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Stokes shift spectroscopy (S3) is an emerging approach toward cancer detection. The goal of this paper is
to evaluate the diagnostic potential of the S3 technique for the detection and characterization of normal
and cancerous prostate tissues. Pairs of cancerous and normal prostate tissue samples were taken from
each of eight patients. Stokes shift spectra were measured by simultaneously scanning both the excita-
tion and emission wavelengths while keeping a fixed wavelength interval A1 = 20 nm between them.
The salient features of this technique are the highly resolved emission peaks and significant spectral
differences between the normal and cancerous prostate tissues, as observed in the wavelength region
of 250 to 600 nm. The Stokes shift spectra of cancerous and normal prostate tissues revealed distinct
peaks around 300, 345, 440, and 510 nm, which are attributed to tryptophan, collagen, NADH, and flavin,
respectively. To quantify the spectral differences between the normal and cancerous prostate tissues, two
spectral ratios were computed. The findings revealed that both ratio parameters Ry = Iog7/I345 and Ry =
I307/1345 were excellent diagnostic ratio parameters giving 100% specificity and 100% sensitivity for
distinguishing cancerous tissue from the normal tissue. Our results demonstrate that S3 is a sensitive

and specific technique for detecting cancerous prostate tissue. © 2012 Optical Society of America

OCIS codes:  170.6280, 300.6170.

1. Introduction

Prostate cancer is the second leading cause of cancer
death among American men. During 2010, an esti-
mated 217,730 new prostate cancer cases were re-
ported in the United States, and it was predicted
that among them, 32,050 men might die [1].
Currently, prostate cancer diagnosis is based on a
prostate specific antigen (PSA) test and digital rectal
examination (DRE). If either of these two tests is ab-
normal, a biopsy is usually performed guided by
transrectal ultrasound (TRUS). Although a TRUS-
guided biopsy is considered the gold standard, it suf-
fers from lack of sensitivity and specificity and leads
to a significant number of false negatives, which then
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often leads to unnecessary biopsies, patient trauma,
and the time needed to obtain a histopathological di-
agnosis [2]. Consequently, new detection technolo-
gies are needed that can overcome the current
limitations and improve patient well-being.

Optical spectroscopy offers a novel diagnostic ap-
proach for tissue and can be considered as an alterna-
tive technique to conventional methods because of its
advantages, such as minimal invasiveness, less time,
and reproducibility. For more than three decades,
various optical spectroscopic techniques for cancer
diagnosis have been widely explored as potential di-
agnostic tools in the discrimination of normal from
abnormal tissues. In the 1980s, Alfano’s group first
reported on the light-induced fluorescence differences
from malignant and nonmalignant breast and
lung tissues [3]. Since then, some groups around
the world have reported the use of native fluorescence



spectroscopy [4,5] and/or diffuse reflectance spectro-
scopy [6,7] for diagnosis of cancers in different organs.
These reported studies indicate that optical spectro-
scopy has the potential to improve the screening and
early detection of cancer. The optical spectra method,
known as “optical biopsy,” as termed by Alfano, is a
potential technique by which the medical community
can diagnose tissues without removing them.

Native fluorescence of tissues, also called auto-
fluorescence, is believed to be produced by several en-
dogenous fluorophores, such as tryptophan, collagen,
elastin, a reduced form of nicotinamide adenine
dinucleotide (NADH), flavin adenine dinucleotide
(FAD), and endogenous porphyrins. During the de-
velopment from benign prostatic hyperplasia to
premalignant (dysplastic) and malignant stages,
prostate cells undergo proliferations that modify
these fluorophore levels [8]. Additionally, the connec-
tive tissue frameworks of prostate tissue can be im-
paired during cancer development [9]. Such changes
are likely to alter both tissue morphology and bio-
chemistry, which could be detected using tissue fluor-
escence spectroscopy [10]. Thus, by measuring the
fluorescence signal from tissue, changes in tissue
structure and composition and information concern-
ing the pathological state of the tissue could be
obtained [11,12].

Cells/tissues contain several key fluorophores with
broad and partly overlapped excitation and emission
spectra [13]. Further, each fluorophore has a distinct
absorption peak wavelength and a characteristic
“fingerprint” peak emission wavelength [14]. The
emission spectra at one or more excitation wave-
lengths or excitation spectra corresponding to one
or more emission wavelengths have been used for
diagnostic purposes [15]. The conventional laser-
induced fluorescence spectroscopic method for cancer
detection has limited applicability since most tissue
fluorescence spectra have a series of overlapping
bands from different fluorophores, and it often can-
not be resolved satisfactorily by a single-excitation
wavelength. To overcome this problem, multiple-
excitation wavelengths are sequentially used to gen-
erate an excitation-emission matrix (EEM) in order
to identify the optimal excitation wavelengths at
which tissue classification is enhanced and to deter-
mine the origin of the measured fluorescence signal
in a more reliable manner [5]. However, EEM mea-
surement requires a large number of fluorescence
emission scans at sequential excitation wavelengths
at small wavelength intervals, and this is time-
consuming. In order to reduce time consumption, a
two-dimensional detector, such as a CCD camera,
is used in conjunction with a spectrograph.

Alfano and Yang were the first to introduce the
physical concept of Stokes shift spectroscopy (S3)
as a rapid method for diagnosing diseased tissue that
depends on both absorption and emission properties
of the fluorophores [16]. In S3, the excitation wave-
length A, and the emission wavelength 1., are
scanned synchronously with a constant wavelength

interval Al = A.,—dex between the excitation and
emission. Earlier, this technique was called synchro-
nous fluorescence spectroscopy, and it begins with a
multicomponent analysis to obtain spectral emission
peaks of tissue samples, and it enhances the selectiv-
ity in the assay of complex systems [17]. Recently, S3
was used as a potential tool for the diagnostic pur-
poses. Ebenezar et al. investigated the potential
use of S3 as a diagnostic tool for the discrimination
between normal and abnormal cervical and breast
tissues [18,19]. Masilamani et al. studied the use
of S3 in the discrimination of benign and malignant
prostate tissues [20]. However, to the best of our
knowledge, no report is available using S3 technique
for the comparison and discrimination of cancerous
and normal prostate tissues from the same patients.
Therefore, this paper is designed to demonstrate the
potential use of the S3 technique to detect and char-
acterize the normal and cancerous prostate tissues
from the same patients, and to determine the optimal
offset wavelength Al for distinguishing cancerous
tissue from normal prostate tissue.

2. Materials and Methods

A. Tissue Samples

A total of sixteen fresh human prostate tissue sam-
ples were collected from eight patients from the
Cooperation Human Tissue Network (CHTN) under
the Institutional Review Board approval of The City
College of New York. Each patient provided a pair of
normal and cancerous samples. The spectroscopic
data were classified into two groups: (1) normal
and (2) cancerous tissues according to their post-
spectroscopy studies. The optical biopsy of each tis-
sue sample was compared to the histopathology
analyses.

B. S3 Measurements

The Stokes shift (SS) spectra of ex vivo prostate tis-
sues were recorded using spectrofluorometer (LS 50,
PerkinElmer). The prostate tissue samples of solid
chunks of approximately 1.5 mm x 1 mm x 0.3 mm
(Iength x width x thickness) were placed in a quartz
cuvette with the epithelium toward the face of the
cuvette and the beam. The excitation light of ap-
proximately 2 mm x 4 mm was incident perpendicu-
lar to the face of the tissue epithelium surface, and
the emitted fluorescence light was collected at a
90° angle to the excitation light. During data acqui-
sition, the excitation and emission monochromators
had fixed band passes of 3 nm each, and the wave-
length increment was set at 0.5 nm. The variation
in the excitation light source intensity as a function
of wavelength was taken into account during SS
spectra measurements. This was done by detecting
the fluorescence signal (S) by the photomultiplier
tube as well as recording the reference excitation in-
tensity (R) by a photodiode and taking their ratio S/R
to serve as the final S3 signal to account for the wa-
velength-dependent light intensity.
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C. Optimization of Offset Wavelength A1

The SS is dependent upon the vibrational and elec-
tronic interaction and the polarity of the host envir-
onment surrounding the emitting organic molecules.
The wavelength interval of the SS spectrum can be
simply compressed or expanded just by decreasing
or increasing the selected Al parameter [19]. During
S3 acquisition, the excitation and emission mono-
chromators were scanned simultaneously at the
same speed with a constant wavelength interval Al
between them. In this paper, we investigated various
Al values, ranging from 10 to 50 nm, in increments of
10 nm. Among the five Al alues, a A1l = 20 nm re-
vealed four key identifiable fluorophores with a good
signal-to- noise ratio. Therefore, the value of Al =
20 nm was selected as the favored offset wavelength
interval for the entire series of investigation. The S3
of normal and cancerous prostate tissues were
recorded in wavelengths of 250 to 600 nm, where
Al =20nm, and with a scanning speed of
5 nm/ sec. Because the S3 measurements involved
the simultaneous scanning of both excitation and
emission monochromators, significant contribution
from the excitation light source was expected. By di-
viding each of the SS spectra by the lamp spectrum
measured under the same instrumental parameters,
the contribution from the excitation light source to
the SS spectra was counted.

D. Statistical Analysis

The measured spectral data were analyzed statisti-
cally to discriminate cancerous tissue from normal
prostate tissue. Data were initially preprocessed by
normalizing each spectral profile with respect to the
maximum fluorescence intensity of spectrum. From
the normalized spectrum, two intensity ratios were
calculated at different wavelengths corresponding
to the characteristic spectral features of different
groups of the prostate tissues studied. The mean and
standard deviation values were calculated for each
group of prostate tissue, and their statistical signifi-
cance was verified using an unpaired Student’s t-test
to calculate the level of physical significance p with
95% confidence interval using origin statistical soft-
ware (OriginPro7). The corresponding tissues, which
yielded significant differences (p < 0.005) in the ratio
values, were selected for further histopathological
analyses.

The classification analysis was determined on the
basis of discrimination cutoff values. Discrimination
cutoff lines are drawn between the normal (mean of
all normal tissues) and cancerous (mean of all cancer
tissues), at values that correspond to the mean ratio
value of the respective groups. The sensitivity and
specificity in discriminating each of these categories
were determined on the basis of the cutoff values
identified by ratio method by validation with the gold
standard, namely, histopathological results of biopsy
specimens taken from SS emission measurement
sites. Similar ratio intensity variable methods have
been adopted by earlier researchers to discriminate
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normal from different tissue categories of bladder
tissues, and the sensitivity and specificity were
determined on the basis of the discrimination cutoff
lines [5].

3. Results

The normalized mean S3 of cancerous (solid) and nor-
mal (dash) prostate tissues in the wavelength region
between 250 and 600 nm is shown in Fig. 1. The nor-
mal tissues show a small hump around of 307 nm,
with a single primary band centered at 345 nm, a
small shoulder around 375 nm, and secondary peaks
observed at 405, 440 and 510 nm. Although cancer-
ous tissue is found to exhibit two primary, highly re-
solved bands at 297 and 345 nm, with secondary
peaks observed at 440 and 510 nm, and the spectral
band at 297 nm was higher than that at 345 nm.
From this normalized spectrum, it was also observed
that all the spectral bands are highly resolved, and
one could discern the spectral shift of primary emis-
sion bands between normal and cancerous tissues.
For example, the normalized spectra of normal
tissues show an emission band at 307 nm, which
was blueshifted to 297 nm for cancerous tissues. In
addition, a spectral dip or valley was also observed
around 425 nm for normal and cancerous tissues.
It was noted that the valley at 425 nm is deeper
in the case of cancerous than normal tissues.

A. S8 Measurements of Standard Fluorophores

To investigate the origin of the observed spectral
peaks from normal and cancerous prostate tissues
and to assign them to various endogenous fluoro-
phores, the S3 of commercially obtained fluorophores
(Sigma Chemicals, USA) of tryptophan, collagen,
NADH, and FAD were measured with the same
experimental parameters maintained as for the pros-
tate tissues. The SS spectra of the commercial-grade
fluorophores were corrected for the variation in
the lamp intensity and normalized with respect
to the corresponding peak intensity. Figure 2
shows the normalized SS spectra of the standard
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Fig. 1. (Color online) Normalized mean Stokes shift spectra of

cancerous (solid) and normal (dash) prostate tissues.
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Fig.2. (Color online) Normalized Stokes shift spectra of standard

fluorophores of tryptophan (solid), elastin (dash), collagen (dot),
NADH (dash dot), and FAD (dash dot dot).

fluorophores, such as tryptophan (solid), elastin
(dash), collagen (dot), NADH (dash dot) and FAD
(dash dot dot), with their narrow emission peaks ob-
served at 311, 347, 353, 397, and 533 nm, respec-
tively. The SS spectra of elastin also showed
secondary peaks at 285 nm, with a small shoulder
around 414 nm. Further, the fine structures observed
in the wavelength region between 440 and 500 nm
may be due to the stray light contribution from
the xenon lamp passing through the exit slit of the
excitation monochromator. A sharp spectral feature
was observed at 467 nm due to the contribution from
the xenon lamp source.

B. Results of Statistical Analysis

In order to validate the diagnostic utility of the ob-
served spectral signatures between normal and can-
cerous tissues, two ratio variables were introduced
for SS spectra, with Al = 20 nm. The mean and
standard deviation of the SS spectral ratios of nor-
mal and cancerous prostate tissues were calculated,
and the results are listed in Table 1 along with p va-
lues. The statistical significance was computed
through an unpaired Student’s t-test to determine
the level of significance p. The p values for both
the ratio variables are less than 0.005, indicating a
high statistical significance. From Table 1, for both
ratio variables Rl = 1297/1345 and R2 = 1307/1345,
the mean value of the normal tissue was lower than
that of the cancerous tissue. In the SS spectrum, it is
the relative intensities between the maxima that are
of importance rather than the numerical intensity

1.5

Cancer
1.2 ] [ I |

o
©
!
—

I297/1345

0.6

0.3 ® ° . PO Normal

0 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20

Sample Number

Fig. 3. Scatter plot of intensity ratio of I5g7/I345 for normal (e)
and cancerous (m) prostate tissues.

value of each maximum. Table 1 shows the computed
ratios of the fluorescence peak intensities at 297 to
345 nm (R;), and 307 to 345 nm (R,), correlating with
their histologic findings. For example, the mean ratio
value of R; in normal tissues was 0.36 + 0.05, which
is significantly different from the mean value of
1.24 4+ 0.09 in cancerous tissues (unpaired Student’s
t-test, p < 0.005). By selecting the I597/1345 of ~0.80
as the demarcation ratio level (between the normal
and cancerous tissues), it is found to yield 100% spe-
cificity and 100% sensitivity for differentiating can-
cerous from normal tissues (Fig. 3). Similarly, the
mean ratio value of R, for normal tissue was
0.57 &+ 0.05, which is also significantly different from
the mean value of 0.92 + 0.05 for cancerous prostate
tissues (unpaired Student’s t-test, p < 0.005). By se-
lecting 1307 /1345 of ~0.74 as a cutoff for tissue demar-
cation, 100% specificity and 100% sensitivity were
achieved (Fig. 4).

4. Discussion

The potential use of the S3 technique in detection
and characterization of normal and cancerous pros-
tate tissues was explored, and the spectral data were
analyzed by a simple statistical method, which vali-
dated the diagnostic potentiality of the present meth-
od. The comparison of S3 spectra of normal and
cancerous tissues with those corresponding to com-
mercial-grade standard fluorophores suggests that
the peaks observed around 297, 307, 345, 440, and
510 nm may be primarily attributed to tryptophan,
collagen and/or elastin, NADH, and FAD, respec-
tively. Similar peaks of S3 were reported earlier in
the discrimination of normal and different

Table 1. Mean +SD of the Stokes Shift Spectral Ratios of Normal and Cancerous Prostate Tissues
Spectral Intensity
Tissue types At 297 nm At 307 nm At 345 nm Intensity ratio Ry = Ia97/I345 Intensity ratio Ry = I307/I345
Normal 0.36 £0.05 0.57 £+ 0.05 0.99 £ 0.00 0.36 £ 0.05 0.57 £ 0.05
Cancerous 0.98 +0.01 0.73 £ 0.03 0.79 + 0.05 1.24 +0.09 0.92 + 0.05
P value <0.005 <0.005 <0.005 <0.005 <0.005
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Fig. 4. Scatter plot of intensity ratio of I3y7/I345 for normal (e)
and cancerous (m) prostate tissues.

pathological studies of cervical tissues [18]. In this
paper, the wavelengths of the spectral peaks ob-
served for prostate tissues were not exactly the same
as those of the standard fluorophores. This observed
spectral shift of the peak positions in the spectra of
prostate tissues may be due to the different microen-
vironments of these endogenous fluorophores in tis-
sues. In particular, the band position of standard
fluorophore of NADH at 397 nm does not exactly
match our prostate tissue band position, which has
been observed around 440 nm. Earlier reported stu-
dies have shown that exact determination of NADH
emission is difficult because this compound signifi-
cantly changes the spectral shape and intensity after
undergoing oxidation after resection [13]. In addi-
tion, the fluorescence data of NADH compound ob-
tained from ex vivo tissue may not accurately
represent the in vivo or living situation [21]. Thus
oxidation of tissue fluorophores will influence the
fluorescence properties of the tissues, which leads
to change in spectral peak positions and the line
width and fluorescence intensities [22,23].

Distinct salient differences in the spectral signa-
tures of tryptophan, collagen and/or elastin, NADH,
and FAD were observed from normal and different
pathological conditions of prostate tissues, as shown
in Fig. 1. The normal tissue exhibits a small peak
around 307 nm, most likely due to tryptophan, an
aromatic amino acid. This peak was significantly
higher, and it shifted to 297 nm for cancerous tissues.
Table 1 also shows that the intensity of the trypto-
phan emission band was higher in the cancerous
tissues (0.98 £ 0.01 at 297 nm and 0.73 £ 0.03 at
307 nm) than in normal tissues (0.36 £ 0.05 at
297 nm and 0.57 + 0.05 and 307 nm). Significantly,
the tryptophan emission band was lower (0.57 + 0.05
at 307 nm) for normal tissues, and it was noticed that
the same band was blueshifted with increased emis-
sion intensity (0.98 + 0.01 at 307 nm) for cancerous
tissues. The striking observation is the increase in
the tryptophan fluorescence signals in cancerous tis-
sues relative to its normal counterpart. This increase
is probably due to hyperactivity or epithelium
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glandular proliferation resulting in higher transient
concentration of proteins in cells and/or increased
thickness of the epithelium [9,24]. The observed in-
crease in tryptophan fluorescence correlates with the
earlier reported data on cervical epithelial cancer
cells, non-melanoma, and bladder cancerous tissues
[4,5,25]. In addition to the increase in tryptophan
fluorescence intensity, the peak emission wavelength
was blueshifted to 297 nm for cancerous tissues
in comparison with the normal tissues. This observed
blueshift may be attributed to changes in the local
microenvironment and conformational changes of
the protein-bound tryptophan, relative to the free
amino acid [26]. Similar spectral blueshifts have
been noted in human laryngeal epithelial cells [27],
carcinogen-transformed human bronchial epithelial
cells [28], and SS spectra of breast tissues [19].
Further, it is suggested that sensitivity of tryptophan
fluorescence and its peak emission due to polarity and
mobility of environment makes tryptophan fluores-
cence useful for monitoring structural changes in a
protein [29]. Based on the results, it is concluded that
changes in intrinsic tryptophan fluorescence and its
peak emission wavelength from cancerous prostate
tissues can be used as one of the diagnostic criteria
for classifying early neoplastic changes.

The structural proteins collagen and/or elastin
have been noted in the S3 spectrum. As we know,
collagen and/or elastin is a major component of extra-
cellular matrix and dominates the stroma fluores-
cence associated with crosslinks. From Fig. 1, the pri-
mary prominent band was observed for the normal
tissue at 345 nm, corresponding to structural protein
collagen and/or elastin, with a small shoulder around
375 nm, and secondary peak was observed at 405 nm
due to elastin. These bands are drastically decreased
in the cases of cancerous prostate tissues. Table 1
also shows that the intensity of collagen emission
band (0.99 + 0.00 at 345 nm) was high in normal tis-
sues and low (0.79 £ 0.05 at 345 nm) in cancerous tis-
sues. In normal prostate tissues, the collagen and
elastin network is dense, with larger numbers of
fibers compared to non-uniform of size and shape of
the epithelial cells, and loss and disintegration of col-
lagen and elastin fibers in the cancerous prostate tis-
sue was expected [24,30,31]. The significant decrease
of collagen and/or elastin fluorescence in cancerous
prostate tissues may be due to structural changes in
the epithelium, and sub-epithelial collagen network
may be due to nuclear enlargement and because
epithelial cells are crowded with increased cell
density, loss of cellular maturation, and overall thick-
ening of the epithelium [8,10,32]. Thus, increased
thickness of the epithelium in malignant prostate
glands attenuates both excitation light and emission
fluorescence light from the vascular stroma, leading
to reduced penetration depth of the excitation light
as well as the re-absorption of the emitted fluores-
cence. This may present a potential criterion for
prostate cancer detection. This criterion agreement
with reported studies has shown that collagen



fluorescence is decreased in cancerous prostate
tissues [8].

The characteristic hemoglobin absorption features

were clearly found as a dip at 420 nm for normal and
cancerous prostate tissues. The hemoglobin absorp-
tion is deeper in the case of cancerous tissues than
for normal tissues due to possible increase of hemo-
globin content from angiogenesis [32]. Most cancer-
ous tissue is known to exhibit increased vasculature
due to angiogenic developments with recurrence in
hypoxia, and, hence, there is increased blood content
in superficial tissue layers, which leads to increased
hemoglobin absorption when compared to normal tis-
sues [33]. This hypothesis is also consistent with the
findings of earlier reports on S3 of cervical [18] and
breast tissues [19] and other studies by Demos et al.
[14] and Volynskaya et al. [34].
In addition to this, in Fig. 1, the normal tissue ex-
hibits a broad peak around 440 nm and has a small
sharp peak at 510 nm at a longer wavelength. How-
ever, cancerous prostate tissues also reveal similar
spectral bands but with a less fluorescence intensity
compared with the normal tissues. The observed
spectral bands at 440 and 510 nm may be attributed
to the coenzyme of NADH and FAD. The relative de-
crease of NADH and FAD fluorescence in malignant
prostate tissues may be due to changes in tissue mor-
phology (thickening of epithelium), the decrease of
fluorophores (NADH and FAD) quantum yields,
and/or oxidation of tissue fluorophores [5,22].

The present result shows that the overall S3 signa-
ture provides information about tissue architecture
(epithelial thickness), changes in absorption due
to hemoglobin, and concentration of fluorescing mo-
lecules, which can be correlated to histological
changes. Therefore, alteration in tissue architecture
that inhibits excitation photons from reaching the
native fluorophores and/or the emission photons
from the fluorophores from escaping from the tissue
could be detected by the S3. Additionally, as the he-
moglobin concentration increased, the fluorescence
intensity decreased and the fluorescence profile was
altered significantly. Thus, changes in the concentra-
tion of the key native fluorophores could alter the
emitted fluorescence in a single scan, which is man-
ifested in our study.

Many studies have been reported that the fluores-
cence spectral intensity ratio could be used as a po-
tential tool for tissue diagnosis [5,18-20]. In this
paper, a simple classification method was adopted
based on the ratio values estimated from the inten-
sities at different wavelengths characterizing the
peaks of different groups under study. To quantify
the observed spectral results and to estimate the di-
agnostic potentiality of the present technique, two
intensity ratios, such as Ig7/I345 for normal tissues
and I3q;7/I345 for cancerous tissues, were selected.
Each emission wavelength used in these ratios repre-
sents a specific fingerprint of one fluorophore. The
component identified as I3y; represents the peak
emission wavelength of tryptophan for normal tis-

sues, whereas I9y; represents the peak emission
wavelength of tryptophan for cancerous tissues, and
1545 represents the peak emission wavelength of col-
lagen and/or elastin from normal and cancerous
tissues. Both intensity ratio values increase signifi-
cantly for cancerous tissues in comparison with nor-
mal tissues. From these ratio parameters, we found
variations in the relative distribution of tryptophan,
collagen and/or elastin corresponding to the different
histopathology of the tissues.

In this paper, we performed the classification ana-
lysis for two ratio parameters (I597/I345 and
1397 /I345) in order to find out the specificity and sen-
sitivity of the present technique to discriminate be-
tween two groups. Figure 3 shows the scatter plot of
the spectral intensity ratio of Iog;/I345 from sixteen
samples from eight patients categorized as normal
prostate tissues (n = 8) and cancerous prostate tis-
sues (n = 8). The classification specificity and sensi-
tivity in discriminating each of these categories
were determined on the basis of discrimination cut-
off values, given in the scatter plot (Fig. 3). For ex-
ample, the cutoff line discriminating the normal
from the cancerous were drawn at 0.80, correspond-
ing to the mean ratio of normal (0.36) and the mean
of the cancerous (1.24) group. For the I597 /345 ratio,
by selecting a cutoff at the mean (0.80) of the normal
and cancerous tissues yield, 100% specificity and
100% sensitivity was obtained for discrimination
of the normal from the cancerous. Similarly, we per-
formed other ratio parameter I3g;/I345 for the same
classification analysis. Figure 4 shows the scatter
plot of the spectral intensity Isy7/I345 ratio, the cut-
off line drawn at 0.74 discriminates the normal from
cancerous, with the specificity and sensitivity of
100% and 100%, respectively.

Statistical analysis showed that both intensity ra-
tios yielded 100% diagnostic sensitivity and specifi-
city. Since the increased value of the fluorescence
ratios of Io97 /1345 and 157 /1345 for cancerous prostate
tissues compared to normal tissue reflects an in-
crease in the tryptophan fluorescence contribution
and a decrease in the collagen and/or elastin fluores-
cence contribution. Among the all the fluorophores,
the finding of increased band of tryptophan fluores-
cence and decreased fluorescence of collagen and/or
elastin band from prostate cancer could be particu-
larly useful for detecting prostate cancer.

The major advantage of the S3 technique is that all
the fluorophores in complex structures, such as tis-
sue, are excited under optimal conditions, such as
wavelength of excitation, slit widths, scan speed,
and scan range, which is practically impossible in
the case of conventional fluorescence measurements.
In the case of conventional fluorescence measure-
ments, optimal conditions are chosen based on the
fluorophores of interest. Though, EEM offers great
resolution, it takes some time to carry out, even with
multichannel detectors. Also, the large amount of
data of EEM could significantly slow down the data
processing procedures and clearly is impractical in a
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clinical setting. On the other hand, S3 represents the
diagonal scan over the entire EEM, thereby reducing
the time of data acquisition without any alterations
in the details over the entire spectral range of the dif-
ferent fluorophores present in the different tissues.
The S3 technique reduces the time of data acquisi-
tion and can be identified in a specific spectral range
with narrower spectral band attributed by each
fluorophore than the conventional fluorescence spec-
trum. S3 improves the diagnostic capability of optical
spectroscopy for prostate cancer diagnosis because
all the key fluorophores, such as tryptophan, collagen
and/or elastin, hemoglobin (absorption), NADH, and
FAD, can be obtained in a single scan [16], and they
are reported as cancer markers [8-11]. On the basis
of above factors, S3 may also be considered as a tech-
nique that is alternative or/and complementary to
the existing conventional methods for tissue di-
agnosis.

5. Conclusion

This paper suggests that S3 holds the potential for
differentiating between diseased and normal pros-
tate tissues in vitro. Results of the current study de-
monstrate that spectral changes due to the changes
of contents of tryptophan, collagen and/or elastin,
NADH, and FAD have good diagnostic potential.
Two ratio parameters (R; = Iog7/I345 and Ry = 1507/
I345) were empirically selected and evaluated by an
unpaired Student’s t-test, which showed useful diag-
nostic information with excellent discrimination of
mean ratio values between normal and cancerous
prostate groups. To improve on the diagnostic cap-
ability of S3, a larger number of samples of normal
and different pathological prostate tissues would
need to be validated in blinded manner. Such inves-
tigations with a large group of tissue biopsies will be
useful for the development of a statistical database
and a user-friendly diagnostic algorithm that could
facilitate a real-time in vivo clinical diagnosis of pros-
tate cancer. Currently, we are working on the above
aspects to prove S3 as a useful and novel technique in
the diagnostic clinical oncology for different tissue

types.
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