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In and ex vivo breast disease study by Raman spectroscopy
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Abstract In this work, Raman spectra in the

900–1,800 cm-1 wavenumber region of in vivo and ex

vivo breast tissues of both healthy mice (normal) and mice

with induced mammary gland tumors (abnormal) were

measured. In the case of the in vivo tissues, the Raman

spectra were collected for both transcutaneous (with skin)

and skin-removed tissues. To identify the spectral differ-

ences between normal and cancer breast tissue, the paired

t-test was carried out for each wavenumber using the whole

spectral range from both groups. Quadratic discriminate

analysis based on principal component analysis (PCA) was

also used to determine and evaluate differences in the

Raman spectra for the various samples as a basis for

diagnostic purposes. The differences in the Raman spectra

of the samples were due to biochemical changes at the

molecular, cellular and tissue levels. The sensitivity and

specificity of the classification scheme based on the dif-

ferences in the Raman spectra obtained by PCA were

evaluated using the receiver operating characteristic (ROC)

curve. The in vivo transcutaneous normal and abnormal

tissues were correctly classified based on their measured

Raman spectra with a discriminant proportion of 73%,

while the in vivo skin-removed normal and abnormal tis-

sues were correctly classified again based on their mea-

sured Raman spectra with a discriminant proportion of

86%. This result reveals a strong influence due to the skin

of the breast, which decreased the specificity by 11%.

Finally, the results from ex vivo measurements gave the

highest specificity and sensitivity: 96 and 97%, respec-

tively, as well as a largest percentage for correct discrim-

ination: 94%. Now that the important bands have been

experimentally determined in this and other works, what

remains is for first principles molecular-level simulations

to determine whether the changes are simply due to con-

formational changes, due to aggregation, due to changes in

the environment, or complex interactions of all of the

above.
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BC Breast cancer

CDC Center for disease control

MRI Magnetic resonance imaging

NTT Normal tissue transcutaneous

CTT Cancer tissue transcutaneous

NTWS Normal tissue without skin

CTWS Cancer tissue without skin

NTEV Normal tissue ex vivo

CTEV Cancer tissue ex vivo

DMBA 7,12-dimethylbenz(a)anthracene

FT Fourier transform

1 Introduction

Breast cancer (BC) was one of four most common types of

new cancer cases and deaths worldwide in 2007 [1] and in

the USA, the second leading cause of deaths according to

the Center for Disease Control (CDC) in Atlanta, Georgia

[2]. In addition, the number of cases is expected to increase

during the coming years due to an increase in life expec-

tancy combined with other factors such as poor nutrition,

physical inactivity, and an increase in exposure to radiation

and chemicals in the environment among other risk factors.

In Brazil, the estimated number of new cases of breast

cancer expected in 2010 is 49,240 with an estimated risk of

51 cases per every 100,000 women [3].

Many BC studies that have been reported can be sub-

divided into prevention, diagnosis, and treatment. The

breast self-examination is the first preventive care recom-

mended for women over the age 20 to help find new lumps

and other changes [4]. Nevertheless, this examination has

limitations and screening mammograms are needed to

provide a better diagnosis [5]. Indeed, mammography

screening has shown positive results, reducing the mortal-

ity rate from breast cancer by 15–25% for women between

the ages of 50 and 69 [6]. This technique has shown lim-

itations for very dense breast tissue; a small tumor may not

be visible until it becomes larger, increasing the probability

of tumor metastasis. In this case, an additional ultrasound

examination after a negative mammogram could be useful

for cancer detection [7]. Another technique is magnetic

resonance imaging (MRI), which has been used to detect

additional foci of cancer that are occult on conventional

imaging, but the use of MRI is controversial [8].

Although these methods detect the image of an abnor-

mal breast tissue, the final diagnosis of BC must be con-

firmed through biopsy methods, such as fine-needle

aspiration, surgical or core incision biopsies (with or

without image guiding), radio-guided occult lesion locali-

zation, excision biopsies with wire localization, and

mammotomy [9]. All techniques are done with direct

access to the suspected breast lesion and require procedures

that range from local anesthesia in a doctor’s office to a

hospital stay with the use of general anesthesia, both of

which may be traumatic to the patients.

Among different diagnostic techniques, Raman spec-

troscopy has been shown to be a promising new tool for

real-time diagnosis and results published to date have

shown excellent potential to distinguish normal from neo-

plastic tissues with high specificity and sensitivity. For ex

vivo breast malignancy analysis, the specificity and sensi-

tivity values are around 96 and 94%, respectively [10–13].

Raman spectroscopy can also be used during surgery to

help doctors differentiate lesions borders, giving an

appropriate margin of security for the medical procedure,

especially when the tumor limits are not clearly visible. For

breast-conserving surgeries, such as partial mastectomy,

20–50% of the patients require a second surgical procedure

due to positive margins, which are an indication of

incomplete cancer resection [14, 15]. For such applications,

a laser light can be guided to and the subsequent Raman

signal collected from the same region (tissue) of interest

through the same optical fiber and thereby provide infor-

mation about the tissue being examined and give real-time

diagnosis [16]. For non-invasive procedures, this technique

can be applied to diagnose skin cancer.

Basically, the Raman spectral differences between nor-

mal and abnormal tissues are related to the biochemical

changes in the cells. Some biochemical changes are, for

example, related to the different quantity of lipids and

proteins between normal and cancer cells. Normal cells will

store energy in the form of lipids that contain many calories

in a small space (energy-efficient molecules), and most of

them are composed of some sort of fatty acid arrangement.

Malignant cells, due to their uncontrolled growth process,

synthesize large amounts of proteins, which are essential for

the modulation and maintenance of cellular activities.

Therefore, it is reasonable to assume that cancer cells

should have a higher protein concentration than normal

cells, whereas normal cells should have a higher lipid

concentration than cancer cells. The increased concentra-

tion of proteins could be responsible for some of the

observed structural changes, as proteins, for example, like

insulin, are known to form aggregates and fibrils at certain

critical concentrations [17]. A variety of experimental

techniques were used to monitor such processes initially,

including both fluorescence and electronic circular dichro-

ism (ECD) spectroscopies. Subsequently, the simulation of

the vibrational spectra of the damaged nucleic acid bases

[18–20] and the effects of the explicit biological environ-

ment have been shown to be important in understanding the

structure, function, and the vibrational spectra of biomole-

cules in complex environments. Hence the need to include
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the explicit solvent molecules and denaturing influences in

modeling studies of vibrational spectra [21–23].

However, Raman was shown to be not sensitive enough

to observe and understand the nucleation events that initi-

ate the aggregation effects and subsequent fibril formation

[17]. More recently, the chiral analog of infrared absorp-

tion, vibrational circular dichroism (VCD), has been shown

to be very sensitive to nucleation events and hence fibril

formation. In addition, there is an increased sensitivity

because the signal due to the fibril appears to be enhanced

relative to the monomer signal. The VCD spectra, being a

vibrational spectroscopy, have a wealth of additional

information over that of the ECD spectra, which is the

electronic absorption equivalent of VCD [24].

The detection of the biochemical changes during the

disease process is the main key of using Raman for cancer

diagnosis. Recently, there has been some work in trying to

account for dietary and drug effects in the use of Raman

spectroscopy as a diagnostic tool for rheumatoid arthritis

[25], which can, in theory, be eliminated by asking the

patient to refrain from taking their prescription drugs and

not eating for 24 h before one draws blood. Methods like

the ones we developed in that and this work are funda-

mental and hence must be developed to document, take

into account, and hopefully eliminate any such induced

errors. Certainly, this comparison could be helpful to

determine changes in the specificity and sensitivity of the

transcutaneous cancer diagnoses, for example, for the oral

region.

Although there are many articles focused on in vivo or

ex vivo Raman analysis of cancer tissue, to the best of our

knowledge, there have been no studies focusing on the

influence of the skin, as well as the comparison between in

vivo and ex vivo Raman measurements other than the

effect in the high-frequency region, which will also be

published in this special issue [26].

Therefore, in this article, the normal (NT) and cancer

breast tissues (CT) of mice were studied by Raman spec-

troscopy in vivo transcutaneous (NTT—normal tissue or

CTT—cancer tissue), after skin removal (NTWS or

CTWS), and ex vivo tissue biopsy (NTEV or CTEV)

measurements. The evaluation of spectral data was done by

t-test and a quadratic discriminate analysis based on prin-

cipal component analysis (PCA). The sensitivity and

specificity were evaluated using the receiver operating

characteristic (ROC) curve.

2 Experimental details

These studies were performed in accordance with the

Guidelines for the Care and Use of Experimental Animals;

in addition, the local Ethics Committee approved all animal

procedures used in this study (A022/CEP/2006). The group

studied was comprised of 20 young virgin Sprague–Daw-

ley female rats, with an average weight of 175 ± 10 g and

age of 40 days. Food and water were allowed ad libitum.

Mammary gland tumors were induced in 15 rats by a sin-

gle-dose administration of 50 mg/kg of DMBA (7,12-

dimethylbenz(a)anthracene) diluted in 1 mL of soy oil

given intragastrically by gavages [27]. The control group

was composed of five rats, for which the gavage procedures

were simulated with soy oil. The mammary glands (six

pairs) of each rat were checked by visual and physical

examinations (palpation) three times a week. Seven weeks

after the initial drug injections, palpable tumors with

diameters between 0.8 and 1.0 cm were detected in at least

one of the six breasts from all rats in the DMBA group,

while no palpable tumors were found in any of the rats in

the control group.

In order to compare the changes in vibrational modes as

a function of the experimental procedure used, Raman

spectra were collected in three different ways, as shown in

Fig. 1. In Fig. 1(a) a Raman probe was used to acquire in

vivo spectra from normal and abnormal mammary tissues

though the skin (transcutaneous); (b) in the same region,

skin was locally removed surgically and the spectra were

collected in vivo using the same Raman probe (skin

removed); and (c) after the animal was sacrificed, a piece

of breast tissue was removed (biopsy) from the same region

and analyzed directly with the FT-Raman spectrometer.

The Raman spectra for the healthy rat skin were also

obtained by using this last procedure. The number of rats,

the number of mammary glands (six pairs) for each rat, and

the number of Raman spectra collected for each category is

given in Table 1.

The biopsy samples, after the surgical procedure, were

identified, snap-frozen, and stored in liquid nitrogen (77 K)

in cryogenic vials (Nalgene�) before the FT-Raman spectra

were measured. For ex vivo FT-Raman data collection, the

samples that had been stored at liquid nitrogen temperature

were brought to room temperature and kept moist in 0.9%

physiological solution to preserve their structural charac-

teristics and placed in an aluminum sample holder for the

Raman spectra collection.

A Bruker RFS 100/S FT-Raman spectrometer equipped

with a Nd:YAG laser with a wavelength of 1,064 nm as the

excitation light source was used. The spectrometer reso-

lution was set to 4 cm-1, and 600 scans (*8 min) were

recorded and averaged to generate the Raman spectra

(900–1,800 cm-1). In vivo measurements were taken using

a fiber-optic probe (RamProbe, Brucker�) that delivers a

power of 120 mW to the sample, and the Raman scattering

was collected from approximately 1 mm3 of tissue volume

probing a large amount of cells (*106) that was composed

of at least 80% neoplastic cells in the abnormal tissue. An
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aluminum sample holder was used for ex vivo measure-

ments using the FT-Raman spectrometer. Measurements

were taken in the frequency range from 900 to 1,800 cm-1.

The laser spot size was 200 lm in diameter and the power

was kept below 110 mW at the sample to better preserve

the integrity of the samples and prevent photodecomposi-

tion caused by the laser beam irradiation.

A baseline for all spectra was generated with a Matlab

routine using a fifth-order polynomial to subtract the

background due to tissue fluorescence [28]. Subsequently,

all spectra were normalized by the peak at *1,445 cm-1.

The Raman shifts found for the *1,445 cm-1 band

between normal and cancer tissue were determined by a

Gaussian fitting of this mode from the mean spectra.

Minitab� software (Release 14.20) was used to carried out

paired t test for each wavenumber using the whole spectral

range from both groups, which calculates the probability

that two samples are from the same population, assuming

the populations have the same mean. In order to identify

the spectral differences between normal and cancer breast

tissues, the average spectra for both groups were calculated

with the standard deviation and plotted in Figs. 2, 3, 4, 5.

The p values of t test were also plotted together to highlight

the important regions in the spectra.

For the quadratic discriminant analyses (QDA), the

background corrected spectra were vector-normalized

(mean subtraction and divided by the standard deviation),

mean-centered, and statistically analyzed by using the

Fig. 1 Measurement details: a in vivo spectra with a Raman probe (transcutaneous); b in vivo spectra acquired without skin with Raman probe;

c ex vivo spectra from biopsy tissue

Table 1 Number of Raman spectra collected from each rat for each

category

Group Number

of rats

Number of

mammary glands

Number

of spectra

In vivo transcutaneous

NTT 5 12 15

CTT 15 12 27

Normal skin 5 12 15

In vivo skin removed

NTWS 5 17 69

CTWS 15 12 58

Ex vivo tissue biopsied

NTEV 5 4 18

CTEV 15 8 30

Fig. 2 Averages curves for normal and abnormal tissues for trans-

cutaneous measurement group

Fig. 3 Averages curves for normal and abnormal tissues for without

skin measurement group
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multivariate statistical tool box of the Minitab� software

(Release 14.20). To reduce the dimensionality of the data

set, the principal component analysis (PCA) was used in

the Raman spectral range from 900 to 1,800 cm-1. The

information from this analysis was obtained through four

principal components (PC1, PC2, PC3, and PC4). The

QDA were done with leave-one-out cross-validation using

PC1-PC4, according to pathological classification reviewed

by two pathologists (Fig. 6).

The relative operating characteristic curves (ROC) were

calculated using the values of squared distance of obser-

vation to the group center given by QDA. The ROC curve

is the plot of the sensitivity versus 1-specificity, which

gives the relationship between the rate of false negatives

and the rate of false positives [29, 30].

3 Results and discussion

In order to analyze the differences between NTT and CTT

spectra, a statistics-based t-test was carried out for each

wavenumber using the whole spectral range from both

groups. Figure 2 shows the mean spectra (with standard

deviation) for normal (NTT) and cancer (CTT) tissues for

in vivo transcutaneous measurements, as well as the Raman

spectra for the healthy rat skin, obtained as shown in

Fig. 1a. The dark filled area in Fig. 2 represents the higher

values of t-test, where the regions are quite similar statis-

tically. Table 2 reports the major assignment for cancer

and normal tissues to guide the biochemical interpretation

of Raman spectra [31–39].

Despite the great histological difference that exists

between normal and neoplastic tissues, the biochemical

differences between them are less evident through the skin.

In addition, due to the fact that the normal tissue and breast

lesions are located at a certain depth under the skin, the

spectral profiles of these tissues also carry vibrational

information from the skin components, masking the

peculiar differences between them. The region around the

peak at 1,748 cm-1 observed in connective tissue (collagen

III) and lipids, for example, has shown no significant dif-

ference between CTT and NTT, which also indicates an

influence of the skin. Indeed, the biochemical components

of skin are very similar to NTT as shown in this figure,

which reinforces the hypothesis dissembling the CTT

spectra. However, a peak shift was observed at 1,440 cm-1

in the normal tissue (NTT) and at 1,445 cm-1 in the cancer

tissue (CTT), suggesting that CH2 deformation is from

different functional groups, where peak at 1,440 cm-1

suggests the presence of lipids and 1,445 cm-1 indicates

the dominance of proteins [31, 37, 40, 41].

Fig. 4 Averages curves for normal and abnormal tissues for ex vivo

biopsy measurements group

Fig. 5 Averages curves for abnormal tissues for in vivo (after skin

removal—CTWS) and ex vivo biopsy (CTEV) measurements group

Fig. 6 Discriminant analysis with cross-validation for normal and

abnormal tissues for in vivo transcutaneous, in vivo without skin, and

ex vivo biopsy groups
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Figure 3 shows the mean Raman spectra of normal

(NTWS) and malignant breast tissue (CTWS) without skin

influence, obtained as shown in Fig. 1b. Compared to the

transcutaneous Raman data (Fig. 2), the peaks in the

malignant tissue became broader (higher width at half

height) and the peak around 1,748 cm-1 shows decreased

intensity for CTWS group. The Raman modes at 1,301 and

1,748 cm-1 in the normal tissue spectra correspond to

strong lipid bands, and the modes at 935 and 1,083 cm-1

correspond to weak protein bands. In the case of the

malignant breast spectra, lipid bands are slightly weaker

(1,301 and 1,748 cm-1) compared with protein bands (935

and 1,083 cm-1) as well as nucleic acid bands

(1,078 cm-1, 1,175–1,176 cm-1, and 1,510–1,572 cm-1).

These features suggest the dominance of collagen, non-

collagenous proteins, and nucleic acid in pathological tis-

sues compared with normal tissues (Table 1). This result

correlates well with that of Manoharan et al. [42] who

using NIR Raman spectroscopic reported the dominance of

lipid features in the normal breast tissue spectra and protein

signatures in breast lesions. The ratios of peak areas of

amide I peak to those of the dCH2 modes and the peak

position of the dCH2 bands were their discriminating

parameters. They achieved nearly 100% accuracy in dif-

ferentiating normal tissue from pathological tissue. These

findings were reinforced by Shafer–Peltier et al. [37]

who developed a Raman microspectroscopic model of

the human breast to extract information about the

morphological and chemical components present in normal

and abnormal tissue. The results from the model fitting

have shown lipid and protein predominance for normal and

malignant tissues, respectively. Another Raman micro-

spectroscopic study from Yu et al. [43] showed a relative

increase in nucleic acids and a decrease in lipid contents in

malignant conditions. Yan et al. [44] also reported changes

in the phosphate backbone modes, which was associated

with damaged DNA and an uncontrolled fissiparity of

cancer cell [44, 45].

The Raman modes at 935 cm-1, 1,001–1,031 cm-1, and

1,207 cm-1 correspond to the bands of the proline, valine,

phenylalanine, hydroxyproline, and tyrosine amino acids,

respectively, which characterize the primary structure of

proteins. The breast pathological tissues are mainly com-

posed of collagen [46]. Proline, valine, and phenylalanine

are the main amino acids in collagen [47]. The intensity

clearly increases in these bands in the tumoral tissues

compared with the intensity of normal tissues. The origin

of this intensity variation probably relies on the different

collagen amounts present in normal and pathological tis-

sues [46]. Moreover, the relative abundance of collagen

increases in the carcinogenic process of skin [48], lung

[49], breast [37], and epithelial cancers in general [34]. In

this special issue of TCA, a new form of collagen has been

reported theoretically by Bohr and Olsen that may be

partially responsible for the observed changes in the col-

lagen bonds due to either changes in concentration,

aggregation state, or conformational changes induced by

one of these two due to the changing environment in the

diseased state and its progression [50].

In fact, phenylalanine is present in various neoplasm

processes that are characterized by uncontrolled cell

growth. For breast cancers in particular, due to the des-

moplastic reaction, also called reactive fibrosis, deposition

of abundant collagen occurs as a stromal response to an

invasive carcinoma. Structures relatively remote from the

cancer itself may be involved, such as Cooper’s ligaments

and duct structures between the tumor and the nipple [32,

46]. Thus, the Raman spectra of breast carcinoma are

expected to show more intense proline, valine, and phen-

ylalanine collagen bands than other tissues. Thus, the

observed spectral features can provide vital clues in

understanding the differences in biochemical composition

of tissues, which is the basis of optical spectroscopic

diagnosis.

The ex vivo measurements showed the highest ampli-

tude difference between normal (NTEV) and abnormal

(CTEV) tissues (Fig. 4). This finding has also been repor-

ted previously by Thakur et al. [51] who demonstrated that

Raman spectroscopy measurements of mammary gland

tissues from mice injected with 4T1 tumor cells can dis-

tinguish mammary tumors from other physiological states

Table 2 Peak assignments of the Raman spectra of normal tissue and

breast carcinoma

Peak position

(cm-1)

Major assignment

1,734–1,754 Lipids

1,654–1,656 Amide I (C=O stretching mode of proteins, a-helix

conformation) and lipid (C=C stretch)

1,510–1,572 Nucleic acid mode (C=C and C=N stretch)

1,445 Protein (CH2 deformation)

1,440 Lipid (CH2 deformation)

1,299–1,303 Lipid, fatty acids, collagen, and amide III (protein)

1,265–1,267 Amide III (collagen and protein) and lipid (C–H)

1,207 Hydroxyproline, tyrosine

1,175–1,176 Cytosine and guanine

1,083 C–N stretching mode of proteins (and lipid mode to

lesser degree)

1,078 C–C or C–O stretch (lipid), C–C or PO2 stretch

(nucleic acids)

1,064 Skeletal C–C stretch lipids

1,031 C–H in-plane bending mode of phenylalanine

1,001 Symmetric ring breathing mode of phenylalanine

935 C–C stretching mode of proline, valine, and protein

backbone (a-helix conformation)/glycogen
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of the mammary glands. The modes at 1,064, 1,078, 1,300,

1,440, and 1,748 cm-1 indicate higher lipid contribution in

the NTEV than in the CTEV. This finding corroborates

with our brief description that normal cells have a higher

concentration of lipids than cancer cells. The fact that this

effect could not be observed in the other two experimental

procedures could be explained by the possible contribution

of normal cells in the CTT and CTWS spectra masking this

effect. Those contributions from the normal cells come

from the characteristic of the in vivo technique itself. The

Raman signal could either be collected close to the lesion

border or by probing a normal portion of the tissue due to

the penetration depth of the laser. For the ex vivo experi-

ment, the biopsy was removed where most of cells origi-

nated from the uncontrolled growth of cancer cells.

Figure 5 shows the differences for abnormal tissues

between spectra from the in vivo measurement group (after

skin removal—CTWS) and the ex vivo biopsy (CTEV)

measurement group. Because it is very often the presence

of normal cells in vivo tissue that makes it difficult to

obtain an accurate pathological grading of abnormal tissue,

this comparison is relevant to develop diagnostic algo-

rithms using ex vivo biopsy material and apply them in

vivo tissue. The Raman modes at 1,064 and 1,740 cm-1 in

the in vivo abnormal tissue spectra clearly indicate the

dominance of lipid features in relation to the ex vivo group.

In addition, the 1,078, 1,175, and 1,548 cm-1 peaks in the

in vivo spectra are strong nucleic acid bands. The stronger

(more intense) Raman modes at *1,207 cm-1 due to

hydroxyproline and tyrosine in the in vivo group spectra

are indicative of larger amounts of these amino acids

compared with the ex vivo group. In the case of the ex vivo

spectra, lipid bands are slightly weaker compared with the

proline, valine, and other protein residue bands at

935 cm-1, phenylalanine at 1,004 cm-1, tryptophan at

1,339 cm-1, and the amide I protein bands at 1,657 cm-1.

These features suggest that the in vivo group abnormal

tissue spectrum shows a greater contribution from normal

tissues compared with the ex vivo group abnormal tissue

spectrum. Therefore, the discrepancies between in vivo and

ex vivo methodology suggest a mixed spectrum for the

former case, which has biochemical components of normal

and cancer cells, while the latter case has a more pure

spectrum of cancer cells.

3.1 Statistical analysis

The principal components analysis was carried out in the

range of 900 to 1,800 cm-1 by a covariance matrix. The

quadratic discriminant analyses (QDA) were calculated

using PC1–PC4, according to pathological classification.

The main difference between QDA and linear discriminant

analysis (LDA) is that there is no assumption that the

groups have equal covariance matrices. QDA were done

with leave-one-out cross-validation, which provides a more

accurate estimation of the correct classification rate. This

method leaves out one observation of the data at a time that

is used to construct the classification rule. After this clas-

sification rule is formed, the data that were left out were

classified by the rule that is compared to the original

classification to see whether the rule determined without it

can properly predict it. Here, it is important that the

characteristic information content in the data left out is

available in the other data for it to be correctly predicted.

Hence, there must be a certain amount of redundancy in the

data. Figure 6 shows the discriminant analysis for normal

and abnormal tissues for in vivo transcutaneous, in vivo

without skin, and ex vivo biopsy groups.

Among groups analyzed, the differences between in

vivo transcutaneous and in vivo/ex vivo were 13 and 21%,

respectively. The different percentage of discriminant

could be better explained when the specificity and sensi-

tivity were compared as shown in Fig. 7, which was done

for the results from cross-validation analysis. In this gra-

phic, the arrows represent the value of sensitivity and

specificity calculated from QDA classification summary:

numbers of true negatives, true positives, false negatives,

and false positives.

Probably due to the influence of the skin and mixing

spectra characteristic (normal and abnormal), the specific-

ity and sensitivity for the in vivo transcutaneous diagnosis

had the lowest values, 84 and 77%, respectively. When the

influence of the skin is removed from the Raman data (in

vivo without skin measurements), the percentage of cor-

rectly identifying healthy tissues increased by 10%,

whereas the sensitivity did not improve. This latter result is

probably due to the contribution of normal cells in the

CTWS spectra. For the ex vivo biopsy Raman data, the

Fig. 7 ROC curve for specificity and sensitivity for in vivo

transcutaneous, in vivo without skin, and ex vivo biopsy groups
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sensitivity and specificity are approximately 13 and 19%

higher than in the transcutaneous group, respectively.

The data analyses show many potential for in vivo

transcutaneous application. Raman spectroscopy could

certainly be applied for breast cancer using a minimally

invasive procedure by passing the optical fiber through as

one uses a fine hollow needle. However, for skin, colon,

and oral lesion, this technique for cancer diagnoses could

be more useful [52, 53]. For in vivo without the influence

of skin, the optical fiber could be used to collect signals

from endoscopies during laparoscopic surgery, or com-

bined with other minimally invasive techniques. The sen-

sitivity and specificity of diagnoses are mostly influenced

by the region of the analyzed lesion, for example, if the

fiber sticks close to a lesion border, the parameter could

easily decrease an average of 10%.

4 Conclusions

The Raman spectra of transcutaneous normal and abnormal

tissues in the 900 to 1,800 cm-1 region were used to cor-

rectly classify these tissues with a discriminatory propor-

tion of 73%. This result reveals a strong skin influence,

decreasing the analysis specificity by about 10%. For

spectra acquired in situ without skin, the peaks are broad

(higher width at half height) and the major contributions

are from collagen, lipid, protein, and DNA bands, and the

relatively strong amide I protein band, which suggests that

malignant tissues could have higher protein concentration

than normal tissues and normal tissues could have a higher

lipid concentration than malignant tissues. The results from

ex vivo measurements showed the highest values of spec-

ificity and sensitivity as well as proportion of correct dis-

criminant analysis. What remains is for first principles

ab initio and semi-empirical molecular-level simulations

now to further validate, confirm, and better understand

these molecular-level changes that have been shown in this

work to be the molecular biomarkers of breast cancer.

Whether they are only a sign of the disease or whether they

are a contributing factor additionally needs to be eluci-

dated. Clearly, the combination of experimental and theo-

retical Raman (and infrared, and perhaps now VCD)

spectroscopy and the corresponding imaging is a way to

not only monitor disease, but also its initiation events and

progression.
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