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Abstract. The resonance Raman (RR) spectra of six types of human brain tissues are examined using a confocal
micro-Raman system with 532-nm excitation in vitro. Forty-three RR spectra from seven subjects are investigated.
The spectral peaks from malignant meningioma, stage III (cancer), benign meningioma (benign), normal meningeal
tissues (normal), glioblastoma multiforme grade IV (cancer), acoustic neuroma (benign), and pituitary adenoma
(benign) are analyzed. Using a 532-nm excitation, the resonance-enhanced peak at 1548 cm−1 (amide II) is
observed in all of the tissue specimens, but is not observed in the spectra collected using the nonresonance
Raman system. An increase in the intensity ratio of 1587 to 1605 cm−1 is observed in the RR spectra collected
frommeningeal cancer tissue as compared with the spectra collected from the benign and normal meningeal tissue.
The peak around 1732 cm−1 attributed to fatty acids (lipids) are diminished in the spectra collected from the menin-
geal cancer tumors as compared with the spectra from normal and benign tissues. The characteristic band of spec-
tral peaks observed between 2800 and 3100 cm−1 are attributed to the vibrations of methyl (─CH3) and methylene
(─CH2─) groups. The ratio of the intensities of the spectral peaks of 2935 to 2880 cm−1 from the meningeal cancer
tissues is found to be lower in comparison with that of the spectral peaks from normal, and benign tissues, which
may be used as a distinct marker for distinguishing cancerous tissues from normal meningeal tissues. The statistical
methods of principal component analysis and the support vector machine are used to analyze the RR spectral data
collected from meningeal tissues, yielding a diagnostic sensitivity of 90.9% and specificity of 100% when two
principal components are used. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.11.116021]
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1 Introduction
Brain tumors represent 85% to 90% of the tumors found in the
primary central nervous system tumors. In 2011, 22,910 new
cases were diagnosed, and 13,700 deaths from brain and
other nervous system cancers were reported in the United States.
This statistical data indicated that race and sex factored into the
incidence of primary brain cancers, where it was found that
whites have a higher incidence than blacks, and mortality is
higher in males than in females.1

The brain and the spinal cord comprise the primary central
nervous system (CNS). The primary origin in brain cancer is
from brain neoplasm cells, with the secondary origin being
the metastatic cancerous cells travelling from other organs
through the blood. Gliomas comprised of glioblastoma multi-
forme, astrocytoma, oligodendroglioma and ependymoma, are
the main primary brain tumors occurring in over 70% of
brain cancer cases. Malignant gliomas are the most aggressive,
lethal and incurable, and meningiomas are common primary
brain tumors comprising approximately 27% of brain cancer
cases. Meningeal tumors are formed in the meanings—the

thin layers of tissue that covers the brain and spinal cord.
Types of meningioma tumors range from benign, grade I, with
slow growing, and to grades II and III, which are rare, but
rapidly growing.2

The conventional biomedical method for the analysis and
diagnosis of brain tissue lesions is to extract a tissue sample,
followed by histopathological examination and analysis based
on the morphology of the biopsy specimens. Although this
has been the procedure for the detection of human tumor lesions,
conventional histopathology has disadvantages: the process is
invasive; detection is not performed in situ, the long specimen
processing time, and the varying levels of precision of the
pathologist’s eye in the reading and analysis of the specimens.
Other than histochemical analysis, in situmethods for the exam-
ination of brain tumors are including magnetic resonance imag-
ing (MRI), x-ray scans, computed tomography (CT) images,
ultrasound sonography (US), and positron emission tomography
(PET), which are performed before and after surgery to deter-
mine the location and form of the lesions. However, to clearly
identify tumor margins, visual inspection and palpation of
tissues are needed. In early diagnosis, histochemical analysis
by a pathologist results in a 90% detection rate from brain tis-
sue biopsies. While CT and MRI imaging are predicative for

Address all correspondence to: Cheng-hui Liu, The City College of the City
University of New York, Institute of Ultrafast Spectroscopy and Lasers, Depart-
ment of Physics, New York, New York 10031. Tel: 212-650-5531; E-mail:
chenghui@sci.ccny.cuny.edu 0091-3286/2012/$25.00 © 2012 SPIE

Journal of Biomedical Optics 116021-1 November 2012 • Vol. 17(11)

Journal of Biomedical Optics 17(11), 116021 (November 2012)

Downloaded From: http://biomedicaloptics.spiedigitallibrary.org/ on 11/16/2012 Terms of Use: http://spiedl.org/terms

http://dx.doi.org/10.1117/1.JBO.17.11.116021
http://dx.doi.org/10.1117/1.JBO.17.11.116021
http://dx.doi.org/10.1117/1.JBO.17.11.116021
http://dx.doi.org/10.1117/1.JBO.17.11.116021
http://dx.doi.org/10.1117/1.JBO.17.11.116021
http://dx.doi.org/10.1117/1.JBO.17.11.116021


locating intracranial tumors, the accuracy of these imaging
methods for diagnosis is inferior to histochemical analysis, with
a diagnostic accuracy of 66% and 63%, respectively, according
to a 1995 report.3,4

Optical methods provide an accurate real-time diagnosis dur-
ing surgery and offer advantages over current conventional
methods. The optical spectroscopy technique was used first by
Alfano et al. for detecting human pre and early cancer stages
in vivo in a number of organ sites, in many different types of
cancers.5–9 In 1987, Alfano et al. using 457 and 480 nm excita-
tions, first reported Raman spectra collected from human breast
tissue.6 Later in 1991, a detailed investigation of Raman spec-
troscopy probed the vibrational states7 of spectra collected from
normal breast and cancerous breast tissues using a near infrared
(NIR) excitation at a wavelength of 1064 nm. Since then, the
field of optical biopsy (OB) has grown. Now OB is widely used
as a characterization method for biological research and biome-
dical diagnosis, including the detection of cancer lesions. Most
recently, progress has been achieved in situ using a method
based on optical spectroscopic diagnosis without the removal of
the tissue in the analysis of breast, precancerous cervical and
gastric cancer tissues.10–15

Optical biopsy techniques have emerged as promising
powerful techniques for in vitro and in situ diagnosis with high
accuracy in situ, real-time margin assessment for surgical resec-
tion of gross malignant brain tumors, and for many medical
treatments and testing procedures. The optical biopsy approach
is based on the analyses of the changes in biochemical compo-
nent composition on the molecular level from the native fluo-
rescence profiles, Stokes shift emission spectral intensities,13

the Raman frequency peaks (molecular fingerprints), and the
intensity ratios presented in the signal spectra collected from
cells and tissues. Pathologic alterations of cells and tissues
are accompanied by fundamental changes in cellular biochem-
istry, which can be analyzed by using Raman spectroscopy.6–8

Raman and fluorescence spectroscopies could soon be added
to the mix of armamentarium diagnostic tools for the medical
community for clinical analysis.

Raman spectroscopic technique has been successfully
applied in the diagnosis of cancers such as those of the skin,
breast, esophagus, colorectal, gynecological (GYN)-cervix, and
the urogenital tract and provides information about the molecu-
lar composition, molecular structures, and molecular interac-
tions in a tissue.16,17 Recently, several Raman studies have
constituted a basis for subsequent studies to develop classifica-
tion models for the diagnosis of human brain tumors.18–22

The resonance effect in resonance Raman (RR) spectroscopy
occurs when the energy of the excitation laser is adjusted such
that it and/or the scattered photos approach the energy of an
electronic transition of the molecule to an excited state. As
the energy of the excitation approaches an optical transition
energy level, the vibrational resonance effect occurs that greatly
enhances the scattering, and thus the peak intensities in the
Raman spectra increase by as much as 1000-fold. The peaks
from nonresonance-enhanced molecules seemingly disappear
under the intensity of the resonance-enhanced spectral peaks.
Chromophores, and other large conjugated molecules, experi-
ence stretching and bending vibrations that can be enhanced
by the excitation laser and the RR spectra collected from them
exhibit-enhanced peaks.

Since cells and tissues contain so many large biomole-
cules with multiple vibrations, the many advantages of RR

spectroscopy for biomedical diagnosis over conventional
Raman include the spectra collected from resonance enhanced
molecules can be detected at molecular concentrations less than
1.0 nM and the activity of particular molecular species can be
targeted preferentially. Specific biomolecules in the cell and
organelles contain fluorophores, such as flavins, NADH, col-
lagens, elastin, carotenoid and the heme proteins, such as the
mitochondrial cytochromes.

This study focuses on RR spectra from of six types of brain
tissues in vitro using confocal micro-Raman system with an
excitation wavelength of 532 nm over a spectral scan region
of 500 to 4000 cm−1 and investigates the potential of RR spec-
troscopy for distinguishing between normal brain tissues and
malignant brain tissues.

2 Materials and Methods

2.1 Tissue Specimens

Human glioblastoma multiforme tumor diagnosed as malig-
nancy stage grade IV, acoustic neuroma benign, pituitary
adenoma benign and malignant meningioma diagnosed as
malignancy stage grade III, benign minigioma by postoperative
histopathology and immunohistochemistry analysis and normal
meningeal brain tissues were obtained from the General Hospi-
tal of the Air Force, Beijing, China. The malignancy stages are
according to the World Health Organization (WHO) standard.
The experimental procedures were approved by the committee
of the General Hospital of the Air Force, Beijing, China. The
tissue specimens came from patients from 27 to 56 years old,
70% of them were over 50 years, and 29% of the human
brain tissues were from female patients.

Specimens were not chemically treated prior to the spectro-
scopic studies. The tissue specimens arrived frozen and kept
under snap-frozen condition, uncut, and in irregular shapes.
They were thawed to ambient room temperature for the spectro-
scopic studies. Most specimens were measured within 36 h post-
surgery. Specimens of random shapes were mounted on a quartz
plate for Raman spectral measurement.

2.2 Acquisition of RR Spectra of Brain Tissues

The RR spectra were collected using a multichannel modular
triple Raman system (JY-HR800 France) with confocal laser
micro-Raman spectrometer at the 532-nm excitation wave-
length. The excitation light beam was directly shining on the
surface of specimen. The exposure time was 60 s for one
scan region, and for the full region (four local regions), the scan
time was 4 × 60 s. The average size of the samples was approxi-
mately 10 × 5 × 2 mm. A 100× microscope objective lenswas
used for focusing the laser beam and collection of the scattered
signals. The spot diameter of the focused laser beam on the sam-
ple position is about 1 μm. The solid-state diode laser (532 nm)
from Coherent Company-Verdi-2 with 3.5 mW was used as an
excitation source. The laser power on the sample was kept with
0.9 mW. All measurements were taken at room temperature.
The final spectral resolution was 2 cm−1 in the range of interest
(200 to 4000 cm−1).

A total of 43 Raman spectra were acquired from seven
subjects using the confocal micro-Raman system. In the inho-
mogeneous lesion, the spectral collection needs at least seven
scan sites for each local area—e.g., fat part (yellow), hemor-
rhage area (red), and regular parts—were measured carefully.
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The results of spectroscopic measurements were then analyzed
and compared to the pathology and immunohistochemistry
report.

2.3 Analysis Method of Support Vector Machine

Since RR spectra are sampled into a higher-dimensional space,
training of a classifier might be suffered from the “curse of
dimensionality.” By the principal component analysis (PCA),
the spectral data can be project onto the subspace spanned
by a small number of principal components (PCs), thus signifi-
cantly reducing dimensionality while reserving most power of
data. Specifically, the matrix of Raman spectral data X ¼
½xð1Þ; : : : ; xðNÞ� of all N samples are decomposed into

X ¼ USVT; (1)

where S ¼ diagonal ðs1; : : : ; sNÞ is the diagonal matrix of non-
negative singular values in the descending order, U ¼
½uð1Þ; : : : ; uðNÞ� and V ¼ ½vð1Þ; : : : ; vðNÞ� are the matrices
of column and row singular vectors. s2i is the power of data
in the dimension of the i’th singular vector. Column singular
vectors uð1Þ; : : : ; uðnÞ, or n most significant PCs, are chosen
such that most power of the data are located in the subspace
spanned by them. The power usage of the selected PCs is
defined as the ratio of power located in the subspace to the
total power of data, which can be calculated by

P ¼
P

n
i¼1 s

2
iP

N
i¼1 s

2
i
: (2)

A support vector machine (SVM) with a linear kernel can be
expressed as

wTy ¼ b; (3)

which is a hyperplane. The data projected onto the subspace are
used to train the SVM classifier by specifying b and w. The
sensitivity and specificity in classifying the spectral data are
then calculated. If the distance b of the classifier to the origin
was adjusted while maintaining the normal direction w, the
sensitivity and specificity correspondingly change, forming
the receiver-operating characteristic (ROC). The closer to one
the area under the curve (AUC) of ROC is, the better the
performance is.

3 Results and Discussion
Five types of brain tumors and normal meningeal brain tissues
were investigated by RR spectroscopic method within the scan
region 500 to 4000 cm−1 using a 532-nm excitation wavelength.
The resonance enhanced Raman modes were observed, and the
differences of RR spectra were found between cancer and
normal meningeal tissues.

3.1 RR Spectra of Glioblastoma Multiforme Grade IV,
Acoustic Neuroma, and Pituitary Adenoma

Figure 1 shows the RR spectra of glioblastoma multiforme
tumor tissue diagnosed as grade IV (top), benign human acous-
tic neuroma lesion (center), and benign human pituitary ade-
noma lesion (bottom) that were collected in vitro using the
confocal micro-Raman system with an excitation wavelength

of 532 nm within a scan region from 500 to 4000 cm−1. In
all of the three RR spectra in Fig. 1 at the top, center, and bottom
plots, the amide I, amide II, and amide III peaks were clearly
enhanced. The amide II band near 1547 cm−1 exhibited intense
resonance enhancement at excitation 532 nm, possibly duo to
the amide II mode in active at this excitation wavelength. The
results showed that for the amides (amide I near 1639 cm−1,
amide III near 1226 cm−1) have demonstrated selectively
enhanced by the excited wavelength at 532-nm amide π → π�
electronic transition, while the amide I and amide III show less
enhancement from this transition.
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Fig. 1 The RR spectra recorded from three types of brain tissues. The top
of Raman spectrum was from glioblastoma multiforme, grade IV tissue.
The center of Raman spectrum was from acoustic neuroma benign tis-
sue, and the bottom of Raman spectrum was from pituitary adenoma
benign tissues.
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Typically, glioblastoma cells display somatic gene altera-
tions, which products have a negative impact on the cellular reg-
ulatory processes of growth; the cells’ response to extracellular
signals; and cell-cycle control. The RR spectra collected from
the gliomas showed in the top of Fig. 1. The Raman spectrum
of glioblastoma multiforme grade IV tissue (Fig. 1, top) dis-
played a total of 22 peaks, 10 of which demonstrated strong
enhanced modes at 752, 1004, 1172, 1337, 1358 1547, 1587,
1606, 2896, and 2938 cm−1. Characteristic enhanced Raman
peaks at 1547 (amide II), 1587, 1606, and 1004 cm−1 were
assignable to proteins and collagen types I and IV showing
the enhancement comparison with the previous reports.23–26

The RR spectra collected from the benign acoustic neuroma
(vestibular schwannomas) lesion (Fig. 1, center), which is a non-
cancerous lesion that develops on the nerve that connects the
ear to the brain and usually grows slowly. RR spectra collected
from benign acoustic neuroma tissue displayed 18 resonance-
enhanced peaks, with 12 strong enhanced peaks at 648, 757,
1004, 1155, 1338, 1357, 1551 cm, 1585, 1607, 1639, 2888,
and 2934 cm−1.

Displayed at the bottom of Fig. 1 is a typical RR spectrum
from the benign pituitary adenoma lesion. A pituitary tumor is
an abnormal growth in the pituitary gland, the part of the brain
where hormones are regulated and the body’s balance of hor-
mones are controlled. These lesions are most noncancerous
(benign). The RR spectra were measured from pituitary ade-
noma benign tissue. Thirteen Raman peaks were observed in
which nine distinct vibrational modes at 750, 1005, 1130, 1173,
1543, 1585, 1667, 2882, and 2932 cm−1 were clearly enhanced.
The RR spectra of amide I band of 1645 to 1668 cm−1 observed
in the spectra that may be assigned to active pituitary adenoma
tissue.27–29

3.2 RR Spectra of Cancer, Benign, and Normal
Meningeal Brain Tissues

The RR spectra from three types of the meningeal brain tissues
are represented in Fig. 2. The RR spectra from the malignant
menigioma grade III (top, cancer), the benign menigioma (cen-
ter), and the normal (bottom) menigngeal tissues were measured
within the region from 500 to 4000 cm−1 using a confocal
micro-Raman system. Table 1 lists the position of Raman spec-
tra in wavenumbers of the observed peaks and their assign-
ments.18,20,30–33 The RR spectra with the relative enhanced
peaks at 750, 1004, 1156, 1358, 1548, 1587, 1605, and
1639 cm−1 and the broad peaks near 2800 cm−1 to 3000 cm−1

were observed in cancerous tissue (Fig. 2, top). When compar-
ing the spectra collected from the malignant meningioma tissue
with that collected from the benign lesions (Fig. 2, center) and
the normal meningeal (Fig. 2, bottom) tissues, the RR spectra
give a higher signal to noise ratio and more intense enhance-
ment, as has been previously reported.14,16,18,21,25

We identified an enhancement mode of amide II. In the RR
spectra, the excitation wavelength of 532 nm makes the amide II
mode active. Amide II is one of the nine amide bands of protein,
which was resonance enhanced in the three types of meningeal
tissues (usually the amide II band is weak or absent in the
nonRR system) was shown in Fig. 2. The amide I and amide III
bands show fewer enhancements from this transition or
explained in less active. Near 1004 cm−1 is assigned to the
phenyl ring-breathing mode of phenylalanine. The spectral peak
intensities were normalized to the intensity near the 1004 cm−1

peak, assigned to the breathing mode of phenylalanine, for

calculation and comparisons amongst peak intensities (Fig. 2),
due to the relative stability of intensity and position of the peak
due to different environments. A clear and obvious increased
in the intensity ratios of 1587 cm−1 (arising from cytochrome
c/mitochondria) to 1605 cm−1 (arising from phenelalanine
and tyrosine) were calculated from Fig. 2 as 0.97:0.89:0.88,
which displayed the differences between the cancer, benign
and normal meningeal tissues. This phenomenon may propose
that the differences (increased the intensity in cancer of Raman
peak at 1587 cm−1) arise during the cancer cells transforma-
tions, the cytochrome c might be released from the mitochon-
drial membrane since the cancer cells cause of the mutation of
the mitochondria in the cancer tissue.
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Fig. 2 The RR spectra recorded from three types of meningeal tissues.
The Raman spectra showed from top to bottom as the Raman spectrum
of malignant meningioma tissue: grade III (a); the Raman spectrum of
meningioma benign tissue (b); and Raman spectrum of normal menin-
geal tissue (c).
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Table 1 Raman band frequencies and assignments of Brain Tissue.

Raman shift cm−1 Assignmenta Attribution remarks

676 ν (δ (CCN), Vinyl & Porphyrin CYTc, G of DNA

754 CH2 Rock, Sym. breathing Tryp, mitochondria 2nd peak 747 cm−1, CYT.c

973 ═C─H out of plane deformation C─C Asym. Str. deoxygenated of cells porphyrin macrocycle

1004 Symmetric CC aromatic ring breathing Phenylalanine, Collagen IV, I

1088 CC stretch, CC skeletal stretch trans, PO2 symmetric Protein, phospholipid, glycogen Collagen IV, I

1128 C─C stretching, trans Lipids

1156 C═C stretch β-carotene

1173 C─H in-plane bending Tyrosine, hemoglobin, Flavin

1214 >(1200–1300) Amide III Homo polypeptide

1301 Amide III, δ (N─H)-30%, α-helix,
ν (C─N)-40% & δðCH3Þ

δ and ν Coupled in-phase, Collagen IV, I

1338 CH2 Deformation Protein, A and G of DNA/RNA

1358 CH3─ðC═OÞ, Trp., mitochondria, CYTc

1378 CH3 in-phase deformation T, A, G of DNA

1428–1471 δ (CN) bending, δðCHÞ3 out-of-phase deformation Lipid, protein

1527 (1500–1600) Amide II, Shift to 1548, (C═C) stretch parallel β-sheet, protein, tryp., carotenoid
(1532 cm−1 in cancer)

1548 Amide II, in plane δ (N─H) bending: 60%;
ν (C─N):40%;

Trp, cytochrome c, δ and ν coupled out-of-phase, NADH

1587 C─C stretching, C─H bending Trp, mitochondria, NADH

1605 CO stretching, C═C bending Phe., tyr.

1639 Amide I in α-helix protein

1667 Amide I, β-sheet, ν (C═O) 80% Salt environment effect, Unordered or random structure,
Collagen IV, I

1732 ν (C═C) Lipids, phospholipids

2727 1378 cm−1 bend overtone

2850 νðCH2Þ Poly methylene chain, F

2891 ν (CH2, FR) Poly methylene chain

2934 ν (CH3, FR) P.F.

3060 CH3─ðC═OÞ

3104 νðO─HÞ water band

3156 νðO─HÞ water band

3288 O─H, Liquid water

3444 O─H, Liquid water

aRefs: [20, 21, 24, 30, 31, 33, 34, 35]; ν: stretch; FR: Fermi resonance; δ: bending; sym.: symmetric, trp.: tryptophan, CYTc: cytochrome c; P: protein;
F: fat.
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Methyl (─CH3) symmetric stretching was observed as a
strong band in Raman at 2935 cm−1. The peak intensity ratio
of 2935 cm−1 (methyl bond CH3) to 2880 cm−1 (methylene
bond CH2), and the width of board profile range between
2850 and 3000 cm−1 were calculated for the three types of
the meningeal tissues from the spectra displayed in Fig. 2.
An increased in the width (border) of board profile in the
range between 2800 and 3000 cm−1 was observed for malignant
meningeoam. The ratios of the width (border) of board profile at
cancer: benign: normal were found to be 1∶0.98∶0.95, respec-
tively. A decrease in the methyl to methylene intensity ratios
was calculated from Fig. 2 to be 1.25∶1.47∶1.79, for the spectra
collected from the cancerous, benign and normal meningeal tis-
sues, respectively, which suggests the changes of the molecular
conformation order. It is supposed that the cancer cells are an
abnormal mass in which the cells grow faster with multiple
uncontrollably and invading control normal cells. The growth
of a tumor also takes up more space within the skull and
interferes with normal brain activity. This may cause disorder
in tumors as the observed variation in the CH3∕CH2 ratio.
Normal tissue cells have a higher molecular conformation
order coefficient than tumors. Normal tissue cells should exhibit
a more stable biochemistry and metabolism than will tumor
cells.20,34–36

3.3 RR Spectral Data Analysis of Cancer, Benign
and Normal Meningeal Brain Tissues by
SVM Method

The statistical analyses of the RR data collected from the tissues
using the PCA, SVM, and ROC methods37,38 yielded a diagnos-
tic sensitivity of 90.9% and specificity of 100% for ROC using
two PCs, when compared with the histopathology and immuno-
histochemical analysis (the “gold standard”) for the classifica-
tion amongst the spectra of malignant meningioma brain tissue;
meningeal benign lesions, and normal meningeal tissues. Direct
comparisons between the spectra data collected are displayed in
Fig. 3 and in Table 2. In Fig. 3, the separating lines were cal-
culated using the SVM algorithm, that yields a diagnostic sen-
sitivity of 90.9% and a specificity of 100% for classifying the
spectra collected from cancerous tissues from the spectra from
benign and normal brain tissue. Table 2 illustrates how the per-
formance of the SVM classifier is improved as the power of data
samples located in the subspace spanned by the selected PCs
increases. The identifications are shown to be effective for the
Raman spectral diagnosis and classification of brain tissues.

4 Conclusion
The results presented here demonstrate the potential of RR spec-
troscopy to successfully discriminate among normal brain tis-
sues, cancerous brain tumors, and benign brain lesions using
the excitation wavelength of 532 nm. The RR spectra from
different types of brain tissues within spectral region 500 to
4000 cm−1 were collected using confocal micro-Raman system.
The RR characteristic spectra of proteins (amides) and type I
and type IV collagen yielded enhanced peaks at 1088 and
1302 cm−1 were found in the spectra collected from malignant
meningioma tumor, diagnosed as grade III brain tissues. The
first characteristic mode, an intense enhancement of amide II
at 1547 cm−1 might be used as an indicator of RR frequency
using excitation wavelength at 532 nm. In the high frequency
region between 2500 and 3500 cm−1, bands due to symmetric
stretch vibration, the peaks intensity ratio of methyl to methy-
lene groups may suggest as a statistical method (a disorder or
order molecular conformation coefficient) to distinguish the
spectra collected from malignant meningioma from normal
meninges brain tissues. Normal meningeal brain tissue has a
higher order coefficient compared with malignant meningioma
meningeal tissue.

The statistical analysis method of the RR data in preliminary
yielded a diagnostic sensitivity of 90.9% and specificity
of 100% for ROC when two PCs was used for classification
of three types meningeal brain tissues. The identifications
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Fig. 3 The scatterplot of the posterior probability of classification for the
malignant, benign, and normal brain tissues were using PC1 and PC4 as
diagnostically significant components. The separating lines were calcu-
lated using SVM algorithm, which yields a diagnostic sensitivity of
90.9% and specificity of 100% for identifying cancer from benign
and normal brain tissue.

Table 2 Performance in classifications.

Number of PCs Power (%)

Normal versus benign and cancerous Benign versus cancerous

Sensitivity Specificity AUC Sensitivity Specificity AUC

1 PC 84.07 1.000 0.000 0.400 0.200 0.833 0.667

2 PCs 91.32 0.909 1.000 0.982 0.400 0.667 0.433

3 PCs 95.27 1.000 1.000 1.000 1.000 1.000 1.000

4 PCs 97.75 1.000 1.000 1.000 1.000 1.000 1.000
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demonstrated to be effective for the RR spectroscopy and shows
potentials as a method for the diagnosis and classification of
brain lesions in clinical use in the future.

The differences in increased peak intensity in mode
1587 cm−1, increased width (border) of board profile in
range between 2800 and 3000 cm−1, and the lower molecular
conformation order coefficient [the ratio of methyl to methylene
bond (CH3∕CH2)] in the RR spectra were observed from can-
cerous tissues, which has the potential to reveal an important
mechanism in the process of human brain carcinogenesis. In
addition, these in vitro results indicate that RR spectroscopy
could be used as a new technique as a tool for the guidance
of stereotactic brain biopsy in real-time.
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