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ABSTRACT

Cancer is a dreaded disease; a large number of deaths occur every year due to this disease. Oral squamous
cell carcinoma (OSCC) is the most common cancer of the head and neck, which is approximately 16% to 40% of
all malignancies. In this study, Laser induced fluorescence (LIF) spectroscopy has been utilized to discriminate
OSCC against healthy (normal) tissues and to investigate whether the LIF could provide information from
formalin-fixed paraffin-embedded (FFPE) tissue samples similar to that reported using fresh tissues. Samples
were prepared after biopsy from ten patients using standard FFPE tissues methods. LIF system consists of
a continuous wave (CW) He—-Cd laser at 325 nm, a seven-core optical fiber cable coupled to the laser, a
spectrometer with cooled charge coupled device (CCD) detector, and a computer for acquisition of the LIF
spectra. Spectra were decomposed using second derivative and curve fitting analysis to reveal the changes in
molecular composition of the samples. Moreover, samples spectra were discriminated by hierarchical cluster
analysis (HCA) and principal components analysis (PCA). Spectral results showed differences in peak areas
and positions between normal and OSCC tissues. LIF spectroscopy revealed significant decrease in the peak
area of collagen and decrease in peak area of coenzymes of OSCC tissues. In addition, significant shift in the
peak position of coenzymes was recorded. HCA and PCA of LIF indicated a very clear discrimination of the
normal and FFPE-OSCC tissues. The achieved discrimination between elliptic polygons of normal and OSCC
tissues was 96.3% by PCA. This study confirms that the LIF spectroscopy is a good diagnostic tool for OSCC
and it could be used with samples that are prepared using FFPE tissues methods.

KEYWORDS: Laser Induced Fluorescence (LIF), Oral Squamous Cell Carcinoma (OSCC), Coenzymes,
Collagen, Hierarchical Cluster Analysis (HCA), Principal Components Analysis (PCA).

1. INTRODUCTION

Cancer is a kind of diseases described by uncontrolled

in developed world and certain others are more prevalent
in the developing nations. In 2012, around 22,000 can-

production of abnormal cells.! It is a dreaded disease and
large populations get affected from it, a large number of
deaths occur every year due to this disease. According to
assessments from the International Agency for Research
on Cancer (IARC), around 14.1 million new cancer cases
were diagnosed in 2012 worldwide, of which 56.74% were
diagnosed in developing countries that contain about 82%
of the world’s population.! These assessments neglected
non-melanoma skin cancers that are not tracked in cancer
registries.! Certain types of cancers have higher incidence
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cer deaths were recorded per day by cancer worldwide.
About 2.9 million were in economically developed coun-
tries, whereas 5.3 million were in economically devel-
oping countries.! The main reason for large number of
deaths is the late detection/diagnosis of cancer. Incidence
of head and neck cancer is approximately 16% to 40% of
all malignancies. Oral squamous cell carcinoma (OSCC) is
the most common cancer of the head and neck. In addition,
the incidence of OSCC has increased in recent years.”™
The OSCC is differentiated only through histologic evalu-
ation. Early diagnosis of cancer is the best way to ensure
patient survival and healthy life.® If OSCC is detected
in the early stages, the disease can be managed better.
Hence, there is a need for techniques, which can detect the
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presence of cancer with high sensitivity, has high discrim-
ination capability and accuracy.

There are many techniques that employ fluorescence
spectroscopy measurement such as fluorescence correla-
tion spectroscopy (FCS), photodynamic diagnosis (PDD),
photodynamic therapy (PDT), and laser-induced fluores-
cence (LIF) that are applied to investigate biomedical sam-
ples and detect the diseases in biological tissues. The
most widespread spectroscopic techniques is LIF, which is
mainly used to diagnose the cancer.”'! In this technique,
laser light is used to illuminate the tissues, and the fluores-
cence spectrum is collected from the same site.'>"'® There
are two ways of collecting the LIF; directly from the nat-
urally occurring tissue endogenous fluorophores (autoflu-
orescence) or by tagging the tissues with a dye-exogenous
fluorophore. The second method produces higher fluores-
cence yield and increases the contrast, however, autofluo-
rescence avoids potential side effects of dyes due to the
addition of drugs or dyes. We therefore prefer autofluo-
rescence as our choice. The fluorescence spectra are cor-
related to the molecular constituents of the tissues. There
are subtle differences in the spectra of normal and can-
cerous regions of the tissues. These occur due to his-
tological changes. The spectra also reflect the metabolic
state and concentrations of the constituent fluorescing
molecules. One can therefore, discriminate between the
tissues through LIF spectroscopy. Hence it is being used
as a diagnostic tool that can even be applied in vivo; and
thus, avoid invasive biopsy.

Recently, LIF has been widely implemented in cancer
diagnosis” ' !"17 and in particular for in situ (in vivo) tis-
sue diagnosis. Being a safe technique, it has attracted many
physicians to adopt it. Further interesting characteristics
are, its a non-invasive approach with excellent sensitiv-
ity. The minimal examination period, the minute needed
biopsy and in situ testing are further distinguished char-
acteristics between premalignant and malignant conditions
in certain types of cancers.® 61822

Using different lasers and wavelengths, LIF spec-
troscopy studies that were performed to investigate OSCC
have been reported in many papers.'®>?’ They aimed
to discriminate mainly between OSCC and oral normal
tissues. Some of the reports that used LIF spectroscopy
were carried out in vivo tissues; others were carried out
using fresh tissues that are kept in saline. Studying in vivo
is more objective, less time-consuming, and reliable. In
addition, there is no need for painful biopsy.?® In fact,
there is a need to test many tissue layers. However, pho-
ton excitation that usually operates either UV or visible
have a limited penetration depth when applied to biologi-
cal tissues. Therefore, it is complicated to achieve appro-
priate either microscopic or spectroscopic analyses at a
significant depth into in vivo tissues.?> Of course, keeping
fresh tissues in saline is a good method for simulating in
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vivo conditions. However, this often causes major restric-
tions; as the samples need to be stored at low tempera-
tures else the samples deteriorate rapidly, and there are
few other related problems with fresh tissues.?® 3 On the
other hand, there are alternative methods to handle tissues
ex vivo, such as formalin-fixed paraffin-embedded (FFPE)
and formalin-fixing.*® FFPE tissues methods are the most
widely used to store samples in histopathology.?® Hence,
estimation of expediency of fixed samples for LIF spec-
troscopy has become important. Several studies have inves-
tigated the appropriateness of fixation of tissues such as
FFPE, formalin fixed in optical histopathology with FTIR,
fluorescence, Spectral cytopathology, and Raman tech-
nique. These studies were reported in the literatures.?$3*
In this work, an experimental facility has been setup to
implement the LIF diagnosis of OSCC of the tongue tissue
samples that are formalin fixed and embedded in paraffin
and discriminate them against normal healthy tissues from
the same patients. In addition, OSCC tissue was compared
to normal tissue with the aim to investigate whether the
LIF could provide information from FFPE similar to that
were reported from fresh tissue. Details of the setup and
the spectral analysis of ten patients are presented in this

paper.

2. EXPERIMENTAL DETAILS

2.1. Laser-Induced Fluorescence (LIF) System

A schematic view of the experimental system is shown
in Figure 1. The system consists of a continuous wave
(CW) helium—cadmium (He—Cd) laser model IK5551 R-F
(Kimmon Koha, Japan) working at 325 nm, 60 W. The
laser beam is passed through an iris diaphragm to reduce
the beam size and a neutral density filter is used to attenu-
ate the power to about few hundred microwatts. The laser
beam is coupled to central core of a 7-core optical fiber
that irradiates the sample. The fluorescence from the sam-
ple is collected by other six cores of the optical fibers
are coupled to a spectrometer with cooled charge cou-
pled device (CCD) detector model QEPro (Ocean Optics,

Iris Filter
| 7-Core Optical Fiber

Laser Beam | r—l——— _N
e e > |
[

‘IV

Sample | —

——
L \=

Fig. 1. Schematic of the experimental setup for LIF diagnosis of cancer.
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USA). The laser wavelength is filtered out using a Notch
filter before it is coupled to the spectrometer.

2.2. Oral Squamous Cell Carcinoma Samples

This is a retrospective study of patients diagnosed with
OSCC of the tongue. Cases were retrieved from the
archives of the Department of Pathology at King Abdu-
laziz University, Jeddah, Saudi Arabia. The study was
in accordance with the Research Ethic Committee of
KAU and according to the ethical guidelines of the 1975
Declaration of Helsinki. All the specimens were fixed
in 10% neutral buffered formalin (NBF, approximately
4% formaldehyde). FFPE sections (4 wm) were stained
Hematoxylin and eosin. Histopathological diagnosis was
reviewed and confirmed by Oncologic Pathologist. Five
slides were prepared from OSCC tissues of each patient
and five slides for normal tissues of the same patients.

2.3. Recording of Laser-Induced

Fluorescence (LIF) Spectra
LIF spectra are recorded from each location and averaged
after 500 scans, with 100 ms sampling time and boxcar
smoothing of 5 neighbouring points. Hence, total recording
takes 50 s to obtain averaged spectrum from each location.
Five spectra per slide are recorded at five different posi-
tions on the slide. Thus, fifty spectra from every patients
(25 OSCC/25 normal) tissues were recorded. Then, every
spectrum was processed, where the entire spectrum was
baseline corrected in the 350-700 nm regions. Then, the
entire spectrum has been min—max normalized by scal-
ing the entire spectrum to the maximum peak. Finally,
the average of 25 spectra/patient (five spectra/slide x five
slides/patient) was obtained for both normal and OSCC
tissues. Curve fitting and second derivative spectra were
used to obtain features of spectral peaks.

2.4. Multivariate Statistical Analysis of the
Recorded Spectra

Data from spectral fluorescence of both normal and OSCC
tissues were represented as their mean value = standard
error of the mean (SEM). The differences between them
were tested using the z-test for paired measurements.
P < 0.05 was considered as significant. Multivariate
exploratory techniques, specifically, hierarchical cluster
analysis (HCA) was used in order to compare the spectral
fluorescence of normal and OSCC samples to determine
if there were some underlying structural differences. HCA
is the simplest and most rapid procedures of cluster anal-
ysis that is used to classify data of biological samples.
This method is depended on the similarity between two
objects.?3¢ Here spectral fluorescence emissions of both
normal and OSCC tissues were classified using Wards’
method and Euclidean distances. HCA results were pre-
sented as dendrograms. Furthermore, Principal compo-
nents analyses (PCA) were also applied in the spectral
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fluorescence of both tissues. The PCA is a statistical data
diminishing method.>>* This method converts the thor-
oughbred set of variables to a new set of uncorrelated
variables. PCA was used to derive a small number of inde-
pendent linear combinations (principal components). PCA
of spectral fluorescence of both normal and OSCC tissues
were achieved and graphed based on variance-covariance
matrix. HCA and PCA was performed using PAST ver-
sion 2.17b software.** The normalized intensities of fluo-
rescence data from both normal and OSCC tissues of 10
patients extends from 350-700 nm were used for HCA and
PCA analyses.

3. RESULTS AND DISCUSSION
3.1. Laser-Induced Fluorescence (LIF)
Spectral Analysis

LIF spectra were recorded from each slide at five dif-
ferent locations on the slide. The spectra were baseline
corrected and normalized. The average spectra of both
normal and OSCC tissues in the range 350-700 nm, of
all patients are shown in Figure 2. These average spec-
tra represent baseline corrected, normalized fluorescence
spectra that are obtained from 10 patients. In Figure 2,
the two spectra of both normal and OSCC tissues are dif-
ferent; there are apparent differences between the normal
and cancer tissues spectra in band intensities and a shift is
also observed in the band. Two primary fluorescence peaks
exist in the spectra. The peak that centers at 387 nm is
attributed to fluorescence emission from collagen.** Col-
lagen fluorescence peak is attributed to cross-links between
lysyl pyridinoline and hydroxylysyl pyridoline.***¥ The
broad band that centers around 492 nm, arises mainly from
coenzymes: nicotinamide adenine dinucleotide phosphate
(NADH), nicotinamide adenine dinucleotide phosphate
(NADPH), and flavins*'=34-3! that are highly sensitive
indicators of metabolic activity. Therefore, they may be
specific dynamic markers in tissues and organs.*452
NADH and NADPH fluorescence results from hydrogen
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Fig. 2. Average of 250 fluorescence spectra of normal and cancerous
tissues of 10 patients.
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Table I.

Peak positions and peak areas of fluorescence spectra of normal and cancerous tissues obtained from 10 patients.

Peak position® (nm)

Peak area® (a.u.) Peak FWHM* (nm)

Peak assignment Normal tissue OSCC tissue

Normal tissue

OSCC tissue Normal tissue OSCC tissue

Collagen 387.65F0.34 387.73F0.49 3240F2.14 25.25F1.11° 50.22F0.51 52.140.50°
Coenzymes 493.40F 1.49 485.95F 1.65" 117.35F1.76 123.71F1.98" 113.88F1.35 121.99F1.77
Notes: “Values are expressed as the (mean == SEM), ”Significant change in the OSCC tissue compare to normal tissue.
1.0 Normal Tissue 1.0- OSCC Tissue
-~ oy
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Fig. 3. Curve fitting analysis of fluorescence spectra of average normal and cancerous tissues (10 patients).

uptake at position 4 of its planar pyridine ring*3333

However, the fluorescence of flavins can be assigned to
energy dispersion by strong interactions of intermolecular
contacts>>¢ that are induced by conjugated platforms with
polarization of heterocyclic ring system.>*

From Figure 2, higher intensity of collagen peak can
be observed in normal tissues, while it falls and becomes
weak in the OSCC tissue. Furthermore, Table I shows
the peak center positions, peak areas, and peak full width
at half maximum (FWHM) of fluorescence spectra of

Table II. Peak centers of normal and cancerous tissues result from
curve fitting.

Peak Peak centers” Peak centers”
assignment of normal tissue of OSCC tissue
Collagen 367.61F0.78 364.50 F 1.26°
Collagen 389.52F1.00 388.00F1.29
Bound NAD(P)H 43234F1.16 428.45F1.27°
FeeNAD(P)H 462.71F0.89 458.70F0.81°
Flavins 490.24F1.32 487.93F1.01
Flavins 516.51F1.92 514.27F 1.76"
Flavins 541.08 F2.14 536.37F3.12
Flavins 559.65F1.36 556.85F1.51°
Porphyrin 588.10F 1.41 587.89F1.89
Porphyrin 617.37F2.10 618.89F2.69
Porphyrin 652.41F1.09 649.86 F 1.57°

“Values are expressed as the (mean 4 SEM), ”Significant change in the OSCC tissue
compare to normal tissue.

normal and OSCC tissues. In addition, Table I shows the
decrease in collagen of OSCC tissue was significant com-
pared to normal tissue. The significant decrease in collagen
suggests that there is probably a decrease in collagen as
tissues progress from normal to OSCC state.*® Table I also
shows significant difference between coenzymes peak area
of normal and cancerous tissues where there is increase in
the coenzymes of OSCC tissue compared to the normal
tissue. In addition, Figure 2 and Table I revealed the peak
position of fluorescence emission spectra that belongs to
coenzymes of OSCC tissue shifted significantly to high
frequency (lower wavelength) compared to normal tissues.

7 n ; Normal Tissue
9 i\ — -~ OSCC Tissue
£ B, 2N
E - 4\
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Fig. 4. Second derivative of average fluorescence spectra for both nor-
mal and OSCC tissues.
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Table I show that the FWHM of peaks that are attributed to those peaks belonging to normal tissue. The broadening in
collagen and coenzymes of OSCC tissue increased signif- collagen and coenzymes of cancerous tissue peaks might
icantly compared to the normal tissue. Thus, the collagen  result from disordering in the structure of collagen and
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3.2. Curve Fitting and Analysis of Second
Derivatives of Spectra

All the fluorescence spectra emissions were subjected to
curve fitting to separate overlapping peaks. Curve fitting
is a good method for this purpose. Figure 3 shows the
typical curve fitting of average fluorescence spectra for
both normal and cancerous tissues. From the Figure 3,
it is clear that curve fitting revealed many peaks in the
spectra. Resultant peaks belong to individual components
that make up the spectrum. Curve fitting revealed that
there are 11 different peaks in the range 350-700 nm. The
peak positions are 366, 388, 430, 460, 489, 515, 538, 558,
587, 618, and 651 nm. The peaks that appeared in the
range 350-420 are attributed to collagen*'*3¢ while the
peaks that were observed in the range 430 are attributed
to bound NAD(P)H?"#1:3 whereas the peaks centered
around 460 are attributed to free NAD(P)H.?"*1 The
peaks that appeared in the range 480-560 are referred to
flavins*!=#3:4%:59 while the peaks that arose in the range
580-650 are imputed to porphyrin.*? 43495056

Table II represents the resultant peaks of curve analysis
and shows the significant differences in the cancerous tis-
sue compared to normal tissue. From Table II, it can be
seen that there are shift in the resultant peaks of two types
of tissues. The peaks of OSCC tissue that have significant
differences compared to normal tissue all of them shifted
to higher frequency. These are marked with a superscript in
the table. Figure 4 shows the second derivative of average
fluorescence spectra for both normal and OSCC tissues.
It can be seen the different peaks and the shifting that
occur in these peaks form the comparison between spectra
of normal and OSCC tissues.

3.3. Hierarchical Cluster Analysis (HCA) and
Principal Component Analysis (PCA)

The two multivariate statistical analysis techniques used
are described in section 2.4 briefly and more details can
be found in the references therein. HCA was used to clas-
sify fluorescence spectra emission of normal and cancerous
tissues from averaged spectra (of 25 normal and 25 can-
cer tissue spectra) of each individual patient (10 patients).
The spectra were in the range (350-700 nm) were ana-
lyzed through multivariate exploratory technique to reveal
which spectra are most similar to each other. HCA that
was done using Ward’s algorithm Euclidean distance link-
age tree is illustrated in the dendrograms at Figure 5. The
dendrograms created two initial clusters represented by
two branches, which were further subdivided into smaller
clusters. The smaller the distance is required to connect
two clusters, the greater the similarity between them. It is
apparent from Figure 5, Wards method Euclidean dis-
tances dendrogram, linkage tree, succeeded to differenti-
ate between the normal and OSCC tissues. Therefore, the
spectra of cancerous tissue can be distinguished from nor-
mal tissue very clearly.

Razvi et al.

In addition, we also used another statistical analytical
technique PCA. Principle components are calculated for
10 patients. The scatter plot projection was graphed as in
Figure 6. Those scatter plots of the first principal compo-
nent versus second principal component are found to be
separated into two groups. The groups were distinguished
as illustrated in the elliptic polygon. This means the nor-
mal and OSCC tissues are clearly discriminated in the
plots. The achieved discrimination between elliptic poly-
gons of normal and cancerous tissues was 96.3%. PCA
has demonstrated a very high discrimination capability for
distinguishing between the normal and OSCC tissues.

4. CONCLUSIONS

The experimental facility based on the LIF spectroscopy
has been successfully setup and tested. Formalin fixed
samples from 10 patients were analyzed by recording
large number of spectra from the normal and OSCC tis-
sues of same patients. The spectral analysis showed that
there are very clear differences in the intensity and shape
of the spectra between the two types of samples. The
present study using LIF spectroscopy data was able to dis-
criminate between normal and OSCC tissues. LIF spec-
troscopy revealed significant decrease in the peak area of
OSCC collagen compared to normal tissue. However, sig-
nificant increase in the peak area of OSCC coenzymes
was recorded. These were further analyzed using statistical
techniques of HCA and PCA. The two analyses provided
a clear discrimination between normal and cancerous oral
tissues. This study concluded that the LIF spectroscopy is
a good diagnostic tool for OSCC tissues. Moreover, LIF
spectroscopy could be used with samples that are prepared
using FFPE tissues method.
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