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1. Introduction
Cancer is one of the leading causes of death in the world. Currently, the gold standard in
most cancer diagnosis is histopathological evaluation, which involves the removal of tissue
biopsies and examination by pathologists. This process includes tissue staining and
morphological pattern recognition. During tissue transformation, it is expected that
substantial modifications occur at molecular level before visible morphological changes
become apparent. Histological examination requires extensive human observations to
recognize both the constitutive histologic entities and the pathologic state. Early detection of
cancer is the most important factor in the prevention of cancer and a guarantee in most cases
of an effective treatment and in some cases for a complete cure. Moreover, the histological
assessment must be performed while surgery is ongoing to determine whether the tissue
has been removed or spared. For example, brain tissue cannot be removed with a large
safety distance from the tumor. The resection of brain tumors is strongly limited to the
border of the tumor. The main objective is a detection of the source of the pathological
variation at molecular level in order to further understand the molecular carcinogenic
process in a range of cancers. Indeed, tumor tissues are mostly heterogeneous in nature, and
this heterogeneity further depends on the stage of disease and its aggressiveness. The
emergence of a novel technique, complementary to histopathology and
immunohistochemistry, can thus help in the early diagnostic of tissue transformation during
carcinogenesis.
Fourier-transform infrared microspectroscopy (FTIRM) has emerged as a powerful tool to
study molecular structure and structural interactions in biological systems. When this
technique is applied to tissues, the resulting spectra is composed of characteristic absorption
bands originating from all infrared-active vibrational modes of biological macromolecules
present in the tissue, such as proteins, lipids, and nucleic acids (Parker, 1971). Each of these
molecules provides a unique absorption spectral pattern named fingerprint through the
entire infrared spectrum. This property offers a way to identify the molecule type
(qualitative analysis) and the amount or quantity of this molecule in the sample
(quantitative analysis) (beljebbar et al., 2008). This method can be used as a diagnostic tool,
complementary to histopathology or immunochemistry (Fernandez et al., 2005). As the
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image contrast is based on the intrinsic vibrational signature of the tissue components,
spectral images does not require the use of added dyes or labelling methods for
visualization of different chemical components in the sample (Bates, 1976). Indeed, FT-IRM
imaging combined a high spatially resolved morphological and biochemical information
that offer a number of advantages for ex-vivo assessment of tissue and aid the
histopathologist in the identification and classification of subtle biochemical changes related
to carcinogenesis (Petibois & Déléris, 2006; Cohenford & Rigas, 1998; Kneipp et al., 2000;
Yano et al., 2000). With the fast image acquisition provided by modern mid-infrared
imaging systems, it is now envisaged to analyze tumor biopsies in delays compatible with
surgery (Levin & Bhargava, 2005). Other advantages of this method are that it is objective
and provides reproducible diagnosis, minimize inter-observer variability. Indeed, IR
spectroscopy can detect and monitor characteristic changes in molecular composition and
structure that accompany transformation from normal to cancerous state (Afanasyeva et al.,
1998, Diem et al., 1999, Franck et al., 1998). The identification and quantification of these
specific molecular changes within tissues can provide diagnostic information for aiding in
early detection of diseases and their optimized treatment. Correlations of morphologic and
biochemical tissue differences could be used to identify variations that occur between
healthy and diseased tissues. The development of clinical protocols for the routine
examination of tissue histology or of localized tumors using IR microspectroscopic methods
has been largely used in medical diagnostics to identify neoplasia in breast, (Ci et al, 1999)
cervix, (Wong et al, 1991) colon, (Rigas et al, 1990) lung, (Yano et al, 2000) stomach, (Li et al.,
2005) and glioma. (Krafft , 2006, 2007; Amharref et al, 2006; Beljebbar et al., 2008).
Infrared spectra contain many overlapping bands and so data interpretation cannot be made
by simple visual inspection and alternative approaches are needed. Because of the high
complexity of the FTIR spectra obtained from tissues, multivariate statistical methods are
required to extract biochemical information related to tissue. This would permit to
objectively differentiate distinct tissue structures and for identifying origin that gave rise to
the specific tissue pathology. These methods have had a major impact on the quantitative
and qualitative analysis of infrared spectral data. They have been shown to improve
analysis precision, accuracy, reliability, and applicability for infrared spectral analyses
relative to the more conventional univariate methods of data analysis. Rather than
attempting to find and use only an isolated spectral feature in the analysis of spectral data,
multivariate methods derive their power from the simultaneous use of multiple intensities
(i.e. multiple variables) in each spectrum (Mourant, et al., 2003). During the last decade, it
has been recognized that FT-IR, in combination with the appropriate multivariate analysis
strategies, has considerable potential as a metabolic fingerprinting tool for the rapid
detection and diagnosis of disease or dysfunction (Goodacre et al, 2004; Diem et al., 1999).
Multivariate imaging techniques including Unsupervised Hierarchical Cluster Analysis
(UHCA) (Jackson et al., 1998; Mohlenhoff et al., 2005), K-means clustering (Lasch et al., 2004;
Zhang et al., 2003), Principal Components Analysis (PCA) (Lasch and Naumann, 1998),
Linear Discriminant Analysis (LDA) (Mansfield et al, 1999), Fuzzy C-means clustering
(Lasch et al., 2004; Mansfield et al., 1997) and neural networks (Lasch & Naumann, 1998)
have proven to be invaluable in the identification of spectral groups or "clusters" which can
be directly compared to stained tissue sections. In multivariate methods, the information of
the entire spectrum can be utilized for the analysis. The high correlation of spectral clusters
with anatomical and histopathological features has been conclusively demonstrated for a
number of different tissue types including.
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The aim of this chapter was the monitoring and interpretation of molecular changes
associated to C6 glioma growth and invasion by micro-FTIR imaging. Micro-FTIR maps
were recorded on normal brain tissue and on glioma growth after injection of C6 glioma cell
suspension in brain parenchyma. Multivariate statistical analysis were used to i) identify the
molecular changes associated with the development of the glioma tumor ii) definition of the
tumor and peritumoral margins, iii) grading of malignancy and prognosis based on the
presence of necrosis. We have investigated the spatial distribution of molecular changes
associated with C6 glioma progression using integrated intensity ratios of some specific
bands associated to lipids and proteins in order to determine spectroscopic markers to
successfully monitor the changes in the molecular composition associated to C6 glioma
progression.

2. FTIR characterization of normal brain tissues and C6 glioma progression
using cluster analysis
To investigate the potential of FTIR spectroscopy for clinical application, experimental
animals are necessary. Rat C6 glioma cells are an experimental cell line that when injected
into neonatal Wistar rats grow into an intracerebral tumor with pathological similarities to
human glioblastoma (GBM) (Auer et al., 1981). This glioblastoma model was used in a
variety of studies related to brain tumor biology including tumor growth (Nagano et al.,
1993; San-Galli et al., 1989), invasion (Nagano et al., 1993; Bernstein et al., 1991; Chicoine &
Silbergeld, 1995), and evaluation of the therapeutic efficacy of cancer treatments (Barth
1998). The glioma tumors were obtained by injection of C6 glioma cells suspension in brain
parenchyma as described elsewhere (Grobben et al., 2002). All animals with implanted C6
cells developed tumors with reproducible localization and size around the site of injection.
These groups were sacrificed after 5, 7, 9, 12, 15, 19, days post-implantation (PI). After brain
excision, tissue samples were snap-frozen by immersion in methyl-butane cooled down in
liquid nitrogen and stored at - 80°C. Two adjacent sections were cut from each sample using
a cryomicrotome. One section, 10 µm thick, was placed onto infrared transparent calcium
fluoride (CaF2) slides for infrared imaging. The second section, 7 µm thick, was placed on a
microscope glass slide and stained with hematoxylin and eosin (H&E) for histopathological
image. Spectra were collected using an FTIR imaging system (SPOTLIGHT, Perkin-Elmer,
France) coupled to a FTIR spectrometer (Spectrum 300, Perkin-Elmer, France). This system is
equipped with a liquid N2 cooled Mercury-Cadmium-Telluride MCT line detector
comprised of 16 pixel elements. The microscope was equipped with a movable, softwarecontrolled x, y stage. In this study, FTIR images were collected from selected sites with a
spatial resolution of 25 µm/pixel, in transmission mode, in the 4000–720 cm-1 range, with a
final spectral resolution of 4 cm-1, and 16 scans per pixel. After atmospheric correction, data
were cut to high wavenumber fingerprint region (2600 to 3700 cm-1), converted to their first
derivative, and smoothed using a seven point Savitzky-Golay algorithm in order to
minimise the influence of background scatter in the spectra (Savitzky & Golay, 1964). The
resulting spectra were then normalized using a Standard Normal Variate (SNV) procedure.
A multivariate statistical analysis (Principal Component Analysis (PCA) and K-Means
(KM)) was performed on this dataset. K-means clustering was performed on these principal
component scores. Pseudo-color maps based on cluster analysis were then constructed by
assigning a color to each spectral cluster. The cluster spectra were calculated by averaging
absorbance spectra associated to each group and used for the interpretation of the chemical
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or biochemical differences between clusters. All data measured on normal brain and tumor
development (from 7 to 21 days growth) were pooled in one dataset, processed at the same
time and the results were displayed as pseudo-color maps with the same color scale. In this
way, we can easily determine all their common and discriminating features by comparing
their infrared maps. The rat brains analysed before 5 days after tumor implantation did not
show any visible changes in the brain tissue (data not shown). Indeed, all animals died
beyond 25 days post-implantation and therefore no data are available beyond this time
point.
Histological and FTIR analysis revealed that the tumor size dependent on the period
elapsed after injection of glioma cells. Fig. 1 displays FTIR pseudo-color maps of brain tissue
and their histopathological images. 13 clusters describing both normal brain and cancer
features were extracted and pseudo FTIR maps were constructed with the same color scale.
Different clusters in the FTIR images were correlated with features of the histopathological
images. White color represents the area where no tissue was present. In the pseudo-color
map obtained from glioma tumor obtained 7 days after C6 cells injection (fig. 1B). This
pseudo-color map displays some normal structures associated to white matter and grey
matter. Cluster 4 described white matter corresponding to corpus callosum (CC) and
commissura anterior (CA). CC and CA present important lipid content due to high myelin
level in these structures involved in communication within and between hemispheres.
Several clusters (6, 1, 2, 8, and 11) describe the transition from white matter to gray matter
(cortex). In fact, the CC is the largest white matter structure in the brain, consisting mainly
of interhemispheric fibers. Gray matter is distributed at the surface of the cerebral
hemispheres (cerebral cortex) and of the cerebellum (cerebellar cortex). It is predominantly
composed of neuron cell bodies and unmyelinated axons. Comparison between pseudocolor maps and the histopathology images (Fig. 1A and 1B) shows that the FT-IRM image
provides more information on the cortex than standard histopathology. In fact, six layers
were identified from the cortex in the pseudocolor FTIR map (fig. 1B), whereas, H&E
staining did not allowed to discriminate between these layers in the cortex (fig. 2A). Luxol
fast blue (LFB) staining was then used to visualize myelin distribution into brain tissues and
to map particular sections within the cortex. In fig. 2B, LFB staining shows a gradation color
density between brain structures. In stained preparations, myelin is intensely blue, so that
white matter is well differentiated from gray matter. In fact, large fiber tracts like CC and
some bundles in CP can be easily recognized. However, even with higher magnification it
was very difficult to distinguish between all cortex layers because this staining is mainly
restricted to fibers.
Thus, the individual cell type cannot be recognized within the tissue. This LFB staining was
then combined with cresyl violet (CV) coloration to stain not only rough endoplasmic
reticulum (Nissl substance) but chromatin and nucleoli as well. This coloration was used in
our study to visualize all different cell types present in the cortex (Fig. 2C). This pseudocolor FTIR map (fig. 2D) was correlated with that obtained with LFB-CV staining (fig. 2C).
With this coloration, six different layers were then identified in the cortex instead of five
layers in the FT-IRM map (fig. 2D). On the other hand, when multivariate statistical analysis
was applied only on FT-IRM data measured from normal brain tissue we were able to
distinguish between five cortex layers. The cortex consists of a thin layer of gray substance
which covers the two hemispheres and whose thickness varies between 2 and 4 mm.
According to the cortical histological organization, one distinguishes 6 layers numbered
from I to VI from top to bottom (Burwell, 2001). The outermost molecular layer (I)
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Fig. 1. Photomicrographs (H&E staining) associated to glioma progression (A, C, E, G, I) from respec
days post-implantation. All data measured on several brain tissues during tumor evolution were po
at the same time to extract all features describing both normal and tumor tissues. Data were cut into
3700 cm-1) and cluster analysis was carried out on the first derivative spectra (to enhance the resoluti
K-means was calculated the cluster-membership of spectra by assigning each color to one class. Pseu
corresponding histological images were constructed on tumor progression (maps B, D, F, H, and J) r
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Fig. 2. Photomicrography of a brain tissue section (A) H & E staining, (B) stained with LFB;
in this image CC and CP appears more lightly stained, (C) stained with LFB-CV, pointing
out the cortical layers of the rat cortex. Pseudo-color FTIR map (D) based on K-means cluster
analysis applied only on FTIR data measured from normal brain structures
containing non-specific fibers, corresponds to the yellow cluster. The external granular
layer (II) is a rather dense layer composed of small cells. The external pyramidal layer (III)
contains pyramidal cells, frequently in row formation. These three layers were encoded by
cluster 11. The internal granular layer (IV) is usually a thin layer with cells similar to those
in the external granular layer (cluster 8). The ganglionic layer (V) contains, in most areas,
pyramidal cells that were fewer in number but larger in size than those in the external
pyramidal layer (clusters 1 and 2). The fusiform layer (VI) consists of irregular fusiform cells
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whose axons enter the adjacent white matter known as the CC (cluster 1 and 6). By
correlating FT-IRM spectral maps with histopathology (H&E, LFB, and LFB-CV) of the
adjacent tissue sections, we highlighted the potential of FT-IRM to identify the morphologic
origin that gave rise to the specific spectral features found in this study. In fact, with standard
staining (H&E), we were not able to discriminate between the different cortex layers. On the
other hand, FT-IRM pseudo-color maps were clearly similar to LFB-CV staining for
visualizing myelin distribution in healthy brain tissues (white and gray matters).
Fig. 1B exhibit a particular structure (cluster 7) located in the caudate putamen (CP)
corresponding to C6 cells injection site. This feature was associated to C6 cell growth.
Histological interpretation however showed small abnormalities in rats sacrificed seven
days after implantation of C6 cells (fig. 1A). Indeed, this abnormality is characterized by a
diffuse structure within the brain parenchyma. The tumor cells appear scattered in the form
of cells or grouped in clusters in the vicinity of the blood vessels. At day 9, the viable tumor
started to be visible in the implantation site, destroys the corpus callosum and grew into all
the cortical layers (fig. 1D). The tumor area was encoded by clusters 12 and 13. On the other
hand, clusters 5 and 7 were detected around the tumor. These clusters were associated to the
proliferative and invasive character of glioma tumors. In fact, in our previous study,
immunohistochemical Ki-67 and MT1-MMP staining were used to visualize the proliferative
and invasive activities of glioma and were clearly correlated with the cluster that encoded
the surrounding tumor area (Amharref et al., 2007). Histopathological staining confirms this
FTIR result (fig. 1C), In fact, a Large focus of invasion (6mm) were well separated from the
surrounding brain tissue. Tumor was hypercellular with cellular and nuclear pleomorphism
and mitotic figures observed. From day 12, the tumor is fairly large and deeply situated
within the cortex with massive infiltration into the brain tissue (fig. 1F, 1H, 1J). Most of
cerebral cortex is destroyed by tumor tissue. At day 15, we observe the appearance of
clusters 9 and 5 associated to the formation of necrosis and perinecrosis (fig. 1H).
Histological image displayed oedematous zones as well as zones of necrosis with a
pseudopalissading cells (> 8mm) (fig. 1G). Around necrotic zones, tumor shows a large cell
density with an increase of the proliferation of endothelial cells and haemorrhagic zones.
This necrotic zone increased until day 19 post-implantation (fig. 1J). Cluster 5 observed in
the border of the necrotic zone seems to correlate with the pseudopalisading formation.
Cluster 9 correlates to the center of the necrosis (full necrosis) of the tumor. The presence of
necrosis is important for grading tumors and is often linked to a poorer clinical prognosis
(Barker et al., 1996). Indeed, the most characteristic finding of glioblastoma is the necrotic
foci surrounded by tumor cells (Kleihues et al., 1993). Pallisading cells delineate the foci of
necrosis and lymphocytic infiltration, with the occasional formation of edema fluid (Auer et
al., 1981). At day 19, we observed the transformation of the structure of the tumor (fig. 1J). In
fact, cluster 12 was replaced partially by cluster 13. On the other hand, the tumor occupied
almost the entire hemisphere as visualized on the tissue of section (fig. 1I).
Fig. 3 shows class average spectra associated to normal brain structures and tumor
development. The lipids spectra contain a large proportion of methyl, methylene and
carbonyl bands in the region 2600-3700 cm-1. The bands at 2852 cm-1 and 2924 cm-1 were due
to the symmetric CH2 stretching mode of the membrane lipid which is directly related to the
lipid acyl, primarily saturated, chains. The band at 2956 cm-1 is associated to asymmetric
CH3 stretching mode of the methyl group and less contribution of proteins. The =C–H
stretching bands due to unsaturated acyl chains are found at 3014 cm−1. The bands at 3292
cm-1 and 3080 cm-1 were linked to the Amide A (mainly N–H stretching) and Amide B (N–H
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Fig. 3. Representative cluster mean FTIR spectra extracted from pseudocolor maps. Cluster
averaged spectra were obtained by meaning absorbance spectra associated to each group. 13
models describing normal and glioma brain development. Each cluster averaged spectrum
assigned to one class was plotted with the same color than in pseudo-color map
stretching) of proteins respectively. The band at 2874 cm−1 was related mainly to the
symmetric stretch of proteins. The changes in frequencies, intensities and band shapes of
these bands may provide further information about the structural changes associated with
malignancy. In the malignant tissues, i) the intensity of the symmetric CH2 band decreased
compared to the corresponding bands in normal brain structures (white matter and grey
matter) and ii) the band ratio 3292/2852 cm-1 was higher in the glioma tumor and reduced in
the normal brain tissues. Indeed, the intensity ratio 2924/2956 cm-1 was higher in the spectra
associated to white matter and decreased from grey matter to C6 glioma tumors. Band 2874
cm-1 became better resolved in the spectra of malignant tissues because of diminished
intensities of CH2 bands in this region. Therefore, the largest variances from spectra to
spectra in IR spectroscopic maps of normal tissue were assigned to spectral contributions of
lipids reflecting cell differentiation. This result confirms that the development of tumor was
characterized by a reduction in total lipid content. This reduction was also observed in the
invasive area (clusters 5 and 7), which is composed of healthy and tumoral cells. This result
is in agreement with those obtained in brain diseases (Krafft et al., 2006; Kneipp et al., 2000).
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This lipid reduction in malignant tissues could be related to the fast growth of tumor cells
which need more energy (Wang et al., 2003). Indeed, it is known that, in developing brain
tumors, structural and functional cell changes take place in which lipids play a crucial role.
Yet, qualitative and quantitative aspects of lipid changes in brain tumors of different degree
of malignancy are still the subject of numerous studies (Steiner et al., 2003; Krafft et al., 2006;
Campanella, 1992).
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Fig. 4. Dendrogram obtained from hierarchical cluster analysis on spectral cluster averages
associated to different tissue types. Heterogeneity represents the discriminating distance
given by arbitrary units (au)
To distinguish between normal, tumor, and necrotic brain structures, cluster averaged
spectra obtained from pseudo-color maps were input in the hierarchical cluster analysis
using Ward’s clustering algorithm and the square Euclidian distance measure. The result, as
shown on the dendrogram in Fig. 4, showed a clear distinction between all normal and
tumor brain structures. Indeed, the class related to normal brain structures was divided to
two sub-clusters associated to white matter (clusters 4 corresponding to higher lipid
content) and the second sub-cluster related to grey matter described by clusters 1 and 6
(intermediate cortex layers) and clusters 2, 8, and 11 (external cortex layers). We were also
able to discriminate between glioma tumor (clusters 12, and 13) and necrosis (cluster 9) from
peri-necrosis (clusters 3, 5, 7, and 10) in the second groups. In general, an increase in
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malignancy is accompanied by a reduction in total lipids that involves all main classes of
lipids found in plasma membranes (Campanella, 1992). Changes in lipid and in
phospholipids contents, as seen in glioblastoma as compared with adjacent tissue, could
indicate an evolution in the undergoing pathological process. This loss of lipids, correlated
with demyelination, observed in different disorders, could be used as a spectroscopic
marker. Increased levels of cholesterol esters (cholesterol oleate and linoleate) have also
been reported in glioma tissue (Koljenovic et al., 2002). Koljenoviv et al. demonstrated that
the difference between meningioma and dura is mainly related to lipids, cholesterol
linoleate and linoleic acid levels. Steiner et al. studied the discriminating constituents
between normal and tumoral tissues (astrocytoma and glioblastoma) by infrared
spectroscopy (Steiner et al., 2003). They demonstrated that changes mainly arise from
differences in lipid constituents. The potential use of lipid measurements for judging the
stage, and hence the prognosis, of low grade tumors is suggested by the apparent gradual
increase in lipid content over time. This increase, believed to be associated with necrosis,
could thus be used in low grade tumors as an early marker of disease prior to the patient
becoming symptomatic (Krafft et al., 2006; Koljenovic et al., 2005; Steiner et al., 2003). During
tumor development, tissue composition and concentration of lipids decreased. Kraft et al.
have investigated the lipid content of the white matter of human brain tissue using near
infrared Raman spectroscopy (Krafft et al., 2005). They reported that the brain lipids can be
divided into three principal classes: neutral lipids, phospholipids and sphingolipids.

3. Distribution of molecular changes in brain constituents associated to
tumor growth and invasion
We have investigated the spatial distribution of molecular changes associated to C6 glioma
progression using FT-IR micro-spectro-imaging in order to better understand the tissue
transformation during carcinogenesis. Integrated intensity ratios bands were used in the
region of 3700–2800 cm−1 to characterize differences between healthy and pathological brain.
Maps of absorbance intensity ratios of bands in the region from 3000 to 2800 cm−1 due to
CH2 and CH3 stretching vibrations (mainly due to membrane lipid which is directly related
to the lipid acyl, primarily saturated) and those due to CH2 and NH stretching vibrations
(due to the protein-to-lipid ratios) were calculated and pseudo color maps scores were
constructed (Fig. 5). These integrated absorbance intensity were correlated to molecular
changes associated to tissue transformation. The comparison between the pseudo color
scores maps and histological image shows that high scores described the white matter
structures such as CC and CA (colorbar). These scores decreased in the grey matter and
become null in the tumor tissues. This intensity ratio was correlated to myelin content. In
fact, white matter presents important lipid content due to high myelin level. The
concentration of myelin decreased from CC to cortex. In general, an increase in malignancy
is accompanied by a reduction in total lipids that involves all main classes of lipids found in
plasma membranes (Krafft et al., 2006). This loss of lipids was correlated with
demyelination, observed in the scores maps associated to tumor. We have study the
distribution of the intensity ratio 3292/2852 cm-1 corresponds to NH stretching vibration in
proteins vs symmetric CH2 stretching mode of the membrane lipid. The results show that
high score value was related to tumor at days 7, 12, 15, and 19 days PI. These scores
decreased from invasion zone to normal brain structures (white matter and grey matter).
The common underlying effects of malignancy are changes in the constituents that lead to
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Fig. 5. Biochemical distribution of the changes in the molecular composition of tissues through the
Maps of absorbance intensity ratios of bands in the region from 3000 to 2800 cm−1 due to CH2 and C
(mainly due to membrane lipid which is directly related to the lipid acyl, primarily saturated) and
stretching vibrations (due to the protein-to-lipid ratio) were constructed and used to identify whic
be more potential indicators of such variations between normal and tumor development
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an altered metabolism and biochemical composition in the malignant tissues. This study
confirms the absorption intensity ratios were correlated with the histological state of the
sample. Such a result may indicate the change of lipid and protein distribution in
pathological tissues with respect to healthy one. There are some papers considering the
pathological state of tissues by analysis of the changes in band intensities in the region from
3700 to 2800 cm−1. Eckel et al. have analyzed breast cancer tissues (Eckel et al., 2001). They
have considered the 3300 cm−1 band which corresponds to NH stretching vibration in
proteins as a good criterion for distinguishing between non-cancerous and cancerous parts
of tissue. Liu et al. applied IR absorption of human breast tissues in vitro and studied the
CH stretching region of lipids and NH absorption region from 3600 to 2700 cm−1 (Liu et al.,
2006). Gazi et al. used Synchrotron-FTIRM imaging to study prostate cancer cells and
analyzed the distribution of lipid absorption intensities (CH2 and CH3) in the region from
3000 to 2800 cm−1 (Gazi et al., 2005) Krafft et al. have evaluated the usefulness of the lipid-toprotein ratio (2850/1655 cm−1) as a spectroscopic marker to discriminate between normal
and tumor tissue, as well as between low- and high-grade glioma tissues. They
demonstrated that this ratio is maximal for normal brain tissue and decreases with the
progression of the disease (Krafft et al., 2007). The intensity ratio 3014/2874 cm-1 was higher
in the invasion zone and peritumor part of the necrosis and decreased in the tumor and
normal brain tissues. This intensity ratio can be used to provide an objective method to
delineate lesion margins that would reduce unnecessary tissue excisions.

4. Conclusion
This study demonstrated that FT-IRM imaging, with high spatially resolved morphological
and biochemical information can be used as a diagnostic tool, complementary to
histopathology in order to understand the molecular changes associated to C6 glioma
progression. Cluster analysis allowed investigation of C6 glioma progression (from day 7 to
day 19 post implantation). Different clusters in the FTIR images were correlated with
features of the histopathological images such as white and grey matters, tumor, peritumor,
and necrosis. Our results showed that 7 days after tumor implantation, FTIR investigations
displayed a very small abnormal zone associated with the proliferation of C6 cells in the
caudate putamen. From this day, rats developed solid and well-circumscribed tumors.
Additionally, we have identified one peculiar structure all around the tumour. This
structure was attributed to infiltrative events, such as peritumoral oedema observed during
tumor development. The presence of necrotic areas was visible from day 15. In fact, the
grade of malignancy and prognosis, in particular GBM multiforme, is based on the presence
of necrosis. By combining intensity ratios of specific bands with imaging technique, we were
able to take in account the variance due to the heterogeneity of brain tissues. We have
monitored the changes in the intensity ratios of specific bands related to lipid and proteins.
Our results reported that by correlating pseudocolor map scores with H&E staining it was
possible to screen histological changes associated with tissue transformation. In fact, the
integrated intensity in the 2800 to 3000 cm-1 spectral region described normal brain
structures such as white matter (CC and CA) and some cortex layers (grey matter). The
intensity decreased in the tumor tissues. Intensity ratio 3292/2852 cm-1 allowed the
identification of tumor part of the tissue. The invasion zone was described by the 3014/2874
cm-1 ratio. These constituents can be used as spectroscopic markers for early detection of
tissue abnormality and discrimination among normal, invasion, tumor and necrosis.
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