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High-wavenumber FT-Raman spectroscopy for in vivo
and ex vivo measurements of breast cancer
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Abstract The identification of normal and cancer breast
tissue of rats was investigated using high-frequency (HF)
FT-Raman spectroscopy with a near-infrared excitation
source on in vivo and ex vivo measurements. Significant
differences in the Raman intensities of prominent Raman
bands of lipids and proteins structures (2,800-3,100 cm_l)
as well as in the broad band of water (3,100-3,550 cmfl)
were observed in mean normal and cancer tissue spectra.
The multivariate statistical analysis methods of principal
components analysis (PCA) and linear discriminant anal-
ysis (LDA) were performed on all high-frequency Raman
spectra of normal and cancer tissues. LDA results with the
leave-one-out cross-validation option yielded a discrimi-
nation accuracy of 77.2, 83.3, and 100% for in vivo
transcutaneous, in vivo skin-removed, and ex vivo biopsy
HF Raman spectra. Despite the lower discrimination value
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for the in vivo transcutaneous measurements, which could
be explained by the breathing movement and skin influ-
ences, our results showed good accuracy in discriminating
between normal and cancer breast tissue samples. To
support this, the calculated integration areas from the
receiver-operating characteristic (ROC) curve yielded 0.86,
0.94, and 1.0 for in vivo transcutaneous, in vivo skin-
removed, and ex vivo biopsy measurements, respectively.
The feasibility of using HF Raman spectroscopy as a
clinical diagnostic tool for breast cancer detection and
monitoring is due to no interfering contribution from the
optical fiber in the HF Raman region, the shorter acquisi-
tion time due to a more intense signal in the HF Raman
region, and the ability to distinguish between normal and
cancerous tissues.
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Abbreviations

BLR Binary logistic regression
COBEA Brazilian college of animal experimentation
CTT Cancer tissue transcutaneous
DMBA  7,12-dimethylbenz(a)anthracene
EVCT Ex vivo cancer tissue

EVNT Ex vivo normal tissue

FT Fourier transform

HF High frequency

INCA National institute for cancer
HM Mammary hyperplasia

IR Infrared

IVCT In vivo cancer tissue

IVNT In vivo normal tissue
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LDA Linear discriminant analysis
NTT Normal tissue transcutaneous
PCA Principal component analysis
THz Terahertz

1 Introduction

Worldwide, breast cancer is the second leading cause of
cancer deaths in women (after lung cancer) and is the most
common type of cancers among women [1]. Early detection
and effective treatment are crucial to increase the survival
rate for breast cancer. Statistical studies indicate that breast
cancer is increasing in both developed and developing
countries. In Brazil, according to the National Institute for
Cancer (INCA), the estimated number of new cases of this
kind of cancer expected in 2010 will be 49,240 with an
estimated risk of 49 cases per 100 thousand women [2].

The most common technique to detect breast cancer is
screening mammography, which is a low-dose X-ray
examination. This technique quantitatively probes density
changes in breast tissue. However, this technique is
dependent only on the morphology and density of the
specimen, not on the chemical constituency, leading to no
definitive criteria for distinguishing malignant from benig-
nant tissue. This limitation in the lesion discrimination,
where only around 30% of the biopsied areas are malignant,
leads to the increase in the number of unnecessary biopsy
procedures [3, 4]. The risk of repeated exposure to harmful
ionizing radiations is also identified as a concern for this
method. Due to the failure of the mammographically
detected lesions to be definitively determined to be malig-
nant, other diagnosis techniques may be required/necessary,
for example, ultrasound and magnetic resonance imaging,
further increasing the patient’s stress.

In order to alleviate these problems, optical spectro-
scopic techniques such as fluorescence, diffuse reflectance,
infrared, and Raman scattering spectroscopies and imaging
are being used and developed for the detection of altera-
tions in both normal and cancerous tissues [5—10]. These
techniques can provide information about the composition
of tissue at a molecular level, are not destructive, and are
less invasive than current diagnostic procedures. Among
these techniques, Raman spectroscopy can provide the
most detailed information about the molecular composi-
tion, molecular structures, conformational and structural
changes, aggregation, and inter- and intra-molecular
interactions within the tissue under study [11]. Presently,
the so-called fingerprint region (400-2,000 cm™') of the
Raman spectrum has been more studied due to the more
detailed and very rich information content about the
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molecules of the tissue in the vibrational modes in this
region of the infrared and Raman spectra [10, 12-15].
More recently, the even lower-frequency region of the
infrared and Raman spectra, the so-called terahertz region,
has been suggested as being rich in information content
concerning low-frequency torsional modes that change
significantly as a function of secondary, tertiary, and quater-
nary structure, level of hydration, and the environment in
close contact with the biomolecules. Whether the terahertz
region [0.1-3.0 THz (3-100 cm™ )] will also be useful in
medical diagnosis, like the mid-IR/Raman (fingerprint) and
high-IR/Raman regions, is yet to be documented.

For in vivo measurements, an optical fiber is needed to
deliver the laser light to the tissue and collect the scattered
Raman signal. However, the strong Raman signal gener-
ated by the Si optical fiber in the fingerprint region has
been a problem to date. Here, the Raman signal from the
tissue is masked by the strong Raman signal generated by
the optical fiber, which is more intense than the tissue
Raman signal by at least 1 or 2 orders of magnitude. This
complicates the signal analysis of the tissue spectra,
requiring complex designs of fiber-optic probes for sup-
pressing the fiber signal [16]. A solution to this is to use the
high frequency (HF) Raman region (2,400-3,800 cm™ ). In
addition to avoiding the inherent fiber Raman signal,
another advantage of using the high-energy region is that
the Raman scattering in this region due to modes of the
biomolecules are generally more intense than those in the
fingerprint region. However, the spectral features are
strongly overlaping and in many cases anharmonic, which
makes the analysis of the modes more complicated.

The use of the HF region in biological tissue investi-
gations is increasing since this region can also provide
diagnostic information, that is, be used to correctly identify
and distinguish between normal and cancer tissues. Several
studies have demonstrated the efficacy of HF optical
spectroscopy for diagnosing cancer and other biomedical
applications [17-19]. In addition, the use of the HF region
for in vivo applications has the advantage of not containing
the intrinsic fiber-optic Raman signal.

Here, we report the results of Raman scattering in the
HF region for three different types of measurements on
mammary rat tissue: in vivo transcutaneous, in vivo skin-
removed, and ex vivo biopsy. Breast cancer in the animal
model has been shown to be similar to human mammary
cancer and therefore can be used [20-22].

The aim of this work was to explore the use of the HF
Raman region and multivariate statistical analysis methods,
such as principle component analysis (PCA) and linear
discriminant analysis (LDA), to distinguish cancer from
normal tissue. A comparison between sensitivity and
specificity for the three different measurement protocols is
discussed.
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2 Experiment

This research was in accordance with the policies, rules,
and the ethic principles of the Brazilian College of Animal
Experimentation (COBEA) that regulate research and
experimentation involving animals and was approved by
the Ethical Committee of the Universidade do Vale do
Paraiba (A022/CEP/2006).

2.1 Sample preparation

A group of twenty 40-day-old virgin Sprague-Dawley
female rats with an average weight of 175 £ 10 g was
studied. Food and water were provided at libitum.

Mammary gland tumors were induced in 15 rats by a
single-dose administration of 50 mg/kg of DMBA (7,12-
dimethylbenz(a)anthracene) diluted in 1 mL of soy oil
given intragastrically by gavages [20]. The control group of
5 rats was each given, intragastrically by gavages, only soy
oil in an amount equal to the solution given to the DMBA
group. The mammary glands (6 pairs) of each rat were
checked by visual and physical examinations (palpation)
three times a week. Within 7 weeks of drug injection,
palpable tumors with average diameters between 0.8 and
1.0 cm were detected in at least one of the six breasts of the
DMBA group rats, and no tumors were found in the breasts
of the control group rats.

Raman spectral measurements were performed in three
different ways: (1) Using a Raman fiber-optic probe
(RamProbe-Bruker®), spectra were acquired from in vivo
normal (NTT-Normal tissue transcutaneous) and cancer
(CTT-Cancer tissue transcutaneous) mammary tissues
through the shaved skin (in vivo transcutaneous measure-
ment); (2) in the same regions (normal and cancer), skin
was locally removed by surgery and spectra were collected
using the same Raman probe from normal (IVNT-In vivo
normal tissue) and cancer (IVCT-In vivo cancer tissue)
tissue (in vivo skin-removed measurement); (3) after kill-
ing the rats, the tissue from the measurement regions was
surgically removed, labelled and snap-frozen in liquid
nitrogen using cryogenic vials (Nalgene®). For subsequent
FT-Raman measurements, tissue samples were brought to
room temperature and kept moistened in a 0.9 percent
physiological solution to preserve their structural charac-
teristics, and three different points/sites of each sample
were chosen to be measured. After Raman analysis, the
samples were placed in a 10% formaldehyde solution for
pathological analysis. The tissue samples were classified
histologically as malignant (EVCT-Ex Vivo Cancer Tis-
sue), benign (HM: mammary hyperplasia), or normal
(EVNT-Ex Vivo Normal Tissue) tissues. HM was not
considered in the statistical analysis due to small number of
samples.

2.2 Instrumentation

The Raman scattered light was analyzed with a FT-Raman
spectrometer (Bruker RFS 100/S) equipped with a Ge detector
and a 1,064 nm Nd/YAG laser as excitation light source. The
spectrometer resolution was set to 4 cm™ ', and the spectra
were recorded with 600 scans for the whole spectral region
(900—4,000 cm™") and only 200 scans for the high-frequency
region (2,800-3,600 cm_l). In vivo measurements were
taken using a fiber-optic probe (RamProbe, Brucker®), which
delivers a power of 120 mW to the sample and collects the
scattered light to the spectrometer. For in vivo transcutaneous,
the skin thickness of the rat is about 0.8 mm. In the lesion, due
to stretching, it is only 0.5 mm. The penetration of the laser is
about 1 mm meaning that a small portion of the lesion is
probed compared with measurements without skin. An alu-
minum sample holder was used for ex vivo measurements
with the FT-Raman spectrometer. Measurements were taken
in the frequency range between 2,800 and 3,600 cm ™. The
laser spot size was 200 pm in diameter, and the power was
kept below 110 mW at the sample to better preserve the
integrity of the samples and prevent photodecomposition
caused by the laser beam irradiation.

2.3 Data analysis

In order to remove the background signal, a straight-line fit
has been performed by Matlab 6.1 software and subtracted
for all Raman spectra [23]. Subsequently, all spectra were
normalized (vector normalization: mean subtraction and
divided by the standard deviation) and statistically ana-
lyzed by using the multivariate statistical tool box of the
Minitab 14.20 software. To reduce the dimensionality of
the data set, a PCA was used in the Raman spectral range
from 2,800 to 3,600 cm™'. The data classification method
was based on LDA, which is a prediction method to sep-
arate the different groups involved [24].

3 Results and discussions

Figure 1 displays the comparison of average spectra of
normal and cancer tissue in the selected HF region for three
different measurements: (a) in vivo transcutaneous, (b) in
vivo skin-removed, and (c) ex vivo biopsy. In order to
compare the transcutaneous measurements, a pure skin
spectrum was added to Fig. la. Table 1 shows the assign-
ments of tissues Raman spectra for the selected HF interval.
Prominent Raman bands at ~2,854 cm™~! and 2,895 cm™!
(CH,, stretching of lipids), 2,937 cm™ ' (CHj stretching of
proteins), 3,010 cm™! (=CH stretch lipids), and a broad
band of water in the region of 3,100-3,550 cm ™! are clearly
observed in both normal and cancer tissues with a variation
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2932 ' ' ' Table 1 Assignments of tissue Raman spectra for a selected HF
——NTT (a) region [25]
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o 2,817-2,849 vy CH, symmetric stretch of lipids
5 ' v 3010 2,840-2,875 vy CH3 symmetric stretch of lipids
1 E E A 2,876-2,919 v,s CH, asymmetric stretch of
Co lipids and proteins
1 - | 1 2,913-2,938 CH stretch of lipids and proteins
E . . 2,928 vy CH; symmetric stretch due
0 - L 1 . 1 primarily to proteins
o : : 2,960 Out-of-plane chain end
oo ——IVNT b : . ;
4 o ! IVCT ®) antisymmetric CHj stretch band
m f E 2,970 v,s CH3 asymmetric stretch of
"E ! lipids, fatty acids
3. . 3,008 V,s (=C—H) asymmetric stretch of
2 ' lipids, fatty acids
© '
g ! 3,011 v (=C-H) stretch of lipids
i 3232 O-H and N-H stretching
% vibrations
£ 3,350-3,550 O-H stretching vibrations
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Raman shift (cm'1)
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Fig. 1 Comparison of mean spectra of normal and cancer tissue in a
selected HF region for the three different ways measured. a Normal
(NTT) and cancer (CTT) in vivo transcutaneous and pure skin,
b normal (IVNT) and cancer (IVCT) in vivo skin-removed, and
¢ normal (EVNT) and cancer (EVCT) ex vivo biopsy

in intensities [25-27]. This intensity variation can lead to a
comparison between normal and cancer tissue spectra based
on vibrational spectra of lipids and proteins in the two
different tissues.

As shown in Fig. 1, a significant difference is observed
between normal and cancer tissues. The intensity of the
bands associated with lipid structures (bands around 2,854,
2,895, and 3,010 cm_l) is stronger for normal tissue than
that for cancer tissue. On the other hand, the spectra of
IVCT and CTT have a larger contribution from the protein
band around 2,937 cm™! than the normal tissue, but this is
not true for EVCT.
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In fact, in contrast to normal cells, cancer cells never
stop dividing during their lifetime, which leads to a gradual
loss of genetic information. As far as the continuation of
reproduction processes is concerned, the malignant cells
become more and more primitive and tend to reproduce
more quickly and even more haphazardly. During these
uncontrolled growth processes, cells synthesize large
amounts of proteins, which are essential for the modulation
and maintenance of cellular activities. From Fig. 1, one can
observe that the water Raman signal in the frequency
region from 3,100 to 3,550 cm s larger in cancer tissue
than in normal and benign tissues. A more significant dif-
ference in the water concentration between normal and
cancer tissues is observed for in vivo skin-removed, as
shown in Fig. 1b, and ex vivo biopsy, as shown in Fig. lc,
measurements, while a smaller difference is observed for in
vivo transcutaneous measurements possibly due to the
influences of skin, as shown in Fig. 1a. The phenomenon of
an increased intensity of the water band in breast cancer
tissue that we report can be explained by protein-rich,
water-rich cancer cells. One explanation for this result is
the presence of an overexpression of the aquaporinl
(AQP1) protein in breast cancer tissue. Aquaporin (AQP) is
a water channel protein that facilitates water flux across
cell membranes. It is widely expressed in a variety of
human malignancies, e.g., tumors of the brain, prostate,
lung, ovary, colon, and breast [28]. Because AQPs trans-
port water, most expression studies speculate that AQPs in
tumor cells allow water to rapidly penetrate into the
growing tumor mass. AQP1 was significantly associated
with poor prognosis in breast carcinomas [29]. The
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observed increase in water content seen in other types of
cancers by optical spectroscopy has been attributed to
either the increased concentration of DNA or the hydration
of DNA present due to unfolding process during cell
divisions [17, 30-32]. Hence, there have been multiple
reasons for the noted increase in the water concentration in
the high-frequency Raman region of cancer tissue.

Multivariate statistical analysis was implemented for
classification between normal and cancer tissues. Here, all
spectra were analyzed by PCA and LDA. These statistical
methods have been used with success for distinguishing
cancerous tissue from normal and benign tissues based on
their Raman spectra [17, 18]. In this study, the PCA method
was performed in the frequency range of 2,470-3,600 cm™"
by a covariance matrix. Figure 2a displays the loading plot
(PC1-PC2) for the transcutaneous Raman measurements. PC1
represents 83% (eigenvalue 5.83) of the data variance, and its
main contribution comes from the vibration modes at 2,852,
2,895, 3,011, and 3,232 cm~! whose assignments are shown
in Table 1. The second PC had 8% (eigenvalue 0.55) of the
data variance, and the major difference was related to changes
in the vibrational modes at the region of 2,895, 2,946, and
3,232 cm ™! corresponding to lipid (vg CHy), protein (v; CH3),
and O—H and N-H stretching vibrations, respectively.

The loading plot graphs of PC1 for the in vivo skin-
removed, Fig. 2b, and ex vivo Raman measurements,
Fig. 2c, resemble very much the PC1 component of Fig. 2a

= r r T r T r 5
2895 n vi ——
10]-2854" in vivo transcutaneous (a) |
| & 1 2037 ——PC2] |
1

in vivo skin removed (b) [—rci
——rC2] |

PCI1 and PC2

ex vivo biopsy

L 1 n 1y n 1 n 1 n 1
2800 3000 3200 3400 3600
Raman Shift (cm’l)

Fig. 2 Loading plot graphs of PCl to PC2 for: a transcutaneous;
b obtained in vivo skin-removed; and ¢ ex vivo Raman measurements
applied for classification between normal and cancer mammary tissues

(transcutaneous measurements) although representing now
86% (eigenvalue 8.23) and 98% (eigenvalue 14.38) of the
data variance, respectively. In the Fig. 2b, PC2 with 12%
(eigenvalue 1.51) of the data variance show the major
changes in the protein and lipid regions, respectively. The
PC2 in Fig. 2c represents 2% (eigenvalue 0.23) of the data
variance.

Figure 3a, b, and ¢ shows the scatter plots of PC1 versus
PC2, documenting the differences in the scores for the
three types of measurements. Two principal component
scores (PC1-PC2), which represent most of the useful
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Fig. 3 Scatter plot of PC1 versus PC2 evidencing differences in
scores among the three types of measurements, i.e., a transcutaneous,
b in vivo skin-removed and ¢ ex vivo biopsy
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variance in the data set, were used as input for the LDA.
The discriminant analysis was performed by using the
cross-validation option. The decision boundary lines
between the two classes in Fig. 3 were determined by
equating the LDA best-fit functions for each class. Table 2
summarizes the main classifier statistics, that is, shows the
results of the discriminant analysis for all Raman spectra
(normal and cancer tissue) from the in vivo transcutaneous,
in vivo skin-removed, and ex vivo biopsy measurements.
From the in vivo transcutaneous statistical analysis with
cross-validation, the correct classification for detecting the
cancer tissue (sensitivity) is 72.4% and the correct classi-
fication for detecting normal tissue (specificity) is 81.2%.
These lower values can be explained by the contribution of
the skin. LDA analyses with cross-validation for the in vivo
skin-removed measurements yielded a diagnostic sensitiv-
ity of 81.5% and a specificity of 86.7%. For the ex vivo
biopsy, 100% sensitivity and 100% specificity for distin-
guishing malignant tissue from normal tissues were found.
These results can be compared with the values of speci-
ficity and sensitivity in the Raman fingerprint region, which
were 98 and 99% for ex vivo biopsy [33, 34] and 79 and
85% for in vivo Raman (without skin influence), respec-
tively [35].

The separation between normal and abnormal tissues for
measurements without the skin influence is very clear, as
shown in Fig. 3b, c, while for transcutaneous measurement
is difficult to separate these two types of tissues in the

Table 2 Sensitivity and Specificity calculated using LDA results

Experimental measurement Sensitivity (%) Specificity (%)

In vivo transcutaneous 72.4 81.2
In vivo skin-removed 81.5 86.7
Ex vivo biopsy 100 100

20PC3

1.1+18PC1

Fig. 4 2-D statistical plots used for testing the PCs for use in breast
cancer diagnostics

@ Springer

scatter plot as shown Fig. 3a. In Fig. 4, we show the 2-D
statistical plots used for testing the PCs of transcutaneous
group. Here, the binary logistic regression (BLR) algorithm
is used to determine the parameter equation that best dif-
ferentiated the pathological states using the first 3 PCs.
BLR provides a method for modeling a binary response
variable, considering values of 0 or 1, and is based on
the linear dependence between the logistic function of the
probability of response 1 and the diagnosis variable. The
BLR model equation is

P\ _
111(1 p) —a—l—ZbiCi,

where p is the probability of obtaining response 1, a and
b; are the model parameters, and C; are the diagnosis
variables. All these steps were performed using the sta-
tistical software Minitab, version 14.20 Minitab Inc®.
State College, Pennsylvania, USA. The model’s predic-
tive ability was estimated by measuring the association
between the response variable and predictive probabili-
ties, the p-values, and the Somer’s D parameter. The
model was build using a calibration set constituted by
half of data. The best model was found to be described

by ln(l”Tp) — 1.1 + 18PC1 + 30PC2 + 20PC3. The

goodness of fit tests (Pearson, deviance, and Hosmer—
Lemeshow) gave p-values between 0.45 and 0.76, which
indicated that there was insufficient evidence to claim that
the model does not fit the data adequately. Once applied to the
testing spectral set, it was found 91,0 pairs concordant to
the model. The discordant and ties were 8.8 and 0.2, respec-
tively. The Somer’s D parameter was found to be 0.82, which
indicates a good level of accordance.

The straight line represents the completely random
p = 0.50 case, which separates the cancer and normal
tissues regions. From the visual inspection is clear the
goodness of the fitted model.

In addition to demonstrating the possibility for distin-
guishing cancer from normal tissue based on Raman
spectra, our results show the efficacy of studying the HF
region of biological tissues. One advantage is that tissue
Raman spectra do not have contributions from optical fiber
signals, favoring the use of basic designs of fiber-optic
probes. The more intense tissue Raman signals compared
with the fingerprint region (400-2,000 cm™") provide
another advantage for studying the HF region of tissue
Raman spectra, leading to a threefold reduction in the
acquisition time, which is critical for medical applications.
This suggests and documents the feasibility of possibly
using fiber-optic coupled FT-Raman spectroscopy in the
HF Raman spectra region for in vivo and ex vivo tissue
diagnosis purposes, including but not limited to the appli-
cations investigated in this work.
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4 Conclusions

In summary, a HF Raman spectroscopy study for in vivo
and ex vivo measurements of normal and cancer breast
tissue, associated with the multivariate statistical analysis
method, has been reported in this work. Mean Raman
spectra of normal and cancer breast tissue showed signifi-
cant differences in bands characteristic of lipid and protein
structures as well as in the broad bands due to water. By
using Raman measurements and the PCA and LDA
methods on all HF Raman spectra, a good discrimination
between cancer and normal breast tissue was obtained.
Tissue Raman signals more intense and free of optical fiber
signals, compared with the fingerprint region, make of
Raman spectroscopy in the HF region a nondestructive and
noninvasive potential tool for in vivo and ex vivo measure-
ments of cancer tissue. It is highly likely that measurements
on other altered states of biological tissues will also show that
the HF Raman region can be used as a diagnostic tool. HF
region will provide molecular-level information on not only
concentration of the biomolecules but also the secondary and
tertiary structures and level of hydration.
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