
standard operating rooms at BWH, Harvard Medical School.
During the course of tumor resection, the neurosurgeon used
a stereotactic neuronavigation pointer (Brainlab) to identify the
sampling position on preoperative MRI and register 3D coor-
dinates for most of the samples obtained. The samples obtained
intraoperatively were sectioned and analyzed ex situ using
DESI-MS imaging. Among these surgical cases, four were di-
agnosed as glioma by histopathology (three oligodendroglioma
and one astrocytoma), and one as a meningioma. We first clas-
sified all specimens by brain tumor type discrimination as either
meningioma or glioma. Gliomas were further subclassified to
determine glioma subtype, grade, and tumor cell concentration
(23). Results for these cases are presented in Table 1 and Table
S2 and supported by a detailed discussion of mass spectral and
statistical results. We correlate our findings with histopathology,

and discuss the implications of our results for potential clinical
application.
Surgical case 2. Surgical case 2 was clinically diagnosed as a glioma,
subtype oligodendroglioma, WHO grade II, which recurred from
a previous oligodendroglioma grade II. We evaluated seven
surgical samples obtained from this case (S7, S8, S10–S13, and
S15) by DESI-MS: stereotactic information was available for
four of them (S11, position A; S10, position B; S12, position C;
and S13, position D). DESI mass spectra revealed lipid profiles
that were characteristic of a low-grade glioma. For example,
sample S10 showed a lipid profile characteristic of grade II oli-
godendroglioma at low-tumor-cell concentration (23). Oligoden-
drogliomas are characterized by having high relative abundances
of the ions m/z 750.4 assigned to lipid species pls-PE(38:4); m/z
788.2, PS(36:1); m/z 810.3, PS(38:4); m/z 834.3, PS(40:6); m/z
838.3, PS(40:4); and m/z 885.5, PI(38:4), as well as ions corre-
sponding to free fatty acids such as palmitic acid FA(16:0), m/z
255.3, stearic acid FA(18:0), m/z 283.3, and arachidonic acid FA
(20:4), m/z 303.2, and fatty acid dimers in the region of m/z 500 to
m/z 650. Changes in the relative abundances of ions due to certain
lipid species are observed as a function of grade for oligoden-
drogliomas. For example, the ratio between m/z 838.3, PS(40:4)
and m/z 834.3, PS(40:6), as well as that between m/z 838.3, PS
(40:4), and m/z 885.5, PI(38:4), increases as the grade of the
oligodendroglioma increases.
By histopathological evaluation of an hematoxylin and eosin

(H&E)-stained serial tissue section, this sample (S10) was di-
agnosed as an oligodendroglioma, WHO grade II–III, with a low
to moderate concentration of tumor cells. Most of the samples
analyzed for this case, such as samples S7 and S12, were di-
agnosed as low-grade oligodendroglioma with moderate tumor
cell concentration, which agreed with the lipid information ob-
served in the DESI mass spectra. Some other samples, such as
S8, presented very low tumor cell concentration infiltrating into
adjacent normal tissue. With DESI-MS analysis, we were able to
appropriately classify all of these samples as gliomas (Table 1).
When tested for glioma subtype, grade, and tumor cell concen-
tration, agreement was achieved for all samples within all classes
(Table 1). For example, sample S7 was tested and correctly
classified as 97% oligodendroglioma, 97% grade II, and 99%
medium tumor cell concentration. Differences in classification
results for the samples were observed mostly for tumor grade
(varying between grades II and III) and tumor cell concentration
(varying between low and medium concentration). Sample S10
was classified as 100% oligodendroglioma, but 59% as grade III
and 57% as medium tumor cell concentration. These differences
in grade and concentration between samples from the same sur-
gical case are highly anticipated and reflect the heterogeneity in

med
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X

Fig. 1. Glioma tumor cell concentration (A) and grade classification (B)
results for surgical case 2 visualized in segmented preoperative 3D MRI
volume reconstruction of the tumor and surrounding regions. Tumor volume
is represented in light purple. Schematic of the full brain showing tumor
position (“X”) is shown in (A).
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cell concentration often observed toward the margins of tumors,
where the neoplastic cells infiltrate into neighboring non-
neoplastic tissue, as confirmed by histopathological evaluation.
Combining DESI-MS information obtained for all samples

analyzed, this case was accurately classified as 90% glioma, 89%
oligodendroglioma subtype, 67% grade II, and 69% medium
tumor cell concentration. Although determination of tumor type/
subtype is important for diagnosis, tumor grade and cell con-
centration are more valuable to guide surgical resection. Visu-
alization of the classification results for grade and tumor cell
concentrations is shown in Fig. 1 for each stereotactically regis-
tered sample in the segmented 3D MRI tumor volume re-
construction. The approach allows visualization of diagnostic
information as it relates to tumor growth and allows the defini-
tion of margins as the tumor infiltrates into surrounding normal
brain. As presented in Fig. 1, specimens of lower tumor cell
concentration were from the margins of the tumor, as recon-
structed by 3D MRI. It is interesting to note that samples S10
(position B) and S11 (position A) were principally classified as
WHO grade III and are from the margins of the tumor, and
samples S12 (position C) and S13 (position D), classified as
100% grade II, are from the tumor mass center. The information
on grade and tumor cell concentration in different positions of
the tumor volume could be highly valuable to guide tumor re-
section and may shed light on the growth properties of gliomas.
Surgical case 3. Surgical case 3 consisted of an anaplastic oligo-
dendroglioma, WHO grade III. Eight surgical specimens (S16–
S22, S27) obtained from this case were analyzed by DESI. Four
of these were stereotactically registered (S17, S20, S21, and S22,
displayed as positions B, C, D, and A, respectively). Negative-
ion-mode mass spectra showed characteristic lipid profiles for
oligodendroglioma grade III comprised of mainly pls-PE, PS,
and PI lipid species with PS(40:4) m/z 838.3, and PI(38:4) m/z
885.5 present in much higher relative abundances than com-
monly observed in other glioma subtypes (23). DESI-MS ion
images for the most abundant lipid species for sample S20 are
shown in Fig. S3. Note that the phospholipid profile for this same
sample is remarkably similar to that previously reported by us
from an unrelated patient with an oligodendroglioma grade III
(Fig. 2) (23). Histopathological evaluation of an H&E-stained
serial section confirmed that the specimen consisted of a grade
III oligodendroglioma, of medium-high tumor cell concentra-
tion. Similar data were obtained for the other specimens ana-
lyzed from this case.
DESI-MS spectra obtained for the five samples of case 3 were

initially tested for brain tumor type, followed by glioma subtype,

grade, and tumor cell concentration (Table 1). Three of the eight
specimens analyzed (samples S16, S17, and S18) were classified
as predominantly meningioma. It is interesting to note that his-
topathological evaluation of these samples revealed significant
heterogeneity with regions of calcification (S16) and blood ves-
sels with prominent lymphocytic infiltration (S17). These mor-
phological features are not distinguished by the classifier and
could account for the misclassification of the pixels within those
regions as meningioma. Overall, combining the mass-spectral
information for all samples, the case was classified as an oligo-
dendroglioma WHO grade III with medium-to-high tumor cell
concentration, matching the histopathology assessment (for
details, see Supporting Information). Visualization of the tumor
cell concentration and grade results obtained over 3D MRI is
shown in Fig. 3. Samples of high tumor cell concentration
(positions B, C, and D) were obtained from the tumor margins
raising the concern that residual tumor remained at the resection
margin. Although this might be in part explained by a location
registration error induced by a brain shift, it emphasizes the need
for real-time tissue characterization modalities. This information
has the potential to be used by surgeons during surgical inter-
ventions to enable tumor resection beyond the radiographic
margins, with the potential to minimize recurrence.
Surgical case 4. Surgical case 4, a meningioma WHO grade I, had
some atypical features. The meningioma focally invaded sur-
rounding bone. Four surgical samples obtained for this case
(S23–S26) were imaged by DESI-MS in the negative-ion mode.
The lipid profile observed for sample S23 was very similar to
those previously obtained from banked meningioma samples,
with high abundances of the ions at m/z 788.3, PS(36:1), m/z
885.3, PI(38:4), and m/z 810.2, PS(38:4), and lower relative
abundances of ions such as m/z 700.4, pls-PE(34:1), m/z 722.3,
pls-PE(36:4), and m/z 760.3, PS(34:1) (Fig. 4). It is interesting to
note that DESI-MS ion images of these lipid species clearly
showed that meningioma signal was obtained only from focal
regions scattered within the tissue section. An H&E-stained se-
rial section revealed that the specimen was mainly normal dura
mater with clusters of meningioma cells spatially correlating with
the DESI-MS signals of meningioma. A very low total abundance
of ions was observed in the regions of dense connective tissue,
with almost complete absence of lipid signals and higher relative
abundances of the ions m/z 217.0 and 271.1 and other back-
ground signals (Fig. S4). Similar results were observed for tissue
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Fig. 2. (A) Negative-ion mode DESI-MS mass spectra obtained from surgical
sample S20. The lipid profile observed is highly characteristic of oligoden-
droglioma WHO grade III. (B) Representative negative-ion mode DESI-MS
mass of anaplastic oligodendroglioma grade III, obtained for an unrelated
sample, G23.
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Fig. 3. Glioma tumor cell concentration (A) and grade classification (B)
results for surgical case 3 visualized in segmented preoperative 3D MRI
volume reconstruction of the tumor and surrounding regions. Tumor volume
is represented in light yellow. The samples marked B, C, and D in each image
(yellow to red dots) represent medium-high tumor cell concentrations near
the tumor margins; this raises concern that the margin is inaccurately de-
termined by MRI and hence not completely resected. Schematic of the full
brain showing tumor position (“X”) is shown in (A).
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sections obtained from sample S24, and almost no signal was
obtained for samples S25 and S26, which consisted mainly of
connective tissue.
DESI-MS imaging results for samples S23 and S24 were fur-

ther evaluated with the classification model for brain cancer type.
As shown in Table 1, these samples were classified as meningi-
oma with 100% agreement. Although no stereotactic information
is available for these samples, case 4 exemplifies the fact that our
methodology provides a powerful tool for identifying and di-
agnosing different types of brain tumors. In addition, it demon-
strates that small foci of tumor can be identified, even when
embedded within large areas of nonneoplastic tissue.
Surgical case 8. Case 8 was clinically diagnosed as an astrocytoma
WHO grade IV (glioblastoma). The tumor was recurrent/re-
sidual, of moderate size, and was infiltrating adjacent brain pa-
renchyma. Nine specimens, D12–D20, were obtained and
analyzed by DESI-MS. The lipid profiles observed for the ma-
jority of the specimens indicated that most had low tumor cell
concentrations, and were infiltrating normal brain tissue. In ad-
dition, DESI-MS ion images revealed high heterogeneity within
some of the specimens. For example, two distinct regions were
observed in the DESI-MS ion images obtained from sample D14
(Fig. 5). One region showed a lipid profile characteristic of as-
trocytoma grade IV, and the lipid profile of the remaining part of
the tissue indicated lower tumor cell concentration infiltrating
into gray matter. Histopathological evaluation of an H&E-
stained serial tissue section confirmed the presence of a dense
region with high tumor cell concentration adjacent to an area of
low tumor cell concentration, spatially correlating to the regions
detected in the DESI-MS images. Similar results to those
obtained for sample D14 were observed for sample D12. A few
other specimens (D18, D19, D20, and D21) showed overall
medium tumor cell concentrations, and specimens D13, D15,
D16, and D17 presented low tumor cell concentrations, in-
formation that was clearly reflected in the lipid profiles observed.
Regions of normal cortex and white matter were observed in
some samples such as D20 and D21. All samples were tested for
tumor type and classified as 100% glioma (Table 1). However,
when tested for subtype, the majority of the samples were clas-
sified as predominantly oligoastrocytoma, likely reflecting het-
erogeneity observed by histopathological evaluation. Overall the
case was classified as 34% astrocytoma, 56% oligoastrocytoma,

and 10% oligodendroglioma. Nevertheless, when tested for
grade, all samples were classified as WHO grade IV, supporting
the glioblastoma diagnosis (astrocytoma grade IV). Overall, the
case was classified as 86% grade IV, 12% grade II, and 2% grade
III. This heterogeneity is also observed in the tumor cell con-
centration classifier results. Different from the other cases dis-
cussed here, the results achieved for concentration were much
more evenly distributed between the three classes (low, medium,
or high) for these specimens. Sample D14 was classified as being
66% low tumor cell concentration, 13% medium, and 21% high
tumor cell concentration, which correlates with histopathology
observations. Samples D13, D15, D16, and D17, diagnosed by
histopathology as having low tumor cell concentrations, were also
correctly classified by the concentration classifier as mostly low
tumor cell concentration; and samples D19 and D20 were also
correctly classified as medium tumor cell concentration. Visuali-
zation of the classification results obtained for grade and tumor
cell concentration over the segmented 3D MRI volume re-
construction of the tumor and surrounding regions is presented in
Fig. S5. Although WHO grade IV was detected throughout the
tumor volume, the tumor cell concentration varied in a way that is
consistent with the successful detection of the tumor margin.
Surgical case 5.Data are presented in Table S2 and Figs. S6 and S7.

Conclusion
We have developed a system based on lipid patterns for intra-
operative molecular characterization of brain tumors, which
could be applied to the molecular detection of the boundaries
between healthy and neoplastic tissue. The results obtained in
this exploratory study demonstrate the potential value of the
chemical information obtained directly from tissue samples by
DESI-MS analysis and the reliability of the classification system
based on SVM in providing diagnostic information. We validated
the analytical performance of the methodology by analyzing
surgical samples ex situ, and demonstrated its potential in pro-
viding diagnosis and information on tumor margins. The in-
formation obtained on tumor cell concentration and grade from
the specimens removed from tumor margins could provide sur-
geons with critical and previously unavailable information, which
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could rapidly guide surgical resections and improve management
of patients with malignant brain tumors. Although the present
results show that tumor margin assessment is possible using tu-
mor cell concentration and grade classifiers, we expect inclusion
of normal brain tissue into the classification models to facilitate
visualization of tumor margins. This classification system will be
integrated into the stereotactic MS-imaging platform currently
under development at BWH for large-scale intrasurgical ex-
periments aimed at fully validating the methodology. Efforts are
underway at Purdue to create a small mass spectrometer capable
of providing an intraoperative assessment of surgical specimens
within an appropriate timeframe to guide decision making dur-
ing brain tumor surgery. Furthermore, we anticipate that mass
spectrometry may have important applications to other cancer
surgeries where tumor margins are unclear.

Materials and Methods
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. Menin-
gioma samples were obtained from the BWH Neurooncology Program Bio-
repository collection, and analyzed under approved IRB protocol.

Image-Guided Neurosurgery.All surgeries were performedwith auxiliary image
guidance of the BrainLab Cranial 2.1 neuronavigation system (BrainLab). Pre-
operativeMRI-imaging sequences included full T2 (1× 1 × 2mm, 100 × 100 slice
matrix) and postcontrast T1 (1 × 1 × 1 mm, 256 × 256 slice matrix, 176 slices),
and processed in the BrainLab iPlanNet 3.0 software.

DESI-MS Imaging. The DESI ion source was a laboratory-built prototype,
similar to a commercial source from Prosolia, Inc. The mass spectrometer used

was an LTQ linear ion trap controlled by XCalibur 2.0 software (Thermo Fisher
Scientific). DESI-MS experiments were carried out in the negative-ion mode
using ion source parameters similar to those previously used (22, 23). The
tissues were scanned using a 2D moving stage in horizontal rows separated
by a 200-μm vertical step.

Histopathology Analysis. H&E-stained serial tissue sections were optically
scanned using the Mirax Micro 4SL telepathology system from Zeiss and
tumor content was evaluated by a neuropathologist.

Statistical Analysis. Classification models for glioma subtype, grade, and tu-
mor cell concentration of gliomas had been previously developed using SVM.
For this study, a classification model for brain tumor type (meningioma or
glioma) was developed. The calculated models were used to classify spectra
from selected subregions for each surgical sample.

3D Visualization of MRI and MS Data. MRI data obtained were plotted in 3D
Slicer (www.Slicer.org) (version 4.1). Mass-spectrometry data subjected to
the described classification system were overlaid as stereotactic points ren-
dered in color in relation to different grade or tumor cell concentration
classification determinations.
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