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Raman spectroscopy is a sensitive method to detect early changes of molecular composition
and structure that occur in lesions during carcinogenesis. The Raman spectra of normal,
benign and cancerous breast tissues were investigated in vitro using a near-infrared (NIR)
Raman system of 785 nm excitation and confocal micro resonance Raman system of 532nm
excitation. A total number of 491 Raman spectra were acquired from normal, benign and
cancerous breast tissues taken from 15 patients. When the 785nm excitation was used, the
dominant peaks in the spectra were characteristic of the vibrations of proteins and lipids.
The differences between the normal and cancerous breast tissues were observed in both
the peak positions and the intensity ratios of the characteristic Raman peaks in the spec-
tral region of 700-1800cm~". With 532nm excitation, the resonance Raman (RR) spectra
exhibited a robust pattern of peaks within the region of 500-4000cm~". The intensities of
four distinct peaks at 1156, 1521, 2854 and 3013 cm~" detected in the spectra collected from
normal breast tissue were found to be stronger in comparison with those collected from can-
cerous breast tissue. The twelve dramatically enhanced characteristic peaks, including the
enhanced amide |l peak at 1548cm ™" in the spectra collected from cancerous breast tissue,
distinguished the cancerous tissue from the normal tissue. Principal component analysis
(PCA) combined with support vector machine (SVM) analysis of the Raman and RR spectral
data yielded a high performance in the classification of cancerous and benign lesions from
normal breast tissue.

Key words: Raman; Resonance Raman; Confocal micro Raman spectroscopy; Optical
biopsy; Breast cancer; Amide I, Il, Ill; Methyl; Methylene vibration bonds; Statistical methods:
PCA; SVM; ROC.

Introduction

Breast cancer is one of the major causes of death in women. In 2012, approxi-
mately 226,870 new cases of invasive breast cancer and 39,510 new cases of non-
invasive breast cancer in women were diagnosed in United States (US) (1). Breast
cancer ranks second as a cause of cancer death in women after lung cancer (1).
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Early diagnosis is the key to increase the five-year survival
rate of cancer patients.

The application of needle aspiration biopsy for the diagno-
sis of neoplastic conditions attracted attention in the early
20th century. Two methods of nonsurgical investigation of
breast tissue were studied in the 1920’s, namely transillumi-
nation (with flash light) in 1929 and radiography (2, 3). The
first concerted effort to use needle aspiration and biopsy for
the diagnosis of cancer was undertaken at Memorial Hospi-
tal in New York in 1929 by Cutler (2). The modern stereo-
taxic core biopsy instruments were introduced in the 1980’s.
Breast cancer screening and diagnosis are now performed by
a combination of the physician’s manual search for palpable
lesions — X-ray mammography, ultrasonography (US), X-ray
computed tomography (CT), optical coherence tomography
(OCT), magnetic resonance imaging (MRI) and positron
emission tomography (PET) then followed by one or more
tissue biopsies. 70-90% of the suspicious lesions detected
by mammography are determined to be benign lesions upon
biopsy. However, 20% of malignant lesions go undetected
by mammography (4-6). Minimally invasive or non-invasive
optical spectroscopy techniques for the diagnosis of suspi-
cious lesions in real-time could reduce patient trauma and
discomfort, time to diagnosis and the high medical costs
associated with traditional biopsy (7).

As early as 1984, a renaissance occurred. Alfano and cowork-
ers and students pioneered the field of optical biopsy using
native fluorescence (autofluorescence) spectroscopy for
probing electronics states (8, 9). The first briefly reported RR
spectra of human breast tissue were measured by Alfano in
1987 using 457 and 480nm excitations (9). Later in 1991,
a detailed investigation of Raman spectroscopy was used to
probe the vibrational states by Alfano and coworkers in spec-
tra collected from normal and cancerous tissues using near-
infrared (NIR) 1064 nm excitation (10). Raman spectroscopy
provides detailed information about the biochemical compo-
sition of tissues from the vibrational states found in the spec-
tra and information for diagnosing disease from the changes
associated with those vibrational states. The other techniques
of optical biopsy utilize spectroscopy that includes intrinsic
native fluorescence, Stokes Shift and Raman spectroscopy
to identify neoplastic transformations in cells and tissues on
the molecular level, in various organs sites in near real-time,
ex vivo and in vivo (11-14). The Raman spectrum is more
robust than the other methods because of the sharp peaks
associated with different vibrational modes.

The Raman effect is named after C. V. Raman who discov-
ered the effect in 1928. Over the past three decades, there
has been tremendous growth worldwide of optical spectro-
scopic techniques (15-24) using 785 nm laser light from diode
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lasers, especially in Raman spectroscopic characterization
and discrimination of breast malignancy (6, 18, 19, 25-27).
However, few works disclose resonance Raman spectra dif-
ferences of the cancerous and normal tissues and study bio-
logical basis of these differences (12). The resonance effect
in RR spectroscopy occurs when the energy of the incoming
photon approaches the energy level of an electronic transition
of the electrons associated with the bonds in the molecules.
When the frequency of the laser beam overlaps an elec-
tronic transition energy level, the vibrational modes of that
molecule’s transition are greatly increased and the resulting
spectra exhibit Raman scattering intensity enhancement. For
example, the light resonance effect at an excitation of 532 nm
enhances the vibrational modes associated with the bonds in
flavin molecules, while other vibrational modes remain unaf-
fected. The resonance enhancement of the vibrational modes
in RR spectroscopy becomes useful for studying large biomol-
ecules with chromophores embedded in their structure and
the vibrational modes associated with the absorbing groups.
This allows RR spectra to be collected from small molecular
concentrations and particular spectral patterns may emerge
and may be utilized as markers in the vibrational spectra. The
resonance effect is the major difference between the spectra
collected using conventional Raman spectroscopy and RR
spectroscopy — with the spectra collected using RR Raman
exhibiting smaller number of peaks, but peaks with higher
resolution. Previous non-allowed peaks can be recognized by
targeting specific electronic transitions in key biomolecules
in tissues, cells and organelles such as flavins, NADH, col-
lagen, elastin, mitochondrion, cytochromes and other heme
proteins.

In comparison to the conventional Raman spectroscopy, RR
spectroscopy can:

1. Better detect molecular vibrations in biological tissues,
affected by the structure, composition, environment and
molecular interactions in cells and tissues in their natural
state without adding labels or contrast enhancing agents.

2. Detect some infrared-active (IR-active) vibrations whose
signals are too weak to be detected in the conventional
Raman spectra (16, 28).

3. Detect more modes enhanced of vibrational modes, due to
the excitation wavelength close to or overlapping with the
absorption wavelength of molecules, that are key to the
characterization of molecules within cells and tissues.

4. Detect biological changes on the molecular level with a
higher resolution.

5. Transcend the limitations of the standard absorption—
emission processes, limitations due to the large density
of vibrational peaks, broadened by the contributions from
homogenous and inhomogeneous biomedical processes,
to produce a higher resolution of spectra.
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6. Target vibrational groups associating with biomolecules
(tryptophan, collagen, elastin and NADH) in tissues and
cells.

This study investigates more extensively the differences in
the resonance Raman (RR) and regular Raman (RS) spectra
collected from normal and cancerous breast tissues using 532
and 785 nm excitation wavelengths. The thrust of this report is
to demonstrate the importance of RR in cancer research. This
work extends previous works in breast cancer detection from
conventional Raman spectroscopy into resonance Raman.

Materials and Methods
Tissue Acquisition

Human normal and malignant breast tissue samples, exhibit-
ing varying stages of disease were obtained from the National
Disease Research Interchange (NDRI), the Cooperation
Human Tissue Network (CHTN) and the Beijing Cancer Hos-
pital (Beijing, China). The tissue specimens were as follows:

* All breast tissues specimens including normal, benign and
cancerous tissues were from female patients.

* All cancer tissue specimens were invasive ductal carci-
noma (IDC), but two of the cancer tissues were ductal
carcinoma in situ (DCIS).

* The benign breast lesion tissues were designated as
fibroadenoma with necrosis (in the pathology report,
meaning that necrotic breast cancer cells can be seen
within the tissue sample).

* The bulk of the tissue came from patients ranging in age
from 32 to 71 years, with the median age of 55 years, with
one normal tissue specimen from a female of 16 years.

Although the benign breast lesions represent an abnormal
proliferation, the morphology and composition of this tis-
sue are more similar to that of normal breast tissue and these
lesions will not become cancerous. In comparison, cancerous
breast tissue exhibits gross morphological differences, differ
in composition and yielded spectral features that are mark-
edly different.

This study were exempt from Institutional review board
(IRB) review, as the tissues that were not obtained from
tissue banks, were collected and maintained in such a man-
ner that subjects cannot be identified, directly or through
identifiers linked to the subjects, which falls under Exemp-
tion #4. Only anonymous tissue specimens acquired from
a tissue bank (NDRI) without patient identifiers was used
in this study. Whenever possible, matched normal controls
were obtained from the same patient, if available, from the
tissue bank.

Tissue Preparation

Specimens were not chemically treated prior to the spectro-
scopic studies. The tissue specimens were frozen using lig-
uid nitrogen (LN2, Snap Frozen) and maintained frozen until
they were packed in dry ice and shipped. All tissues arrived
still frozen on dry ice, uncut and in irregular shapes and were
maintained at —80°C until they were thawed to ambient room
temperature for the spectroscopic studies. In preparation for
the collection of RR spectra with an excitation wavelength of
785nm, specimens of random shapes were mounted inside
standard quartz cuvettes (1 X 1 X 4.5c¢cm) NSG Company
(USA). Care was taken to minimize gaps between the tis-
sue and the inside walls of the cuvette. In preparation for the
collection of spectra using the confocal micro Raman sys-
tem with 532 nm excitation, the specimens were placed on a
quartz plane. The average size of the specimens was approxi-
mately 10 X 20 X 2mm.

Raman Spectral Measurements

A total of 436 Raman spectra were acquired from speci-
mens of normal, benign and cancerous tissues taken from 10
patients using the R2000 Raman system (Ocean Optics Inc.,
Dunedin, FL, USA) and 55 RR spectra were acquired from
normal and cancerous tissue specimens taken from three
patients — each set taken from the same patient — using the
confocal micro RR system.

NIR Regular Raman Spectra Acquisition (785 nm)

The Raman spectra from normal, benign and the carcinoma
tissues were acquired using Ocean Optics R-2000 NIR-Raman
spectrometer. This Raman system consists of multimode
solid-state diode laser with an output power of 500mW at
room temperature and an “all-in-one” fiber optic probe with a
spectral resolution of 15cm™!. At the focal point in the tissue
specimen, the laser power was 175mW, with an excitation
spot size 0.5 mm. The Raman spectra were acquired in the
backscattered direction (29), with an integration time of
30 seconds. Three spectra were collected at each location and
averaged to reduce the noise level.

Confocal Micro RR Spectra Acquisition (532 nm)

The RR spectra were acquired using the Jobin Yvon (JY
HR-800, France), confocal micro Raman spectrometer,
equipped with a multichannel modular triple system and con-
focal microscopy with a 100X objective lens. The excitation
laser spot diameter focused on the sample position was about
1 um. The 532nm wavelength solid-state Coherent Company-
Verdi-2 diode laser (Coherent Company, Santa Clara, CA,
USA) with an output of 3.5mW was used as an excitation
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source. The laser power at the sample was kept to 0.9mW and
the typical spectrum acquisition time was 20-40 seconds, with
an integration time of 4 X (20-40) seconds. All spectra were
acquired at room temperature. The final spectral resolution
was 2cm™! in the range of interest, from 500 to 4000cm™!.

Data Analysis: Spectrum Pre-processing

The spectra collected using Ocean Optics R-2000 Raman
spectrometer yielded a strong fluorescence background. This
background was removed by using the Microcal Origin Pro
7.0 software (Microcal, Inc., Northampton, MA) and the
fluorescence background was removed by fitting the spectra
to a quadratic function. Although the quadratic fluorescence
background correction is not justified theoretically, it greatly
simplifies computation and ensures high performance in the
cancer detection in the experiment. The spectra collected
using the RR system demonstrated almost no fluorescence
background due to the two active confocal pinholes that elim-
inate fluorescence light and stray light, but the software was
used to remove the background, if needed.

Analysis Method

The cancerous, benign and normal tissue specimens were
classified by the support vector machine (SVM) which is
well-known as one of the most powerful classifiers. Since
the Raman and RR spectra are practically sampled into high
dimension in the Raman shifts, training of SVM using directly
the high dimensional data might be suffered from the curse of
dimensionality. To reduce significantly the data dimensional-
ity while retaining the most power of the data, the data spectra
can be projected onto a subspace spanned by a few of princi-
pal components (PCs) along which the data present the most
power, so called principal component analysis (PCA) (30-32).
Specifically, let X = (x(1), ..., X(N)) be the matrix of Raman
spectra of all N samples, which can be decomposed into

X = USV7, [1]

where S = diag(s,, ..., sy) is the diagonal matrix of singu-
lar values in the descending order, U = (u(1), ..., u(N)) and
V = (v(1), ..., v(N)) are the matrices of column and row sin-
gular vectors, and s; is the power of data in the dimension of
i singular vector. In general, a small number n of column
singular vectors u(l), ..., u(n), the PCs, can be chosen such
that most power of data are located in the subspace spanned
by them. The significance of the selected PCs can be eval-
uated by the power usage, defined as the portion of power
located in the subspace spanned by the selected PCs to the
total power of data, which can be calculated by

n 2
s

P=Cv— 2]

2
Zizlsi
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In practice, n can be much smaller than the dimensionality of
data. All Raman spectra are projected onto the subspace and
the dimensionality is reduced to n. Since most power of data
is retained in this subspace, the reduction of dimensionality
only slightly reduces the discriminability of data in cancer
detection. On the other hand, the significant reduction of
dimensionality can effectively obviate the curse of dimen-
sionality in training of the SVM classifier

w'y=b, (3]

a hyperplane in the subspace. The sensitivity and specific-
ity can be obtained by the SVM classifier. By adjusting the
distance b of the classifier to the origin and keeping the nor-
mal direction determined by w, the receiver operating char-
acteristic (ROC) in terms of sensitivity and specificity can be
obtained. The ROC curve is a graphical plot of true positive
rate vs. false positive rate. Accuracy of the performance can
be measured by the area under the ROC curve (AUC).

Results and Discussion
NIR Regular Raman Spectroscopy

The Raman spectra are characterized by six prominent peaks
at 821, 1080, 1262, 1318, 1453 and 1663 cm™'. Figure 1A, 1B
and 1C display three Raman spectral curves obtained in vitro,
from normal breast tissues, benign lesions and cancerous
breast tissues, respectively, using an excitation wavelength of
785 nm. Each spectrum was labeled according to the patholog-
ical diagnosis and spans the scan region of 700-1800cm™".

The three major Raman peaks investigated in this study were
at 1663 cm™!, the protein amide I peak due to carbonyl (C=0)
stretching; the 1453cm™!, the protein amide II peak due to
methylene (—CH,—) deformation; and the 1262cm™!, pro-
tein amide III peak due to C—N single bond stretching and
N—H bending. A lipid peak at 1746cm ™! in the spectra from
the cancerous tissues (Figure 1C), was found to have been
greatly diminished compared with Raman spectra from nor-
mal tissues in Figure 1A and the benign lesions in Figure 1B.
The differences in the spectra of the normal (Figure 1A) and
cancerous tissues (Figure 1C) in the intensity ratio of the
peaks at 1453 to 1663 cm™! is striking.

The spectrum in Figure 1C displays a higher intensity ratio
(1663-1453 cm™") compared with the spectrum in Figure 1 A. In
the spectra from the cancerous tissue, the intensity of the amide
I peak around 1663cm™' appears stronger than 1453cm™!
peak, which implies an increase of protein concentration.

The typical Raman spectrum from benign lesions (Figure 1B),
shows spectral peaks more similar to the spectrum from nor-
mal tissues (Figure 1A) than to that of spectrum collected
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Figure 1: Three Raman spectral curves obtained in vitro from (A) normal

breast tissues, (B) benign breast lesions and (C) IDC cancerous tissues using
the NIR-Raman probe.

from cancerous tissue (Figure 1C), especially in the peak of
1445 cm™! (fatty acids—lipid protein —CH,~) and the 1662cm™!
(amide I) peaks and the ratios of those peak intensities. When
one considers the protein peak at 1607 cm™! is stronger than the
fatty acid methylene (—CH,—) bond vibration at 1445cm™!
in the spectra collected from benign lesions (Figure 1B), this

pattern more closely resembles the pattern of the spectra col-
lected from cancerous tissue, that showed an increase in the
protein contribution due to the differences in the connective
extracellular matrix (stroma) in tumor tissues. This is indica-
tive of the capabilities of using Raman spectra in distinct clas-
sification of the three types of clinically encountered tissues.
The classification method and results are presented.

The results showed a clear distinction between the Raman
spectra collected from normal and cancerous tissues in the
spectroscopic region of 700-1800cm™!, by the peak positions
and the peak intensity ratios of the spectral peaks characteris-
tic of the cellular components (5, 6, 10, 15).

Confocal Micro RR Spectroscopy

The RR spectral experiments, carried out using JY HR-800,
Confocal Raman micro-spectrometer with excitation wave-
length of 532nm, have been demonstrated as useful in
numerous applications for the detection of proteins, nucleic
acids and polycyclic aromatic hydrocarbons. Using the
532nm excitation, generally results in a larger number of
Raman spectral peaks enhanced because the 532 nm excita-
tion approaches the absorption wavelengths of more species
of cellular molecules, such as some proteins, enzymes, coen-
zymes and lipids. In addition, pre-resonance Raman enhance-
ments also dramatically increased the number of peaks in the
Raman spectra (33-35). In this study, the RR spectra col-
lected showed a limited number of sharp and very intense
peaks resulting from resonance enhancements.

Figure 2 displays the RR spectra collected from tissues diag-

nosed as normal breast tissue (normal) and stage II IDC can-
cer, in the scan region of 500-4000cm™". Spectral peaks near
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Figure 2: The RR spectra of normal and cancer (IDC stage II) breast
tissues over the full scan region of 500-4000cm™". The RR spectra collected
of normal tissues (solid black line) and IDC tissues (red dotted line). Both
sets of tissues were from same patient.
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1545, 1585 and 1605cm™! as displayed in Figures 2 and 3,
with the amide II peak (1545cm™!) were greatly enhanced in
the spectra collected from the cancerous tissues.

Figure 3 displays the RR spectra from normal breast tissue
and cancerous breast tissue in an enlarged scale region of
500-1800cm™!. The spectra collected from normal breast tis-
sue exhibited seven major peaks — 750, 1004, 1156, 1306,
1441, 1521 and 1656 cm™!. Figure 4 exhibits intense peaks in
the 2854-3013 cm™! region. In making assignments, the peak
at 750cm™! corresponds to the C—H out-of plane deforma-
tions, the methyl rocking modes and C—C stretching modes
are between 1000 and 1200cm™!; the in-plane C—H bends,
methyl (—CH;) deformations and C=C stretching modes
are between 1200 and 1600cm™!; and the region between
2800 and 3100cm™! is quite complex, containing at least
ten Raman vibration peaks, assigned to methyl (—CH;) and
methylene (—CH,—) groups and the Fermi resonance vibra-
tions of the 8(C—H) overtones (28, 36-38). Specific assign-
ments of individual peaks can be found in Table 1.

The RR spectra collected twelve enhanced characteristic
peaks from the cancerous breast tissue, including an
enhanced amide II peak at 1548 cm™! within the region of
500-1800cm™~! (Figures 2 and 3) and a broad band of peaks
at 2807-2986cm™! within the 2500-3500cm™! region was
observed (Figures 2 and 4), due to the methyl (—CHj;) and
methylene (—CH,—) group bonds, are markedly diminished
in the spectra of cancerous tissues vs. the spectra collected
from the normal tissues (39-43).

In comparing the RR spectra of the cancerous tissues vs.
normal tissues, displayed in Figure 3, it is important to note
that the amide II peak at 1548 cm™! — a mixture of the C—N
stretching motion and the C—N—H angle bending motion —is
enhanced in the cancerous tissue, a peak in the 1087 cm™! area
(sugar, C—=OH), 1172cm™! (methyl, —CHj, rock), 1223cm™!
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Figure 3: The RR spectra of normal and cancer (IDC stage II) breast
tissues over the range of 500-1800cm ™.
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Figure 4: The RR spectra of normal and cancer (IDC stage II) breast

tissues over the higher wavenumber range of 2500-3500cm ™.

(enhanced amide IIT) and in the 1330-1380cm™! range, the
peaks are enhanced, representing the vibrations due to the
methyl (—CH;) and methylene (—CH,—) groups (36-38).
Although the methyl (—CHj,) 1378 cm™! deformation peak is
enhanced in the spectra of cancerous tissue, Figure 4 shows
that the overtone at 2727 cm™! is diminished when compared
to the spectra of normal tissue and a relative decrease in
lipid concentration, exhibited by the diminished peaks in the
2950-3050cm™! range in the spectra collected from cancer-
ous tissues (Figures 2 and 4).

The peak near 2935cm™! (Figure 4), due to the antisymmet-
ric stretch of methylene (—CH,—) groups and a possible con-
tribution of an overtone of the in-phase symmetric methyl
(—CHs;) stretching vibration and Fermi resonance with the
—CH, vibration at 1460cm™! deformation peak overtone,
though this vibration yields a diminished peak in the spectra
of cancerous tissue.

These changes can be used as a mode marker for discriminat-
ing the spectra from cancerous tissues from that from normal
tissues such as the 1358 cm™! peak, from the CH;—(C=0)
stretch; 1378 cm™!, from the methyl (—CHj;) in-phase defor-
mation; the 1463 cm™! peak, from the antisymmetric methyl
(—CH,) out-of-plane deformation; the 1548 cm™! peak, from
the protein amide II derived mainly from the in-plane N—H
bending; the 1589 cm™! peak, the C—C stretching and phos-
phate (O—P—0) symmetric stretching vibrational mode,
characteristic of nucleic acids; the 1605cm™! peak, C—0O
stretching, and C=C bending in phenylalanine and tyrosine,
in proteins; the 1639 and 1656cm™! peaks, the amide T
peak of o-helical and unordered proteins (44-47); and the
1746 cm™! peak, diminished in the spectra from cancerous
cells, from the carbonyl (C=0) stretch of phospholipids
(18, 34, 35). The amide IT peak at about 1550 cm™! is due to

Technology in Cancer Research & Treatment 2013 February 22. Epub ahead of print



Resonance Raman Spectroscopy Detection of Breast Cancer 7

Table I

Raman band frequencies and assignments of breast tissue.

Raman shift cm™! Assignment

Intensity changes in lesion
compare to normal tissue

676 V(3 (CCN)), Vinyl & Porphyrin modes Enhanced

750 CH, rock, symmetric breathing of tryptophan Enhanced

975 =C—H out-of-plane deformation Enhanced

1004 Symmetric CC aromatic ring breathing Similarity

1098-1130 CC stretch, CC skeletal stretch trans, PO, symmetric Enhanced

1156 CH;rock Distinct peak in normal
1172 CHj; rock Similarity

1223 Amide IIT Enhanced

1306 Amide III (N-H), o-helix, C—C Str & C—H bending Enhanced

1338 CH, deformation Enhanced

1358 CH;—(C=0), strong than hydrocarbons Enhanced

1378 CHj; in-phase deformation Enhanced

1421-1463 8(CH,) bending, 8(CH), out-of-phase deformation Similarity or weaker
1521 Amide II, shift to 1548 Distinct peak in normal
1548 Amide II, in plane N—H bending Enhanced

1589 C—C stretching, C—H bending Enhanced

1605 CO stretching, C=C bending Enhanced

1639 Amide I in a-helix Enhanced

1656 Amide I unordered Shit to 1639cm™!

1746 v(C=0) Reduced

2727 1378 cm™! bend overtone Reduced

2807 Aliphatic —N—CHj, amine Weaker

2854 Vv(CH,) Distinct peak in normal
2892 v(CH,, FR) Distinct peak

2900 CHj; strong symmetric str. Weaker

2933-2935 v(CH;, FR) Distinct peak

2985 CHj;, medium asymmetric str. Weaker, distinct peak
3013 CH;—(C=0) Distinct peak in normal
3166 v(O—H) water band Increased

3227 v(O—H) water band Increased

v: Stretch; FR: Fermi resonance; 8: Bending; Refs. [29, 36-38, 47, 48].

out-phase N-H bending over C—N and is usually weak but
can be observed in the RR (48, 49).

In the spectra collected from normal tissue, an observed
methylene (—CH,) peak grows sharply at 2854cm™! as
seen in Figure 4, while in the spectra from cancerous tis-
sues the peaks in that same area appear to be broader, less
intense and less distinct. This difference in bandwidth and
diminished intensity in the spectra of cancerous tissues vs.
the spectra of normal tissues may be the result of the fact
that the concentration of adipose cells is lower in cancerous
breast tissues, as opposed to normal breast tissues, although
changes in the patterns of DNA and protein methylation
have been implicated in tumorigenesis. Although changes in
methylation been detected in cancerous cells and tissues in
some other cancers, the dramatically lower concentration of
adipose cells in breast cancer tissues, thus a greatly dimin-
ished spectral contribution due to those vibrations, could
mask any detection by vibrational spectroscopy of changes
in the methylation states of DNA and/or protein that could be
disease-related (43, 50).

Statistical Analysis

The NIR-Raman spectra of 103 normal tissues, 38 benign
lesions and 150 cancerous tissues were analyzed using the
SVM and PCA. The SVM with PCA in the analysis of Raman
spectra is highly effective for cancer detection. As shown in
Table II, the performance is improved as the power of the data
located in the subspace spanned by the selected PCs increases.
When 16 of the most important PCs were used, the total power
ratio of the data in the subspace over the entire data set reaches
99.6% and the AUC achieves 99.4% or higher. Moreover, the
sensitivity and specificity are 0.968 and 1.000 respectively,
when compared to the pathology reports —the “gold standard” —
for the characterization of the spectra from cancerous tissues
against spectra from benign lesions (as a class) against the
spectra from normal tissues (as a class), while the sensitivity
and specificity are 0.980 and 0.979 respectively, for the char-
acterization of the spectra from cancerous tissues (as a class)
against the spectra from benign lesions and normal tissues (as
a class). Increasing the number of PCs over the 16 PCs no
longer improved the performance.
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Table 11
Classification performance in analysis of Raman spectra.
Normal vs. benign and cancerous Normal and benign vs. cancerous
P(%) Sensitivity Specificity AUC Sensitivity Specificity AUC

1PC 0.659 0.856 0.505 0.664 0.800 0411 0.576

2 PCs 0.897 0.872 0.612 0.773 0.633 0.681 0.773

3 PCs 0.948 0.878 0.670 0.845 0.860 0.645 0.864

4 PCs 0.964 0.941 0.825 0.950 0.840 0.830 0.930

8 PCs 0.989 0.979 0.932 0.990 0.933 0.915 0.970

16 PCs 0.996 0.968 1.000 0.994 0.980 0.979 0.997
Figure 5 displays the first four PCs obtained by PCA for the 2000

. . Normal
NIR-Raman spectra of normal breast tissues, benign breast PP
lesions and DCIS breast cancer tissues. 1500 Benign
. . P L SVM 1

Figure 6 displays the NIR-Raman spectra from normal breast 1000 = - SVM 2
tissues, benign breast lesions and DCIS breast cancer tissues,
projected onto the subspace spanned by the PC 1 and PC 2 S 500
as diagnostically significant components. The black dotted & [™ e
line is the SVM classifier discriminating the spectra from the o e
benign breast lesions and cancerous breast tissues (as a class) e
from the spectra from normal breast tissues (as a class) that -500
yielded a diagnostic sensitivity of 0.872 and specificity of
0.612 (given in Table II). The cyan dashed line is the SVM -1000

classifier discriminating the spectra from the cancerous breast
tissues (as a class) from the spectra from the benign lesions
and normal breast tissues (as a class), that yielded a diagnos-
tic sensitivity of 0.633 and a specificity of 0.681 (given in
Table II).

Figure 7 displays the NIR-Raman spectra from the normal
breast tissues, benign breast lesions and DCIS breast cancer

Intensity (a.u.)

800 1000 1200 1400 1600

Raman shift (cm'1)

1800

Figure 5: The first four principal components (PCs) obtained by PCA for
the NIR-Raman spectra of normal, benign and cancerous breast tissues.

™

-2000

41500  -1000 -500
PC1

-2500

Figure 6: The NIR-Raman spectra of normal, benign and cancerous breast
tissues projected onto the subspace spanned by the principal components
(PCs) — PC 1 and PC 2 — as diagnostically significant components.

tissues, projected onto the subspace spanned by the PC 1 and
PC 4 as diagnostically significant components. The black
dotted line is the SVM classifier discriminating the spectra
from the benign breast lesions and cancerous breast tissues
(as a class) from the spectra from normal breast tissues,
that yielded a diagnostic sensitivity of 0.894 and 0.767 (not
given in Table II). The cyan dashed line is the SVM classi-
fier discriminating the spectra from the cancerous breast tis-
sues from the spectra from benign lesions and normal breast
tissues (as a class), that yielded a diagnostic sensitivity of
0.813 and 0.766 (not given in Table II).

Figure 8 displays the ROC under the PCA analysis and SVM
classifier vs. the number of PCs as the diagnostically signifi-
cant component(s) in discriminating the cancerous and benign
breast tissues (as a class) from the normal breast tissues.

Figure 9 displays the ROC under the PCA analysis and SVM
classifier vs. the number of PCs as the diagnostically sig-
nificant component(s) in discriminating the cancerous breast
tissues from the benign lesions and the normal breast tissues.
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Figure 7: The NIR-Raman spectra of normal, benign and cancerous breast
tissues projected onto the subspace spanned by the principal components
(PCs) — PC 1 and PC 4 — as diagnostically significant components.

The RR spectra collected from a small set of 10 normal
and 5 cancerous tissues were also analyzed by the PCA and
SVM. The results are presented in Table III and Figures
10-12. When three PCs were used, the cancerous tissues
were already detected with both sensitivity and specificity
at 100%. To obtain a statistically more convincing result in
RR data analysis, a larger set of tissues will be considered in
future work.
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Figure 8: The receiver operating characteristic (ROC) under the principal
component analysis (PCA) and the support vector machine (SVM) classifier
vs. the number of PCs as the diagnostically significant component(s) in dis-
criminating the NIR-Raman spectra of cancerous and benign breast tissues
(as a class) from the spectra of normal breast tissues.
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Figure 9: The receiver operating characteristic (ROC) under the principal
component analysis (PCA) and the support vector machine (SVM) classifier
vs. the number of PCs as the diagnostically significant component(s) in dis-
criminating the NIR-Raman spectra from cancerous breast tissues from the
spectra of benign and normal breast tissues (as a class).

Table IIT
Classification performance in analysis of resonance Raman
spectra.
Normal vs. cancerous

P(%) Sensitivity ~ Specificity AUC
1PC 0.832 0.800 0.900 0.900
2 PCs 0.919 1.000 0.900 0.920
3 PCs 0.960 1.000 1.000 1.000
4 PCs 0.975 1.000 1.000 1.000

0.1

0.05

Intensity (a.u.)
o

1500 2000 2500 3000 3500 4000
Raman shift (cm'1)
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Figure 10: The first four principal components (PCs) obtained by princi-
pal component analysis (PCA) for the RR spectra of normal breast tissues
and IDC cancer breast tissues.
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Figure 11: The RR spectra of normal breast tissues and IDC breast cancer

tissues projected onto the subspace spanned by the principal components
(PCs) — PC 1 and PC 2 — as diagnostically significant components.

Figure 10 displays the first four principal components
obtained by PCA for the RR spectra collected from normal
breast tissues and IDC breast cancer tissues.

Figure 11 displays the RR spectra from normal breast tissues
and IDC breast cancer tissues projected onto the subspace
spanned by the PC 1 and PC 2 as diagnostically significant
components. The black dotted line is the SVM classifier dis-
criminating cancerous tissues from the normal tissues that
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Figure 12: The RR spectra of normal breast tissues and IDC cancer breast
tissues projected onto the subspace spanned by the principal components
(PCs) — PC 1 and PC 3 — as diagnostically significant components.

Liu et al.

yielded a diagnostic sensitivity of 0.80 and specificity of 0.90,
as compared with the pathology results, given in Table III.

Figure 12 displays the RR spectra from normal breast tissues
and IDC breast cancer tissues projected onto the subspace
spanned by the PC 1 and PC 3 as diagnostically significant
components. The black dotted line is the SVM classifier dis-
criminating cancerous tissues from the normal tissues that
yielded a diagnostic sensitivity of 1.00 and specificity of 1.00
(not given in Table III).

Conclusion

This study shows the capabilities of the use of Resonance
Raman spectroscopy to classify three types of clinically
encountered tissues — normal breast tissue, benign lesions
and cancerous breast tissue. The spectra collected from
tissues using RR spectroscopy revealed new informa-
tion. The methyl group peaks in the spectra collected from
breast cancer tissue have been identified with enhanced
intensity at 1378cm™!, and another methyl group on an
aromatic ring that has one peak near 2935cm™" is due to the
in-phase symmetric methyl (—CHj;) stretching vibration and
a vibration in Fermi resonance with the —CH; 1460cm™!
deformation peak overtone — a weaker vibration in the
spectra collected from breast cancer tissues. Multivariate
statistical analyses were carried out of the Raman spectral
data to develop a classification model to discriminate the
spectra from abnormal breast tissues from the spectra from
normal breast tissues.

The RR spectral analyses of the methyl group vibrations
in the peaks at 1378cm™!, the broadened band of peaks at
2854-2985cm™! and the intense amide II peak, as well as
another eleven enhanced peaks may be useful in distinguishing
the spectra collected from breast cancer tissues from the spectra
collected from normal breast tissues. RR spectroscopy detects
biochemical changes within cells and tissues during biological
processes, including the progression of disease states.

The intense resonance enhancement displayed in two groups
of peaks — one at 1338-1378cm™! and the second group at
1548-1605 cm™! — suggests that the 532 nm excitation wave-
length matched (or closely matched) the molecular absorp-
tion wavelengths for molecular compounds in the cells and
tissues. For example, the metalloprotein, hemoglobin, has
one absorption band at 534 nm. Similarly, the mitochondrial
electron transport protein, cytochrome c, has one absorption
wavelength at 552 nm (under hypoxia conditions) and a two-
photon absorption (TPA) process under RR conditions. The
RR spectroscopic technique, using the 532nm wavelength
excitation, revealed key differences in the spectra from
cancerous breast tissues vs. normal breast tissues, in peaks
associated with proteins on the molecular level in cancer
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tissues and may have detected a greater contribution of
some heme proteins, such as the cytochromes that reside in
the mitochondria (28, 51-54).

The results of the multivariate statistical analyses, the high
level of sensitivity and specificity in the discrimination
and the encouraging results obtained by these statistical
techniques, demonstrate the potential usefulness of Raman
spectroscopy in clinical diagnosis. This study demonstrates
that both non-resonance Raman and RR spectroscopy have
the potential of use in less invasive and real-time diagnosis
as well as detection and classification of breast cancer at
the molecular level using optical fiber based needles for
in vivo testing.

Conflict of Interest

We certify that regarding this paper, no actual or potential
conflicts of interests exist.The paper is original, has not been
accepted for publication nor is concurrently under consider-
ation elsewhere, and will not be published elsewhere without
the permission of the Editor. All the authors have contributed
directly to the planning, execution or analysis of the work
reported or to the writing of the paper.

Acknowledgments

This research is supported in part by US Army Medical
Research and Material Command (USAMRMC) under grant
of #W81XWH-11-1-0335 (CUNY RF # 47204-00-01). The
authors acknowledge the help of Ms. L. A. Sordillo for helping
ordered and kept four normal and cancerous breast tissue
specimens for the measurements. We are also grateful to
Mr. C. Y. Zhang, Mr. M. Z. Fan, and Dr. X. H. Ni for their
assistance in all the experiments and critical suggestions
concerning the manuscript.

References

1. American Cancer Society. Cancer facts & figures 2012, Atlanta:
American Cancer Society (2012).

2. Cutler, M. Transillumination as an aid in the diagnosis of breast
lesions with spectral reference to its value in cases of bleeding nipple.
Surg Gynecol Obstet 48, 721-729 (1929).

3. Fray, W. W., Warren, S. L. Stereoscopic roentgenography of breast,
An aid in establishing the diagnosis of mastitis and carcinoma. Ann
Surg 95, 425-432 (1932).

4. Johnson, J., Dalton, R., Wester, S., Landercasper, J., Lambert, P.
Histological correlation of microcalcifications in breast biopsy speci-
mens. Arch Surg (Chicago) 134, 712-715 (1999).

5. Haka, A. S., Shafer-Peltier, K. E., Fitzmaurice, M., Crowe, J.,
Dasari, R. R., Feld, M. S. Diagnosing breast cancer by using Raman
spectroscopy. PNAS 102(35), 12371-12376 (2005).

6. Haka, A. S., Volynskaya, Z., Gardecki, J. A., Nazemi, J., Lyons, J.,
Hicks, D. In vivo margin assessment during partial mastectomy
breast surgery using Raman spectroscopy. Cancer Res 66(6),
3317-3322 (2006).

11.

12.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Liberman, L., Dershaw, D. D., Rosen, P. P., Abramson, A. F.,

Deutch, B. M., Hann, L. E. Stereotaxic 14-gauge breast biopsy, how
many core biopsy specimens are needed? Radiology 192, 793-795
(1994).

. Alfano, R. R., Tata, D., Cordero, J., Tomashefsky, P., Longo, F. W.,

Alfano, M. A. Laser induced fluorescence spectroscopy from native
cancerous and normal tissues. IEEE J Quant Electron 20(12), 1507
(1984).

. Alfano, R. R., Tang, G. C., Pradhan, A., Lam, W., Choy, D. S. J.,

Opbher, E. Fluorescence spectra from cancerous and normal human
breast and lung tissues. I[EEE J Quant Electron 23, 1806 (1987).

. Alfano, R. R., Liu, C. H., Sha, W. L., Zhu, H. R., Akins, D. L.,

Cleary, J., Prudente, R., Clemer, E. Human breast tissues studied by
IR Fourier transform Raman spectroscopy. Lasers Life Sci 4, 23-28
(1991).

Liu, C.-H., Das, B. B., Glassman, W. L., Tang, G. C., Yoo, K. M.,
Zhu, H. R., Akins, D. L., Lubicz, S. S., Cleary, J., Prudente, R.,
Celmer, E., Caron, A., Alfano, R. R. Raman, fluorescence and time-
resolved light scattering as optical diagnostic techniques to separate
diseased and normal biomedical media. J Photochem Photobiol B
16(2), 187-209 (1992).

Pu, Y., Wang, W. B., Tang, G. C., Alfano, R. R. Changes of colla-
gen and nicotinamide adenine dinucleotide in human cancerous and
normal prostate tissues studied using fluorescence spectroscopy
with selective excitation wavelength. J Biomed Opt 15, 047008-1-5
(2010).

. Sun, Y., Pu, Y., Yang, Y. L., Alfano, R. R. Biomarkers spectral

subspace for cancer detection. J Biomed Opt 17(10), 107005-1-9
(2012).

. Pu, Y., Wang, W.B,, Yang, Y. L., Alfano, R. R. Stokes shift spectros-

copy highlights differences of cancerous and normal human tissues.
Opt Lett 37(16), 3360-3362 (2012).

. Schafer-Peltier, K. E., Haka, A. S., Fitzmaurice, M., Crowe, J.,

Myles, J., Dasari, R. R., Feld, M. S. Raman microspectroscopic model
of human breast tissue: implications for breast cancer diagnosis
in vivo. J Raman Spectrosc X 33, 552-563 (2002).

Lorincz, A., Haddad, D., Naik, R., Naik, V., Fung, A., Cao, A.,
Manda, P. Raman spectroscopy for neoplastic tissue differentia-
tion: a pilot study. Journal of Pediatric Surgery 39(6), 953-956
(2004).

Mo, J., Zheng, W., Jeffrey, J. H., Low, J., Ng, J., Ilancheran, A.,
Huang, Z. W. High wavenumber Raman spectroscopy for in vivo
detection of cervical dysplasia. Anal Chem 81, 8908-8915 (2009).
Abramczyk, H., Brozek-Pluska, B., Surmacki, J., Jablonska, J.,
Kordek, R. The label-free Raman imaging of human breast cancer.
Journal of Molecular Liquids, 164(1-2), 123-131 (2011).
Abramczyk, H., Brozek-Pluska, B., Surmacki, J., Jablonska-Gajewicz,J.,
Kordek, R. Raman optical biopsy of human breast cancer. Progress in
Biophysics and Molecular Biology 108, 74-81 (2012).

Redd, D. C. B,, Feng, Z. C., Yue, K. T., Gansler, T. S. Raman spec-
troscopic characterization of human breast tissues: implications for
breast cancer diagnosis. Appl Spect 47, 787-791 (1993).

Frank, C. J.,, Redd, D. C. B., Gansler, T. S., McCreery, R. L. Char-
acterization of human breast biopsy specimens with near-IR Raman
spectroscopy. Anal Chem 66, 319-326 (1994).

Marchant, G. J. Contemporary management of breast cancer Obstet.
Gynecol Clin North Am 21, 555-560 (1994).

Frank, C.J., McCreery, R. L., Redd, D. C. B. Raman spectroscopy of
normal and diseased human breast tissues. Anal Chem 67, 777-783
(1995).

Manoharan, R., Shafer, K., Perelman, L., Wu, J., Chen, K.,
Deinum, G., Fitzmauice, M., Myles, J., Crowe, J., Dasari, R. R.,
Feld, M. S. Raman spectroscopy and fluorescence photon migration
for breast cancer diagnosis and imaging. Photochem Photobiol 67,
15-22 (1998).

Technology in Cancer Research & Treatment 2013 February 22. Epub ahead of print



12

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Mahadevan-Jansen, A., Richarda-Kortum, R. Raman spectroscopy for
cancer detection: a review. Proceedings—19 International Conference—
IEEE/EMBS, Oct. 30-Nov. 2, 2722-2728 (1997).

Bitar, R. A., Martinho. H. S. Tierra-Criollo, C. J., Zambelli Ramalho,
L. N., Netto, M. M., Martin, A. A. Biochemical analysis of human
breast tissues using Fourier-transform Raman spectroscopy. J Biomed
Opt 11(5), 054001 (2006).

Hanlon, E. B., Manoharan, R., Koo, T.-W., Shafer, K. E., Motz, J. T.,
Fitzmaurice, M., Kramer, J. R, Itzkan, I., Dasari, R. R., Feld, M. S.
Prospects for in vivo Raman spectroscopy. Phys Med Biol 45, R1-R59
(2000) [Printed in UK].

Pripotnev, S., Tsopmo, A., Frielb, J., Ianoul, K. UV resonance Raman
spectroscopy probes the amide II peak position in short breast milk
peptides with antioxidant activity. J Raman Spectrosc 42, 2105-2111
(2011).

Liu, C. H., Wang, W. B., Alimova, A., Sriramoju, V., Kartazayev, V.,
Alfano, R. R. Monitoring changes of proteins and lipids in laser
welded aorta tissue using biochemical component analyses. SPIE
Proceeding 7175, 717504 (2009).

Cortes, C., Vapnik, V. N. Support-vector networks, Machine Learning
20, 273-297 (1995).

Jackson, J. E. A User’s Guide to Principal Components. New York,
Wiley (1991).

Haka, A. S., Shafer-Peltier, K. E., Fitzmaurice, M., Crowe, J.,
Dasari, R. R., Feld, M. S. Identifying microcalcifications in benign
and malignant breast lesions by probing differences in their chemical
composition using Raman spectroscopy. Cancer Res 62, 5375-5380
(2002).

Spiro, T. G., Strekas, T. C., Resonance Raman spectra of hemoglobin
and cytochrome c: inverse polarization and vibronic scattering. Proc
Nat Acad Sci USA 69(9), 2622-2626 (1972).

Yazdi, Y., Ramanujam, N., Lotan, R., Richards-Kortum, R. Reso-
nance Raman spectroscopy at 257 nm excitation of normal and malig-
nant cultured breast and cervical cells. Applied Spectroscopy 53(1),
82-85 (1999).

Chan, J. W., Taylor, D., Zwerdling, T., Lane, S. M., Ihara, K.,
Huser, T. Micro Raman spectroscopy detects individual neoplastic
and normal hematopoietic cells. Raman Spectroscopy of Neoplastic
Cells 1, 1-22 (2005).

Tang, H., Yao, H., Wang, G., Wang, Y., Li, Y. Q., Feng, M. NIR
Raman spectroscopic investigation of single mitochondria trapped by
optical tweezers. Opt Express 15(20), 127-08-16 (2007).

Liu, C.-H., Ni, X. H,, Pu, Y., Yang, Y. L., Zhou, F., Zuzolo, R.,
Wang, W. B., Masilamani, V., Rizwanand, A., Alfano, R. R. Opti-
cal spectroscopic characteristics of lactate and mitochondrion as new
biomarkers in cancer diagnosis understanding warburg effect. Proc of
SPIE 8220(822), Optical Biopsy X, 1-11 (2012).

Tu, A. T. Raman Spectroscopy in Biology: Principles and Aplica-
tions. John Wiley & Sons, Inc., New York, 355 (1982).

Edsall, J. T. Raman spectra of amino acids and related substances III.
Ionization and methylation of the amino group. J Chem Phys 5,
225-238 (1937).

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

54.

Liu et al.

Mayne, L. C., Hudson, B. Resonance raman spectroscopy of
IV-methyiacetamide: overtones and combinations of the C-N Stretch
(amide 11") and effect of solvation on the C=0 stretch (amide I)
intensity. The Journal of Physical Chemistry 95, 2962-2967
(1991).

Das, P. M., Singal, R. DNA methylation and cancer. Journal of
Clinical Oncology Biology of Neoplasia 22, 4632-4642 (2004).
Kelly, J. G., Najand, G. M., Martin, F. L. Characterisation of DNA
methylation status using spectroscopy (mid-IR versus Raman) with
multivariate analysis. J Biophotonics 4(5), 345-354 (2011).

Hu, J., Zhang, C. Y. Single base extension reaction-based sur-
face enhanced Raman spectroscopy for DNA methylation assay.
Biosensors and Bioelectronics 31, 451-457 (2012).

Johnson, C. R., Ludwig, M., O’Donnell, S., Asher, S. A. UV reso-
nance Raman spectroscopy of the aromatic amino acids and myo-
globin. J Am Chem Soc 106, 5008-5010 (1984).

Barth, A., Zscherp, C. What vibrations tell us about proteins.
Quarterly Reviews of Biophysics 35(4), 369-430 (2002).

Ivo, F., Torres, P., Terner, J., Pittman, R. N., Proffitt, E., Ward, K. R.
Measurement of hemoglobin oxygen saturation using Raman
microspectroscopy and 532nm excitation. J Appl Physiol 27, 1-32
(2008).

Chi, Z. H., Chen, X. G., Holtz, J. S. W., Asher, S. A. UV esonance
ramanselective amide vibrational enhancement: quantitative method-
ology for determining protein secondary structure. Biochemistry 37,
2854-2864 (1998).

Lyng, F. M., o) Faoldin, E., Conroy, J., Meade, A., Knief, P,
Duffy, B., Hunter, M. B., Byrne, J. M., Kelehan, P., Byrne, H. J.
Vibrational spectroscopy for cervical cancer pathology from bio-
chemical analysis to diagnostic tool. Radiation and Environmental
Science Centre 1, 1-25 (2007).

Fantini, S., Walker, S. A., Franceschini, M. A., Kaschke, M.,
Schlag, P. M., Moesta, K. T. Assessment of the size, position and
optical properties of breast tumors in vivo by non-invasive optical
methods, Appl Opt 37(10), 1982-1989 (1998).

Wu, K., Su, X., Yamakawa, M. Detection of DNA methylation using
Raman spectroscopy. US patent Pub. No. US 2008/0241828 Al
(2008).

Adar, F., Erecifiska, M., Photoreductive titration of resonance Raman
spectra of cytochrome oxidase in whole mitochondria. Biochemistry
18(9), 1825-1829 (1979).

Sharp, M. G., Adams, S. M., Walker, R. A., Brammar, W. J.,
Varley, J. M. Differential expression of the mitochondrial gene cyto-
chrome oxidase II in benign and malignant breast tissue. J Pathol
168, 163-168 (1992).

. Steinke, J. M., Shepherd, A. P. Effects of temperature on opti-

cal absorbance spectra of oxy-, carboxy- and deoxyhemoglobin.
Clin Chem 38(7), 1360-1364 (1992).

Esteve-Nuiiez, A., Sosnik, J., Visconti, P., Lovley, D. R. Fluorescent
properties of c-type cytochromes reveal their potential role as
an extracytoplasmic electron sink in Geobacter sulfurreducens.
Environmental Microbiology 10(2), 497-505 (2008).

Received: May 18, 2012; Revised: December 15, 2012;
Accepted: December 19, 2012

Technology in Cancer Research & Treatment 2013 February 22. Epub ahead of print



