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Abstract. Limitations of conventional light microscopy in
pathological diagnosis of brain tumors include subjective bias
in interpretation and discordance of nomenclature. A study
using mid-infrared (IR) spectromicroscopy was undertaken
to determine whether meningiomas, a group of brain tumors
prone to recurrence, could be identified by the unique spectral
‘fingerprints’ of their chemical composition. Paired, thin
(5-pm) cryosections of snap-frozen human meningioma
tumor samples removed at elective surgery were mounted on
glass (hematoxylin and eosin-stained tissue section) and
infrared (unstained tissue section) reflectance slides,
respectively. Concordance of the tumor-bearing areas
identified in the stained section by a pathologist with the
unstained IR tissue section was ensured using a novel digital
grid and tumor-mapping system developed in our laboratory.
Compared with the normal control, tumor samples from four
meningioma patients revealed a marked decrease in bands
associated with unsaturated fatty acids, particularly in the
bands at 3010, 2920, 2850, and 1735 cm'. Spectral datasets
were subjected to hierarchical cluster analyses (HCA) using
Ward's algorithm for comparison and grouping of similar
data groups, and were converted into color-coded digital
maps for matching spectra with their respective clusters.
False color images of 5 and 6 clusters obtained by HCA
identified dominant clusters corresponding to tumor tissue.
Corroboration of these findings in a larger number of
meningiomas may allow for more precise identification of
these and other types of brain tumors.
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Introduction

Brain tumors are the most common type of malignant solid
tumor in childhood, and rank 15th in frequency amongst all
cancers in adults (1). Curative management of human brain
tumors requires accuracy of histological diagnosis and
grading, acquiring tumor-free margins by surgical excision,
and demands radiation therapy conforming to the boundaries
of tumor-bearing areas detected by magnetic resonance and
computerized tomography imaging studies.

Currently, for purposes of diagnostic classification
including that of the World Health Organization (2), brain
tumor sections stained with hematoxylin and eosin (H&E) as
well as an array of immunohistochemical neuronal marker
proteins, are scrutinized and categorized by means of light
microscopy. These conventional techniques used for
classification, however, are prone to subjective interpretation,
as well as to the limitations of light microscopy. The reported
recognition of brain tumors containing multiple phenotypes
(3), as well as newly evolving variants (4), are compelling
reasons for developing more refined and accurate diagnostic
tools to meet these emerging challenges. Over the past two
decades a newer investigational technique, vibrational
spectroscopy, is being increasingly applied to provide more
accurate differentiation between normal brain tissue (5) and
brain tumors (6), as well as for identifying prognostic
indicators (7).

Meningiomas comprise a group of brain tumors with
significant risks of recurrence and unpredictable outcomes
(8). We investigated, by means of mid-infrared spectro-
microscopy, a group of meningiomas in order to determine
their spectral signatures, and to more accurately differentiate
tumor tissue from normal control.

Materials and methods

Acquisition and preparation of samples. With prior informed
consent, brain tumor samples were obtained at elective surgery
from four patients with meningiomas and are summarised in
Table I. A control sample was derived from normal brain
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Table I. Clinical summary of meningioma patients.

ALI et al: CLUSTER ANALYSIS OF HUMAN MENINGIOMAS

Case no. Age in years/sex Tumor grade (W.H.O. classification) Intracranial location
1 69/female Grade 1 Posterior fossa

2 50/male Grade 1 Right frontal lobe
3 73/female Grade 1 Right sphenoid

4 73/female Grade 1 Right occipital

tissue identified at the periphery of resected margins of a
meningioma. After dispatching the first tissue aliquot for
diagnostic studies, a second specimen was snap-frozen in
liquid nitrogen within 30 min of removal, then stored in a
freezer at -80°C in preparation for H&E staining, mid-infrared
(IR) spectroscopy and, as part of a correlative study, for N-
myristoyltransferase assays (9). Paired tumor tissue sections
(5-um) were cut in a cryostat at -20°C (Leica CM 1900-3-1,
Germany). The first section was placed on a glass slide for
H&E staining, and the section immediately following was
transferred onto a slide with an IR-reflective coating (Kevley
Technologies, Chesterland, OH) for mid-IR spectromicroscopy
studies. Concordance of tumor-bearing areas was achieved
by means of a novel technique developed in our laboratory.
This technique required superimposing a digital tractile grid
over paired H&E and IR tissue section images, demarcation
of tumor-bearing areas within the tissue section, and then
transferring matching grid coordinates onto the overview
image generated by the spectromicroscope in preparation for
mid-IR spectroscopy (Ali et al, unpublished data) (Fig. 1).

Mid-IR microscopy data collection. A 5-ym tumor section on
the IR reflectance slide was raster scanned using Fourier
transform infrared (FTIR) spectromicroscopy at the Canadian
Light Source Synchrotron facility located on campus at the
University of Saskatchewan. Spectromicroscopy was
performed using an IFS 66v/S FTIR spectrometer with a
globar light source attached to a Hyperion IR microscope
(Bruker Optics Inc., Billercia, MA) with a x15 Cassegrain
objective and a single-channel MCT detector. Raster scans
were obtained in the mid-infrared range of 4000-900 cm'!
using a 50 ym x 50 ym aperture, a 25-pm step size, 32 scans
per step, and a resolution of 4 cm-!. Stage control, data
collection and processing were conducted using OPUS
software and analysed using CytoSpec (CytoSpec Inc.,
Boston, MA) a software tool designed for FTIR image
analysis. Visible images were obtained using a charged-
couple device (CCD) camera, which was linked to the
infrared images.

Data processing and multivariate analyses. The spectral
datasets were loaded into the analysis package, the second
derivative was calculated, and the derivative datasets were
then normalized to reduce any sampling artifacts. A
statistical analysis of this data was performed using a
hierarchical clustering algorithm (Ward's algorithm) which
compares the individual elements of the dataset and classifies
them into groups (clusters) based on their similarity with other
elements of the dataset. This classification process, known as

hierarchical cluster analysis (HCA), can then be used to look
at the entire dataset as a color-coded map, matching spectra
with their respective clusters. The average spectrum can also
be calculated for each cluster and compared across samples.

Results

The average spectra shown in Fig. 2a-d compare two
different brain tissue samples, control and tumor, each from a
different patient. The tumor tissue shown in this figure is
from case no. 2, Table 1. The source of the control sample
was normal brain tissue obtained from outlying resected
margins of a brain tumor patient; a pathologist confirmed that
this sample was free of tumor. The study sample was derived
from histologically confirmed tumor tissue resected from
another patient.

Fig. 2a and b shows that one of the clusters from within
the tumor sample is broadly similar to the control spectra,
with some dissimilarities as indicated in the accompanying
legend. On the other hand, Fig. 2c and d contrast three similar
clusters (one average control spectrum and two average
malignant tumor-derived clusters) showing several important
differences. The first, most striking difference occurs in the
bands associated with lipids, particularly unsaturated fatty
acids, demonstrating a marked decrease in all the clusters
associated with tumor tissue. In particular, the bands at 3010,
2920, 2850, and 1735 cm! are all weaker than in the control
spectra. More subtle differences are visible in the region
between 1800-900 cm!, particularly among the protein
bands. The amide I band of the control tissue shows a large
proportion of undifferentiated proteins and a small contribution
of a-helical proteins at 1655 cm'. The tumor tissue samples
tend more towards undifferentiated proteins; however, some
of the clusters show an increased B-sheet band at 1631 cm'!.
The amide II region of the tumor samples also shows a
potentially significant 4-cm-' shift relative to the control
spectra, from 1548 to 1544 cm'. Finally, a band generally
associated with the amino acid tyrosine at 1515 cm’! was
generally more pronounced in the tumor samples than in the
control samples.

Fig. 3 displays the results of the HCA calculations. Fig. 3a
is a dendrogram plot demonstrating the separation of clusters,
and their hierarchy, developed by the algorithm. At the top,
all spectra are members of one or two very distinct clusters;
however, as the number of clusters is increased, the number
of spectra in each cluster is reduced. More importantly,
the separation of individual clusters, which represents
differences in a given cluster from its neighbors, becomes
increasingly critical. At the bottom of the dendrogram plot,
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Figure 1. (a) Equisized H&E-stained tissue section with concordant grid and tumor-bearing area within digital boundaries (outlined in black). (b) Equisized
paired IR unstained tissue section showing tumor-bearing area (within red boundaries) with concordant grid and overlaid digital boundary map transferred
from Fig. 3a. (c) Equisized spectromicroscopy overview image of tissue section with raster map (red square) outlined within tumor-bearing area (within red
boundaries), in preparation for mid-IR spectroscopy (note matched grid coordinates in all images).
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Figure 2. (a) The average control spectrum (black) and an average cluster from the cancer tissue (red) which is found to be broadly similar. Despite the
spectral similarities the relative CH,/CHj; stretching intensities are very different (labeled 1 and 2 respectively). (b) The average control spectrum (black) and
an average cluster from the cancer tissue (red) which is found to be broadly similar: A (1735 cm™') shows a large decrease in lipid concentration (1735 cm™),
B (1655 cm-1) shows the amide I peak is largely unchanged from the control sample, C (1548 cm™) shows that the amide II is largely unchanged from the
control sample, and D (1515 cm™) is very similar to the control sample. (c) The average control spectrum (black) and two average clusters from the cancer
tissue (red and blue) which indicate marked differences with the control sample, particularly in the relative CH,/CHj stretching intensities (labeled 1 and 2
respectively). (d) The average control spectrum (black) and two average clusters from the cancer tissue (red and blue) which illustrate a marked difference
with the control sample: A (1735 cm™') shows a large decrease in lipid concentration (1735 cm!'), B (1655 cm™') shows that the amide I peak shifts towards
1631 cm™, C (1548 cm™) shows that the amide II shifts to 1544 cm!, and D (shoulder at 1515 cm™') has increased intensity relative to the control sample.
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Figure 3. (a) Dendrogram plot derived from the HCA method demonstrating hierarchy of separated clusters derived from tumor tissue. (b) HCA false color
image of 6 clusters, displaying predominance of tumor tissue as the brown cluster. (c) HCA false color image of 5 clusters, also displaying predominance of tumor
tissue as the brown cluster (darker blue clusters in both this and the preceding image correspond to those closely resembling control spectra from Fig. 2).

the individual spectra each make up their own cluster, and it
is possible to see just how well separated and different these
are.

By color coding these clusters and assigning each pixel a
color, the false color images shown in Fig. 3b and ¢ can be
generated. These false color images show the spatial
distribution of the clusters in the image, where b displays 6
clusters and c displays 5 clusters. The images in Fig. 3b and ¢
demonstrate the spatial distribution of the various clusters
identified by the HCA algorithm. In both cases, the algorithm
assigned one cluster to the pixels off the edge of the sample,
a second cluster was assigned to the edge of the sample, and
two or three clusters were assigned to the sample. In both
images it is obvious that the brown cluster dominates, and
this cluster corresponds to one of the average spectra of brain
tumor tissue identified in Fig. 2, as does the pale blue cluster
in Fig. 3b. On the other hand, the darker blue cluster in both
images appears to correspond to clusters that closely
resemble control spectra from Fig. 2. These cluster images
demonstrate the ability of a spectromicroscopic technique to
highlight differences not readily detected by the naked eye.

Discussion

Mid-infrared spectromicroscopy is a relatively new tool that
can contribute to more accurate and precise diagnoses and
classifications of malignant tumors in the brain and other
organs. By capturing the pattern of vibrational bonds and the
spatial distribution of molecular arrangements within
biological tissues, it creates and displays characteristic spectral
patterns or ‘molecular fingerprints’ that reveal the biological
structure unique to normal tissues and their malignant
counterparts. This information, combined with conventional
diagnosis and grading of tumors, will allow for planning of
more precise and individualized treatment for each patient,
with the potential for improving cure rates and long-term
survival in cancer patients.

The results to date indicate the presence of a unique
signature that could help identify tumor tissue. The marked
diminution of the bands associated with the lipids combined

with subtle changes in the main protein bands seems to be an
indicator that a sample tissue is derived from a tumor. This
fingerprint was similar for all of the different samples studied
to date, and it may be possible to refine this spectral
fingerprint to detect a specific tumor class. This text refers to
results obtained from case no. 2 (Table I); comparable results
were found in three other patients with meningiomas (Table I).
One of the strengths of this study was that, in spite of the
small number of samples, all four patients had the same type
and grade of tumor confirmed by a pathologist. This avoided
the potential problem arising from the interpretation of
disparate degrees of anaplasia within the same histological
tumor type.

The application of HCA as a statistical technique in tumor
detection is applicable not just to brain tumors, but to all
malignant tumors. Potential research applications of HCA
include, among others, determining biochemical differences
between normal and tumor cells as a means of detecting the
etiology of malignant tumors. It also has potential practical
application as an intraoperative diagnostic tool for determining
whether the neurosurgeon has achieved removal of microscopic
residual tumor cells in biopsy samples taken from the margins
of resected tumors.

The use of HCA for image analysis has some limitations
that must be overcome before it can be used outside of a
research setting. Most notably, these techniques are statistical
in nature, and their fidelity depends on the quality of the data
provided for analyses. In order to ensure reliable results from
the algorithms, the spectra must first have a high signal-to-
noise ratio. In addition, the number of samples is very
important, not only for overcoming inherent heterogeneity of
biological samples, but also for separating the individual
spectra into clusters that have anatomical and biochemical
relevance. We therefore plan to generate incremental data by
expanding our study to include a larger number of human
meningioma samples.

Conventional IR spectromicroscopy examination of
biological tissues has limitations (10-12) including an
insufficient spatial resolution of only ~20-25 um. These
problems are overcome by synchrotron IR light by virtue of
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its brightness, which is 100-1000 times greater than that from
a conventional source (13). Individual biological cells range
from 5-30 ym in diameter, too small for probing by
conventional IR sources. The much greater brightness of
synchrotron light, however, permits intracellular imaging of
molecular chemical structure and, compared to globar IR
light sources, may provide greater spectroscopic detail that
could serve as a more refined diagnostic tool for a spectrum
of malignant brain tumors, both in terms of differentiating
tumor types as well as assessing the degree of anaplasia.
Future studies will include performing mid-IR experiments
on human meningiomas using synchrotron-derived mid-IR
light, and we plan to compare these results with those obtained
from this study using globar-source mid-IR light in order to
determine whether the former will provide improved
diagnostic spectral patterns.

The potential usefulness of FTIR lies in the fact that once
specific tumor spectral patterns can be identified and
corroborated, it has the potential to eliminate subjective bias
that is inherent in conventional diagnostic techniques
requiring a pathologist's interpretation of visual light
microscopy findings in stained tissue sections. Limitations of
FTIR at the present time include the fact that FTIR spectro-
scopy can only be performed on dead tumor tissue removed
from human patients. To be truly useful as a diagnostic tool,
it should allow study of fresh tumor specimens in order to
provide accurate information to guide the neurosurgeon in
the operating room. It must also have relevance for the
radiation oncologist, whenever radiation therapy is integrated
into multimodality treatment plans.

These results are a first step in the use of infrared spectro-
microscopy as a means of identifying meningiomas, a
particular histological group of human brain tumors. The
subtle spectral fingerprints of this tumor type have been
identified with the aid of hierarchical clustering analysis.
Corroboration of these findings in a larger number of
meningiomas may allow for more precise identification of
particular classes or subtypes of tumors, and for grading
degrees of anaplasia within tumors. As well, they may reveal
spectral fingerprints distinguishing new tumors arising de novo
from those that recur, the latter situation being a frequent
complication in cases of meningiomas.
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