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iomolecular diagnosis of human glioblastoma multiforme
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Abstract. Glioblastoma multiforme (GBM) is one of the most
malignant human tumors, with a uniformly poor outcome. One
obstacle in curing malignant brain tumors is the limitation of
conventional light microscopy in detecting microscopic residual
tumor in biopsy samples from the perimeter of the surgically
resected tumor. We further refined the identification of GBM
tumor tissue at the sub-cellular level, utilising the technique of
Synchrotron, sourced mid-infrared (mid-IR) spectromicroscopy.
Paired, thin (5 ym) cryosections of snap-frozen human GBM
tumor samples removed at elective surgery were mounted on
glass slides (hematoxylin and eosin-stained tissue section) and
calcium fluoride (CaF,) windows (unstained tissue section for
transmission spectromicroscopy), respectively. Concordance of
tumor bearing areas identified in the stained section with the
unstained IR tissue section was confirmed by the pathologist
of the study. Compared with molecular signatures obtained
from normal control brain tissue, unique spectroscopic patterns
were detected in GBM tumor samples from 6 patients. The
identifying features of GBM were: i) high protein-to-lipid ratios
(amide I+II/CH, symmetric stretch; amide I+II/CH,+CH,
symmetric and asymmetric stretch), and ii) considerable
enhancement of the intensities of characteristic peaks at 2,957
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and 2,871 cm! representing CH; asymmetric and symmetric
stretch, respectively. Spectral data sets were subjected to Ward's
algorithm for assignment to similar groups, and then subjected
to hierarchical cluster analysis (HCA) by means of false color
digital maps. False color images of 5 clusters obtained by HCA
identified dominant clusters corresponding to tumor tissue.
Corroboration of these findings in a larger number of GBM
may allow for more precise identification of these and other
types of brain tumors.

Introduction

Glioblastoma multiforme (GBM) is the most malignant brain
tumor in humans, accounting for up to 45-50% of all gliomas
in adults, and has a median survival time of 7.4 months (1).
Curative management of human brain tumors is dependent
upon accuracy of histological diagnosis and grading, achieving
gross total surgical removal, and inclusion of residual macro-
scopic and microscopic tumor within radiation therapy fields
(2). Time of progression of disease in patients undergoing
tumor debulking surgery followed by radiation therapy and
adjuvant single agent chemotherapy has been reported to be
6.7 months (3). Routine laboratory diagnosis of GBM currently
consists of identification by light microscopy of patho-
gnomonic histological and immunohistochemical staining
patterns. The World Health Organisation (WHO) classification
system categorises GBM as an astrocytic tumor with the
highest grade of malignancy (Grade IV), based on the degrees
on anaplasia and mitotic activity, as well as endothelial
proliferation and/or necrosis (4,5). Recognition of histologic
heterogeneity within brain tumors containing multiple pheno-
types (6) are compelling reasons for developing more refined
and accurate diagnostic techniques, which may help improve
treatment outcomes.

Standard diagnosis of brain tumors is based on imaging
and light microscopy examination of tissue sections stained
with hematoxylin and eosin (H&E), and an array of immuno-
histochemical stains. Histological examination includes
gradation of tumor cell density, vascularisation, small-cell
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Figure 1. Paired, thin (5 ym) GBM tumor tissue sections (A and B). A, H&E stained section with superimposed digital boundaries (red lines) identifying
perimeters of tumor-bearing areas. B, Corresponding unstained thin tumor section for IR spectroscopy. C, Spectromicroscopy-generated overview image of
unstained tissue section with raster map (red rectangle) targeting area for IR spectroscopy.

Table I. Clinical summary of patients in Synchroton mid-IR study.

Case no. Age (yrs)/sex Diagnosis Sample location
(WHO Classification - 2007)

1 28/M normal brain R. temporal

2 11/M normal brain Suprasellar

3 59/'M Glioblastoma (9440/3) L. temporo-pareital

4 69/M Glioblastoma (9440/3) R. occipital

5 50/F Glioblastoma (9440/3) L. occipital

6 47/M Glioblastoma (9440/3) Corpus callosum

7 61/F Glioblastoma (9440/3) R. frontal

8 51/M Glioblastoma (9440/3) R. frontal

density and matrix loosening, and the presence of necrosis,
atypia, mitoses, and endothelial proliferation (7). GBM's are
immunoreactive for glial fibrillary acid protein (GFAP), S-100,
and have a high proliferative index as demonstrated by the
Ki-67 marker (8). The epithelial monoclonal antibody marker,
Ber-EP4, serves as a reliable negative control (9). However,
GFAP reactivity can vary in GBM, and significant portions of
this tumor may lack GFAP expression. Therefore, more refined
and precise diagnostic tools are required.

Fourier Transform Infrared (FTIR) spectroscopy allows for
qualitative and quantitative analysis of the basic components of
biological tissues (lipids, proteins, carbohydrates and nucleic
acids). The identifying spectra are recorded in the mid-infrared
(mid-IR) light region between wave numbers 4,000-900 cm!,
and analyzed for unique spectral ‘signatures’ (10-12). The
technique of FTIR spectral mapping is quickly approaching its
utility as a tool for molecular histopathology (13) by
detection of subtle chemical changes in tumors indicative of
tumor progression (14,15) and for identifying prognostic
indicators (16). Conventional IR spectromicroscopy
examination of biological tissues has limitations (17,18)
including insufficient spatial resolution of only ~20-25 ym.
These problems are overcome by Synchrotron IR light by
virtue of its brightness, which is 100-1,000 times greater than
that from a conventional source (19).

The objective was to determine whether a diagnostic
molecular spectral ‘signature’ can be identified in human
GBM tumor tissue samples by Synchrotron mid-IR spectro-
microscopy.

Materials and methods

Ethics approval and informed consent. Prior approval for the
research study was obtained from the University of
Saskatchewan Biomedical Research Ethics Board. The
responsible neurosurgeons obtained informed consent from their
respective patients for tissue samples in advance of elective
surgical resection at Royal University Hospital, Saskatoon.

Preparation of samples and acquisition of data. Tumor tissue
was obtained from 6 patients with GBM and control samples
from 2 patients (normal brain tissue from the margins of
resected GBM tumor margins histologically confirmed by the
pathologist of the study). Tissue sections were obtained and
samples processed as previously described (20). Briefly,
paired, thin (5 #m) brain tissue sections were cut in a cryostat
at -20°C. The first section was placed on a glass slide for H&E
staining. The second unstained section was mounted onto a
CaF, slide for mid-IR transmission spectromicroscopy at the
01B1-1 Beamline, Canadian Light Source, University of
Saskatchewan campus. Concordance of tumor-bearing areas
was achieved by superimposing a digital tractile grid over
paired H&E and IR tissue section images, demarcating tumor-
bearing areas within the tissue section, and then transferring
onto the overview image generated by the spectromicroscope
in preparation for mid-IR spectroscopy (Fig. 1).
Transmission spectromicroscopy was performed using an
IFS 66v/S FTIR spectrometer with a Synchrotron mid-IR
light source attached to a Hyperion IR microscope (Bruker
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Optics Inc., Billerica, MA) with a 36X Cassegrain objective
and a single channel MCT detector. Raster scans were obtained
in the range of 4,000-900 cm™' using a 10x10 micron aperture,
10 micron step size, 32 scans per step, and resolution of 4 cm™.
Stage control, data collection and processing were done using
OPUS (Bruker Optics) software. Visible images were obtained
using a charged-couple device camera, linked to the infrared
images. The resulting FTIR spectra were processed using
Cytospec spectroscopic software (21). All FTIR spectra were
uniformly subjected to base line correction using the Savitzky-
Golay method and noise reduction to level 5. To generate peak
ratios, peak areas of individual peaks were calculated using
integration method C. A multivariate statistical analysis was
performed after converting all spectra to their second derivative
and subjecting them to hierarchical cluster analysis (HCA).
Pseudo-color maps based on cluster analysis were then created
by assigning a color to each spectral cluster.

Results

A total of 16 raster maps of GBM tumor tissue specimens
from 6 patients were obtained and results were compared
with 7 maps of control brain tissue specimens from resection
margins of two patients, one with craniopharyngioma and the
other with astrocytic gliosis. The pathologist of the study
confirmed normal brain tissue on histopathological examination
of the two control samples (Table I).

Fig. 2A displays a typical IR spectrum of normal brain in
comparison with malignant GBM tissue in the spectral region of
3,800-2,600 and 1,900-1,000 cm™'. The spectrum is dominated
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Figure 2. A, Comparison of average mid-IR spectra of GBM and control
sample in the region of 3,800-2,600 and 1,900-1,000 cm™! representing acyl
vibrations fatty acids, peptide linkages of proteins, phosphodioxy groups of
DNA, respectively. B, Comparison of average spectra of GBM tumour and
normal tissues in the spectral range of 3,100-2,700 cm!, representing lipid
CH, and CHj stretching intensities.
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Figure 3. Comparison of area under curve (AUC) of a characteristic CH,
symmetric stretch (2,871 cm')/CH,+CH; symmetric and aymmetric stretches
(3,000-2,812 cm™) in GBM tumor and control tissue.

by the amide I band at ~1,650 cm™' (C=O stretching) and
amide II band at ~1,540 cm’' (N-H bending) of the amide
groups comprising the peptide linkages of proteins. Peaks at
3,200-2,800 cm! are mainly due to acyl chain stretchings
arising from fatty acids of lipids. The bands in the 1,300-
1,000 cm! region are assigned to symmetric and asymmetric
stretching intensities of phosphodioxy groups (PO,) of DNA.
When the IR spectra of the GBM tumor were compared with
control samples (Fig. 2A), the following observations were
noted: i) in GBM samples, peak intensities of acyl chain
vibrations of fatty acids of lipids that appeared at 2,925 and
2,852 cm! were significantly reduced, while intensities of peaks
at 2,957 and 2,871 cm! showed considerable enhancement.
Compared to lipid acyl chain vibrations (3,000-2,800 cm™),
the amide I and II bands (1,719-1,476 cm') representing
protein were quite intense in GBM tumor indicating that there
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Figure 4. Spectromicroscopic infrared mapping of tissue sections. False color codes represent varying tissue composition. A, Control, specimen displays four
different clusters of spectra representing different tissue components. Blue and green pixels represent lipid and protein respectively; yellow and red pixels
indicate nucleic acid components. B, GBM, specimen displays marked reduction in lipid component.
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Figure 5. A, Comparison of area under curve (AUC) of amide I+II (1,719-1,476 cm™')/CH, symmetric stretch (2,852 cm™) in GBM tumor and control tissue;
B, Comparison of area under curve (AUC) of amide I+II (1,719-1,476 cm™")/CH,+CH, symmetric and asymmetric stretches (3,000-2,812 cm™') of GBM and

control tissue.

is an appreciable reduction of total lipid content compared to
total protein content in GBM tumors, ii) the intensities of
peaks at ~3,053 cm™! showed noticeable enhancement while
peaks at 1,740 cm! (C=0 stretching of lipid ester), ~1,457 cm’!
(acyl deformation mode of peptide side chain), ~1,397 cm™!
(COO amino acid side chain), 1,245 cm™ (PO, of DNA) were
reduced in GBM samples compared with control, and iii) peaks
at 1,397 and 1,245 cm! in GBM tumor displayed noticeable
shifts compared to control while the peak positions of CH, and
CH; stretchings of lipid, and amide I and II peaks remain
unaltered.

The CH; and CH, stretching intensities of lipid in normal
brain and malignant GBM tissue appeared in the spectral range
of 3,100-2,600 cm', and are depicted in Fig. 2B. The bands
at 2,925 and 2,852 cm'! arise from symmetric CH, stretching
modes while the bands at 2,957 and 2,871 cm! result from
asymmetric CH; stretching modes of methyl groups of
membrane lipid. The asymmetric CHj; stretching of cholesterol
appears at ~ 2,957 cm!' (22). Since the characteristic spectral
bands (1,466, 1,376 and 1,365 cm™) of cholesterol (22) are
absent in the tumor tissue, it is possible that the CH; asymmetric
stretching intensity of vibrations at 2,957 cm™! is due to

phospholipids, not to cholesterol. Of interest, intensities of CH;
asymmetric and symmetric stretches at 2,957 and 2,871 cm'!
respectively, show significant enhancement in GBM tumor
tissue, compared to normal tissue. This observation was further
confirmed by comparing the peak area ratio of the CH;
asymmetric stretching (2,871 cm), representing a particular
lipid, with the total peak area contributed by CH; and CH,
symmetric and asymmetric stretching intensities (3,700-
2,800 cm™) of total lipid content. The results in Fig. 3 indicate
that there is a significant increase (p<0.01) in the peak area of
the IR band at 2,871 cm™! in GBM tumors compared to normal
tissue. Therefore it is apparent that a particular lipid level has
increased in GBM tumors compared to normal tissue, although
the total lipid content is found to be drastically reduced
compared to protein level (Fig. 5B).

The coloured cluster map representing control tissue
(Fig. 4A) clearly reflects four groupings of chemical moieties
in normal brain tissue, including lipids, proteins, and nucleic
acids. Blue pixels indicating lipid predominate; green and red
pixel clusters indicate protein and DNA, respectively. By
contrast, in a GBM tumor sample (Fig. 4B), lipid content is
reduced drastically while protein content comprises the major
portion of the map. To appreciate the change in the lipid content
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Figure 6. Hierarchial (HCA) cluster analysis of (A) control specimen and (B) GBM tumor specimen. HCA false color image of 5 clusters displaying diversity

in tissue composition of tumor tissue compared to control.

in tumor tissue with respect to protein level, the peak areas of
amide bands (1,719-1476 cm™) representing proteins and peak
areas of CH, and CH; bands (1,719-1,476 cm™) representing
lipids were compared and presented in Fig. 5. Fig. SA compares
the protein/lipid ratios as measured by the peak areas of
amide I and II bands in relation to the peak area of CH,
symmetric stretching band representing lipid, whereas Fig. 5B
compares the ratios of peak area of total protein and total lipid
content. In both cases, considerable increase in protein to lipid
ratio (p<0.001) in GBM tumors compared to normal tissue
was observed. As a result of the lipid content in GBM tumors
being significantly reduced, the total protein to lipid ratio
increased 2-fold in GBM compared to normal tissue (Fig. 5B).
Data obtained from spectral comparisons of tumor and
control samples graphically display spatial distribution of
cluster groups representing different tissue components. Fig. 6
demonstrates false color images displaying the spatial
distribution of clusters from our experiments. Five clusters
were considered for both control and tumor tissues. Each
cluster was assigned a false color code for comparison
purposes. The images in Fig. 6A and B, representing control
and GBM specimens respectively, clearly differentiate between
the spatial distribution of the various clusters identified by
the hierarchical cluster analysis (HCA) algorithm (Ward's
algorithm). In GBM tumor samples, the cluster representing
red pixels, most likely lipid, has been significantly reduced,
while clusters identified by green pixels predominate, compared
to control sample. These false color cluster images demonstrate
the sensitivity of these HCA method techniques in displaying
subtle differences not obvious on visual inspection alone.

Discussion

With the ever-increasing array of immunohistochemical and
molecular biology techniques for probing GBM tissues, it is
becoming apparent that this tumor is heterogeneous in both its
histological and molecular structure makeup, when comparing

pediatric, young adult, and older adult populations. Increasingly,
newer variants of ‘classical’ GBM including giant cell, small
cell, epitheloid, rhabdoid, and those containing PAS and tri-
chrome stain positive intracellular inclusions, are being reported
(22,23). These evolutionary changes in the histopathological
manifestations of GBM are reflected in the 2007 revision of the
original 2002 WHO classifications of tumors of the central
nervous system, where newer GBM variants such as GBM with
oligodendroglioma component have been recognised (4,5).
Therefore, a more precise diagnostic tool is required to capture
the molecular biochemical changes at the time of tumor biopsy
or resection.

FTIR spectromicroscopy is a more recent investigative
technique that is finding ever increasing applications in sub-
cellular recognition of human malignancies (11,24). It has the
ability to determine both the functional and quantitative
components of lipids, proteins, and nucleic acids, as well as to
discriminate between normal, transition interfaces, tumor, and
necrotic tissues within and around tumor (25). The resolution of
FTIR spectro-imaging approaches the cellular level. It is
reported to be reliable in determining distribution of basic
biomolecular tissue components, as well as information on
molecular secondary protein structure and fatty acyl chain
peroxidation level (14). Its ability to function as a biomolecular
probe for individual cells in vitro without causing toxic or
detectable biochemical changes in them allows it to be used
as an effective probe at the submicroscopic level (26). This
gives credibility to the use of FTIR IR spectroscopy as a new
molecular histopathology tool.

Individual biological cells range from 5-30 microns in
diameter, too small for probing by conventional IR sources.
Synchrotron radiation FTIR is able to overcome this limitation
because of its intense brightness that provides a higher signal/
noise ratio at the highest spatial resolution (27), thereby
permitting intracellular imaging of molecular chemical structure
and, compared to globar IR light sources (28), provides greater
spectroscopic detail that could serve as a more refined
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diagnostic tool (29) for a spectrum of malignant brain tumors,
both in terms of differentiating tumor types as well as assessing
the degree of anaplasia.

In conclusion, this study demonstrates that there is a
significant decrease in the total lipid content compared to
protein level in GBM tumor, compared with normal brain
tissue. It also identifies a number of significant differences in
the mid-IR spectral patterns of GBM tumors compared to
normal brain tissue. These differences could serve as diagnostic
molecular spectral ‘signatures’ in identifying residual GBM
within tumor resection margins. Further studies with larger
number of patients are in progress for precise identification
of a molecular signature unique to GBM.
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