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Abstract. Oral squamous cell carcinoma is one of among the top 10 malignancies. Optical spectroscopy, including
Raman, is being actively pursued as alternative/adjunct for cancer diagnosis. Earlier studies have demonstrated
the feasibility of classifying normal, premalignant, and malignant oral ex vivo tissues. Spectral features showed
predominance of lipids and proteins in normal and cancer conditions, respectively, which were attributed to
membrane lipids and surface proteins. In view of recent developments in deep tissue Raman spectroscopy, we
have recorded Raman spectra from superior and inferior surfaces of 10 normal oral tissues on intact, as well as
incised, biopsies after separation of epithelium from connective tissue. Spectral variations and similarities among
different groups were explored by unsupervised (principal component analysis) and supervised (linear discriminant
analysis, factorial discriminant analysis) methodologies. Clusters of spectra from superior and inferior surfaces of
intact tissues show a high overlap; whereas spectra from separated epithelium and connective tissue sections
yielded clear clusters, though they also overlap on clusters of intact tissues. Spectra of all four groups of normal
tissues gave exclusive clusters when tested against malignant spectra. Thus, this study demonstrates that spectra
recorded from the superior surface of an intact tissue may have contributions from deeper layers but has no
bearing from the classification of a malignant tissues point of view. C©2011 Society of Photo-Optical Instrumentation Engineers
(SPIE). [DOI: 10.1117/1.3659680]
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1 Introduction
Oral mucous membrane, the epithelial lining of the oral cavity,
is composed of stratified squamous epithelium. Oral squamous
cell carcinoma, arising from epithelial lining, is the sixth most
common malignancy worldwide. It accounts for more than 90%
of the malignant tumors of oral cavity.1 Tobacco chewing is one
of the major factors responsible for malignant transformation of
oral epithelium. All forms of tobacco-cigarettes, pipes, cigars,
and smokeless tobacco have been implicated in the development
of oral cancers. Incisional biopsy followed by histopathological
examination is the current gold standard for diagnosis of oral
squamous cell carcinoma. Traumatic and painful biopsy pro-
cedures, time consuming histopathological processing, and the
interobserver variability in the diagnosis of potentially premalig-
nant lesions, are some of the well-known drawbacks of conven-
tional diagnosis.2 Hence, there exists a need to explore alterna-
tive, noninvasive, atraumatic, and fast diagnostic tools which can
exploit biochemical changes that occur during transformation of
normal mucosa to premalignant and/or malignant lesions.

Optical spectroscopic methods are being pursued as alter-
natives or adjunct to existing diagnostic methods. A variety
of optical-based techniques such as fluorescence; Raman and
Fourier-transform infrared spectroscopy have been explored
for development of newer diagnostic tools in oral cancers.3–7

Among spectroscopic methods, Raman spectroscopy, which is
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based on inelastic scattering of photons, is an ideal tool, espe-
cially for in vivo applications. This is due to noninterference
of water signals, information rich spectral features, and use of
less harmful near-infrared excitations. Efficacy of Raman spec-
troscopy in classifying a variety of cancers under ex vivo and in
vivo conditions has been demonstrated.8–10

We have earlier shown that Raman spectroscopy can be used
for classifying normal, cancerous, and inflammatory conditions
in oral tissues.5–7 Recent studies have shown the feasibility of
recording Raman spectra under in vivo conditions in clinically
implementable time.11, 12 Major spectral features of both ex vivo
and in vivo normal and malignant conditions show an abundance
of lipids and proteins, respectively.5–7 These spectral features
have been corroborated by other groups also.13 These features
have been attributed to lipids and proteins of cell membranes. It
is believed that Raman scattering from upper layers can reach
more efficiently to detectors as compared to deeper layers owing
to losses due to multiple scattering.5–7, 14–16 However, in view of
recent developments in deep tissue Raman spectroscopy,17 the
origin of spectral features probably needs a relook. Hence, we
have recorded Raman spectra of ex vivo normal oral tissues from
epithelium (superior) and connective tissue (inferior) surfaces.
Spectra were also recorded from the same surfaces of incised
biopsies after separation of epithelium from connective tissue.
Multivariate tools such as principal component analysis (PCA),
linear discriminant analysis (LDA), and factorial discriminant
analysis (FDA) were used for spectral analysis. A discussion on
findings of the study has been reported in the paper.
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2 Materials and Methods
2.1 Intact and Incised Biopsy Components
Ten scalpel biopsies of approximately 8×6×5 mm dimensions
from contralateral buccal mucosa of 10 oral cancer patients were
collected. Tissue samples were collected in PBS saline and trans-
ferred to liquid nitrogen. Two frozen sections, each of 5-μm
thickness, were cut longitudinally by orienting epithelium and
connective tissue in order, which were used for histopatholog-
cial examination. The remaining tissue was placed on a CaF2

window and used for recording Raman spectra.
In the first step, Raman spectra from epithelium (superior

surface of biopsy) referred to as “intact epithelium” and the
connective tissue (inferior surface of biopsy) henceforth termed
as “intact connective tissue,” was recorded. A total of 68 and 53
spectra were recorded from intact epithelium and intact connec-
tive tissue, respectively.

In the second step, Raman spectra of the same surfaces of
incised biopsies were recorded. In this case, epithelium was
separated from connective tissues using surgical blade no.11 at-
tached to a Bard–Parker handle. The procedure of biopsy and
separation of an oral tissue component was followed as per the
routine technique used in maxillofacial surgery practice.18 Ra-
man spectra from same surfaces (superior and inferior) were
recorded. These two surfaces of the separated sections hence-
forth would be referred as “separated epithelium-upper” and
“separated connective tissue-lower.” A total of 54 and 59 spec-
tra were recorded from these surfaces, respectively. A schematic
representation of experimental protocol of spectral acquisition
is shown in Fig. 1.

We have also recorded 128 spectra from 15 histopathologi-
cally confirmed tumor (oral squamous cell carcinoma) biopsies
of buccal mucosa, collected from 15 subjects.

The use of human tissue biopsies was approved by the insti-
tutional ethical committee.

2.2 Raman Spectroscopy
On average, 5 to 6 spectra from 4 surfaces (intact epithelium,
intact connective tissue, separated epithelium-upper, and sepa-
rated connective tissue-lower) of 10 tissues were recorded using
HE-785 commercial Raman spectrometer (Jobin-Vyon-Horiba,
France). Briefly, this system consists of a diode laser (Process

Fig. 1 Protocol of spectral acquisition: Schematic presentation: (a) in-
tact tissue and (b) separated epithelium and connective tissue.

Fig. 2 Photographic representation of the Raman setup.

Instruments) of 785-nm wavelength as excitation source, a HE
785 spectrograph coupled with a CCD (Synapse) as dispersion,
and detection elements. The spectrograph is equipped with a
fixed 950 gr/mm and has no movable parts. Spectral resolution,
as specified by the manufacturer, is ∼4 cm− 1. Commercially
available InPhotonics (Downy St., USA) probe consisting of
105 μm excitation fiber and 200 μm collection fiber (NA 0.40)
was used to couple the excitation source and detection system.
As per specifications of the manufacturer of the Inphotonics
probe, the theoretical spot size and depth of field are 105 μm
and 1 mm, respectively. Spectral acquisition parameters were:
λex 785 nm, laser power 80 mW, spectra were integrated for
10 s and averaged over 5 accumulations. Spectra were recorded
with a spacing of ∼2 mm using a manual XYZ precision stage.
Photographic representation of the instrument is shown in Fig. 2.

3 Data Analysis
Preprocessed spectra from ex vivo tissues (corrected for CCD
response and spectral contamination from CaF2 background as
well as from fibers) were first derivativized followed by vector
normalization. Spectra in the 1200 to 1800 cm− 1 region were
then subjected to unsupervised, as well as supervised, discrim-
ination analysis using an algorithm implemented in MATLAB-
based in-house software.19

In the first step, unsupervised PCA of spectra from all four
groups (intact epithelium, intact connective tissue, separated
epithelium-upper, and separated connective tissue-lower) was
performed. Different spectral ranges and factors were explored
to bring out the best feasible classification. In our analysis,
the spectral range of 1200 to 1800 cm− 1 with 10 factors con-
ferred the best results. In the next step, PCA was carried out
on two different groups, i.e., intact epithelium, intact connec-
tive tissue, separated epithelium-upper, and separated connec-
tive tissue-lower. PCA of tumor spectra with all four groups of
normal tissue were also performed. Loading of factors that were
used for classification are shown in Figs. 3(a)–3(h). Supervised
methods, i.e., LDA and FDA, were also employed to explore
the feasibility of classification. Scree plots of LDA and FDA are
shown in Figs. 3(i)–3(l).

4 Results and Discussion
Mean Raman spectra of intact epithelium, intact connective
tissue, separated epithelium-upper, separated connective tissue
-lower, and tumors in the 1200 to 1800 cm− 1 region are shown
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Fig. 3 Loadings of factor 2 and 3 used for PCA of intact tissues and
separated sections [(a) and (b)]; intact tissues [(c) and (d); separated
sections [(e) and (f)]; PCA along with tumor tissues and intact and
incised biopsies [(g) and (h)]. Scree plots of LDA and FDA of intact
and incised normal tissues [(i) and (j)] normal (intact and incised) and
tumor tissues [(k) and (l)].

in Fig. 4. Spectral features of normal tissues are suggestive of
predominant lipid signatures indicated by ester bands, strong
δCH2 bend, two sharp features around amide III, and a sharp
peak around amide I. Dominating protein features indicated by
broad amide III, broadened δCH2, and broad features in the
amide I region were seen in the mean tumor spectrum. These
features substantiate earlier ex vivo and in vivo studies.5–7, 10, 12

Spectra of intact and separated connective tissue show strong
lipid features as compared to spectra from epithelial surfaces.

Fig. 4 Mean spectra of ex vivo oral tissues (round dots: intact ep-
ithelium; square dots: intact connective tissue; broken line: separated
epithelium-upper; double line: separated connective tissue-lower; solid
line: tumor).

Likewise, spectra of intact and separated epithelium are similar.
In this case, additional broad features in amide III and amide
I regions can also be seen. To understand heterogeneity among
spectral features, mean and standard deviation spectra of all
five groups were computed. As shown in Figs. 5(a)–5(e), major
heterogeneities in the spectra were observed which can be at-
tributed to variations in lipid and protein components indicated
by amide III, amide I and C=O stretching of ester bands. As a
whole, after considering spectral variations shown in standard
deviations, probably spectra of all four groups of normal tissues
share several common features.

To understand the above-mentioned variations and similari-
ties across the spectra of different classes and to explore the fea-
sibility of classification, data analysis by unsupervised (PCA)
and supervised (LDA, FDA) multivariate methods was taken
up. PCA was performed in two steps. In the first stage, PCA
of data from all four groups (intact epithelium, intact connec-
tive tissue, separated epithelium-upper, and separated connec-
tive tissue-lower) was carried out. The loading plots of fac-
tors 2 and 3, which were explored for classification, are shown
in Figs. 3(a) and 3(b). No clear classification was observed.
The results obtained in our analysis are shown in Fig. 6(a),
wherein spectra from intact tissues (intact epithelium and in-
tact connective tissue) gave highly overlapping clusters, while
spectra from separated epithelium-upper and separated connec-
tive tissue-lower showed a tendency of classification, although
they overlapped with clusters of intact tissues. In the next step,
spectral data of intact epithelium, intact connective tissue, sep-
arated epithelium-upper, and separated connective tissue-lower
were subjected to PCA in two different groups [Figs. 6(b) and
6(c)]. Once again, no classification could be achieved among
spectra of intact tissues (intact epithelium and intact connec-
tive tissue). The typical results of spectral analysis are shown
in Fig. 6(b). Loading plots of factors 2 and 3 which were used
for classification are shown in Figs. 3(c) and 3(d). Conversely,
PCA of the second group, i.e., separated sections gave a clean
classification as shown in Fig. 6(c). In this case, once again
factors 2 and 3 were used for classification and loading plots
of which are shown in Figs. 3(e) and 3(f). These results proba-
bly suggest that spectral differences across intact tissues (intact
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Fig. 5 Mean and standard deviation spectra: (a) intact epithelium, (b) intact connective tissue, (c) separated epithelium-upper, (d) separated
connective tissue-lower, and (e) tumor. (Solid line: mean spectra; broken line: positive standard deviation; dotted line: negative standard deviation.)

epithelium and intact connective tissue) are minimal as com-
pared to that of separated sections (separated epithelium-upper
and separated connective tissue-lower). However, a point to be
noted is that PCA is considered more as a data overview tool
rather than a classification methodology; it gives a sketch out of
the data, which in turn reveals outliers, groups, and trends in the
data.20

Therefore, we have also explored possible discrimination
among four groups by supervised methods (LDA, FDA). Sig-
nificant principal components (P< 0.05) were selected as input
for the development of LDA algorithms. LDA determines the
discriminant function that maximizes the variances in the data
between groups while minimizing the variances between mem-
bers of the same group. Factors up to 95% variances were used
[Fig. 3(i)]. The performance of the diagnostic algorithms ren-
dered by the LDA models for correctly predicting the tissue
groups was estimated in an unbiased manner using the leave-
one-out (LOO) cross-validation method. As shown in Fig. 7,
four clusters—each corresponding to intact epithelium, intact

connective tissue, separated epithelium-upper, and separated
connective tissue-lower, respectively—were obtained. Further
analysis of the scatter plot (Fig. 7) suggests that clusters cor-
responding to intact epithelium and intact connective tissue are
more closer, while clusters of separated epithelium-upper and
separated connective tissue-lower are placed far apart from each
other. A summary of classifications for all groups is shown in
Table 1. Sixty-five out of 68 spectra of intact epithelium and
50 out of 53 spectra of intact connective tissue 52 out of 54
spectra of separated epithelium-upper and 55 out of 59 spectra
of separated connective tissue-lower were correctly classified.
Overall, a classification efficiency of 94% was observed.

LOO is a cross-validation method used for evaluation of a
performance of the classification models without losing diversity
in the data. Findings of LOO are shown in Table 1 which sug-
gests large misclassification across different groups. The confu-
sion matrix indicates that intact tissues are showing most of the
misclassifications. Out of 16 misclassifications of intact epithe-
lium spectra, 10 are classified as separated epithelium-upper, 2
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Fig. 6 PCA of oral spectra: (a) intact and incised biopsies; (b) intact tissues; (c) incised tissue (×: intact epithelium, �: intact connective tissue, o:
separated epithelium-upper; �: separated connective tissue-lower).

as intact connective tissue, and 4 as separated connective tissue-
lower. Twenty-one misclassifications were observed in the case
of intact connective tissue spectra out of which 9, 4, and 8 spectra
were classified as intact epithelium, separated epithelium-upper,
and separated connective tissue-lower, respectively. But the sit-
uation is different when the spectra of separated sections were
considered. In this case, most of the spectra overlap with intact
tissues, e.g., out of 25 misclassifications of separated epithelium-
upper only 4 are misclassified as separated connective tissue-
lower group. Similarly, only 2 out of 16 spectra of separated
connective tissue-lower group were misclassified as separated
epithelium-upper. Twenty-one and 14 misclassifications of spec-
tra from separated epithelium-upper and separated connective
tissue-lower were intact epithelium and intact connective tissue,
respectively. It could be due to the fact that spectral features
of intact tissues might have signals from both epithelium and
connective tissue components, thus supporting the findings of
PCA (Fig. 6).

Further, FDA was employed to verify findings of PCA and
LDA among different groups. FDA is an extremely useful when-
ever there are grounds to postulate the existence of a number
of groups (categories) into which the samples may be classi-
fied, and one has to look for the best discrimination. In this
approach, sample cases are attributed to the group on the basis
of classification probability of each spectrum, computed from
the distance in discriminant space of PCA scores between the
spectrum and the centroid of the nearest class. FDA aims to
find a small number of generalized variables (or factors) that

can describe most of the variances and correlations of the initial
variables (in this case, Raman shift wave number), reducing the
dimension of the measurement space without loss of informa-
tion. Factors accounting for up to 80% variance were used for
analysis [Fig. 3(j)]. As can be seen in Fig. 8, in this case and as
observed in PCA and LDA (Figs. 6 and 7, and Table 1), spectra
belonging to intact tissues show an overlap among themselves
and also with separated sections. But spectra from separated
sections are very exclusive.

As mentioned earlier, efficacy of Raman spectroscopy in
classifying normal, malignant, and premalignant conditions has
already been demonstrated.5–7 But in these studies Raman spec-
tra were recorded on intact tissues. Therefore, we have analyzed
spectra of tumor tissues along with spectra from all four different
groups (intact and incised oral normal biopsies) by PCA, LDA,
and FDA. Loading plots of factor 2 and 3 used for PCA and
scree plots for LDA and FDA are shown in Figs. 3(g) and 3(h)
and Figs. 3(k) and 3(l), respectively. Findings of PCA, LDA,
and FDA are shown in Figs. 9(a)–9(c) and Table 2, respectively,
which indicate that tumor spectra are always exclusive and do
not overlap with any of the four groups of normal spectra. It also
indicates that surface, i.e., orientation of normal tissues, seems
to have no bearing on classification.

Buccal mucosa is the nonkeratinized membrane lining of the
oral cavity. Oral buccal mucosa contains epithelium (superfi-
cial portion), lamina propria (subepithelial connective tissue),
and submucosa (deeper portion of connective tissue contain-
ing adipose and muscle tissue). Oral epithelium is of stratified
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Fig. 7 LDA of spectra from intact and incised biopsies (×: intact epithelium; �: intact connective tissue; o: separated epithelium-upper; �: separated
connective tissue-lower).

squamous type. The connective tissue of oral mucosa is called
lamina propria. It is supported by submucosa which is attached
to the underlying periosteum and bone through muscles. Epithe-
lial stratification shows three layers, basal cell layer (stratum
basalis), prickle cell layer (stratum spinosum), and corneal cell

Fig. 8 FDA of spectra from intact and incised biopsies (1: intact ep-
ithelium, 2: intact connective tissue; 3: separated epithelium-upper; 4:
separated connective tissue-lower).

layer (stratum corneum). Thickness of oral epithelium is vari-
able according to the site. Epithelium of buccal mucosa is the
thickest of all oral epithelia, which is approximately 500 μm.
Epithelium and connective tissues are separated by a 1 to 2-μm
thick structureless layer called a basement membrane. Lamina
propria contains reticulin and collagen fibers. Submucosa of oral
mucosa shows adipose tissue and minor salivary gland acini.21

A schematic representation of normal buccal mucosa is shown
in Fig. 10(a).

In the present experiments, tissue samples were collected
from contralateral normal buccal mucosa of oral cancer sub-
jects. Histopathological representation of a typical oral normal
buccal mucosa tissue used in the study is shown in Fig. 10(b).
The average thickness of the biopsies collected was ∼5 mm.
As mentioned earlier, the thickness of epithelium of buccal mu-
cosa is ∼0.5 mm and the rest of the thickness is due to reticulin
and collagen fibers of lamina propria, adipose tissue, and mi-
nor mucous salivary glands of submucosa and ground substance
of connective tissue.21 In the first step spectra were recorded
from superior and inferior surfaces of intact biopsy samples
[Fig. 10(b)]. As per the specifications given by the manufac-
turer, the depth of field of the probe is 1 mm. When spectra were
recorded from a superior surface of the biopsy, we presume that
the entire buccal epithelium, lamina propria, and a portion of
the submucosal adipose tissue have contributed to the spectrum.
It may be the reason for Raman signals of lipids and proteins
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Table 1 Confusion matrix: analysis of intact and incised oral normal buccal mucosa spectra. (Diagonal
elements are true positive predictions and Ex-diagonal elements are false positive predictions.)

LDA
Intact

epithelium
Intact connective

tissue
Separated

epithelium-upper
Separated connective

tissue-lower

Intact epithelium 65 1 2 0

Intact connective tissue 2 50 1 0

Separated epithelium-upper 0 2 52 0

Separated connective
tissue-lower

1 3 0 55

LDA Leave-one-out
cross-validation

Intact
epithelium

Intact connective
tissue

Separated
epithelium-upper

Separated connective
tissue-lower

Intact epithelium 52 2 10 4

Intact connective tissue 9 32 4 8

Separated epithelium-upper 10 11 29 4

Separated connective
tissue-lower

7 7 2 43

FDA
Intact

epithelium
Intact connective

tissue
Separated

epithelium-upper
Separated connective

tissue-lower

Intact epithelium 64 2 2 0

Intact connective tissue 4 43 4 2

Separated epithelium-upper 6 7 41 0

Separated connective
tissue-lower

2 2 2 53

observed in the spectra. When Raman spectra were recorded
from an inferior surface, a major contribution could be from
adipose tissue of submucosa and a deeper collagenous zone of
lamina propria. Also the possibility of contribution from the
epithelial surface cannot be completely ruled out. This is more
evident from Raman spectra showing strong lipid features along
with protein features obtained from the inferior surface of a
biopsy (Fig. 4). Strong lipid features could be attributed to the
fact that the submucosal adipose tissue zone falls within the
depth of field of the probe and the Raman cross-section of lipids
is larger.22, 23 This is further supported by PCA, LDA, and FDA,
wherein spectra belonging to superior and inferior surfaces of
intact biopsies show a considerable overlap suggesting similar-
ities in spectral profiles [Figs. 6(a)–8].

In the next step, epithelium was separated from the under-
lying connective tissue using a surgical blade and spectra were
recorded from separated epithelium– upper and separated con-
nective tissue–lower. As shown in Figs. 10(c), it is possible to
separate epithelium from connective tissue without intermixing
different layers. Spectra recorded from separated epithelium–
upper seems to be different from separated connective tissue–
lower which is composed of submucosal adipose tissue and
collagen zone of lamina propria [Fig. 10(c)], especially in terms
of strong lipid features seen in the latter. This is also evident
from PCA, LDA, and FDA as clusters belonging to separated

epithelium– upper and separated connective tissue–lower are
mutually exclusive, however they overlap with intact tissue
which further supports our observation that spectra from in-
tact tissue have contributions from not only superficial layers
but also from deeper layers [Figs. 6(a)–8].

From the findings of our study one can assume that archi-
tectural and morphological organization of tissue components
are the hallmark of spectral signatures. Spectra obtained from
upper and lower surfaces of an intact oral buccal mucosal biopsy
showed lipid and protein signatures due to histological arrange-
ment of lipid and collagen molecules in the connective tissue.
On the other hand, spectra from the same surfaces after ep-
ithelium separation seem to be different but they overlap with
intact tissue spectra as suggested by PCA, LDA, and FDA. Clus-
ters of intact tissues overlap among themselves while clusters
from separated sections remain exclusive. Therefore, it can be
assumed that spectra recorded from either surface will have fea-
tures from an entire volume of the probing area. This is probably
due to a collection of signals even from deeper layers of tis-
sue. There have been reports on propagation of Raman photons
from deeper tissue layers.24, 25 A recent study by Mo et al. on
a two layer tissue phantom constructed by overlaying different
thicknesses of chicken muscle tissues on chicken fat tissue has
demonstrated that spectral contributions of fat layers as deep as
3.9 mm can be recorded.24 Our study also suggests that spectral
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Fig. 9 Analysis of oral buccal normal and tumor spectra: (a) PCA, (b) LDA (×: intact epithelium; �: intact connective tissue; o: separated epithelium-
upper; �: separated connective tissue-lower, –: tumor). (c) FDA of oral buccal normal and tumor spectra (1: tumor; 2: intact epithelium; 3: intact
connective tissue; 4: separated epithelium-upper; 5: separated connective tissue-lower).

Fig. 10 Histological sections of buccal mucosa: (a) Schematic representation; (b) intact biopsy section; (c) separated components; epithelium–upper
image, connective tissue–lower image.
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Table 2 Confusion matrix: analysis of oral normal buccal mucosa and tumor spectra. (Diagonal elements
are true positive predictions and Ex-diagonal elements are false positive predictions.)

LDA Tumor
Intact

epithelium
Intact connective

tissue
Separated

epithelium-upper
Separated connective

tissue-lower

Tumor 127 0 1 0 0

Intact epithelium 0 65 1 2 0

Intact connective
tissue

0 2 50 1 0

Separated
epithelium-upper

0 0 2 52 0

Separated
connective
tissue-lower

0 1 3 0 55

LDA Leave-one-out
cross-validation Tumor

Intact
epithelium

Intact connective
tissue

Separated
epithelium-upper

Separated connective
tissue-lower

Tumor 116 3 5 2 2

Intact epithelium 0 51 3 9 5

Intact connective
tissue

0 13 28 6 6

Separated
epithelium-upper

0 12 12 28 2

Separated
connective
tissue-lower

0 4 3 2 50

FDA Tumor
Intact

epithelium
Intact connective

tissue
Separated

epithelium-upper
Separated connective

tissue-lower

Tumor 127 0 1 0 0

Intact epithelium 0 63 0 4 1

Intact connective
tissue

0 6 37 6 4

Separated
epithelium-upper

0 6 8 40 0

Separated
connective
tissue-lower

0 2 2 1 54

contributions from deeper submucosal adipose tissue can be
observed in spectra that we recorded from a superior surface
of an intact tissue. PCA, LDA, and FDA findings also support
this observation as spectra from superior and inferior surfaces
show an overlap. However, surface orientations of normal tissue
seem to have no influence on classification between normal and
malignant tissues.

Considering in vivo applications, the present observation is
very significant as morphological alterations in premalignant
pathosis occur at the basal cell region which is ∼300 to 400
μm deep from surface. If we assume that spectra would arise
only from superficial layers, it would be difficult to diagnose
potentially precancerous and early invasive lesions. The present
experiment suggests that spectra arise from interaction of both

epithelial and connective tissue components; hence, by achiev-
ing suitable modification in probe, confocal measurements can
be made by targeting an area of specific interest.
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