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Fourier-transform-infrared-spectroscopy based
spectral-biomarker selection towards optimum diagnostic
differentiation of oral leukoplakia and cancer
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Abstract In search of specific label-free biomarkers for dif-
ferentiation of two oral lesions, namely oral leukoplakia
(OLK) and oral squamous-cell carcinoma (OSCC), Fourier-
transform infrared (FTIR) spectroscopy was performed on
paraffin-embedded tissue sections from 47 human subjects
(eight normal (NOM), 16 OLK, and 23 OSCC). Difference
between mean spectra (DBMS), Mann–Whitney’s U test, and
forward feature selection (FFS) techniques were used for
optimising spectral-marker selection. Classification of dis-
eases was performed with linear and quadratic support vector
machine (SVM) at 10-fold cross-validation, using different
combinations of spectral features. It was observed that six
features obtained through FFS enabled differentiation of
NOM and OSCC tissue (1782, 1713, 1665, 1545, 1409, and
1161 cm−1) and were most significant, able to classify OLK
and OSCC with 81.3 % sensitivity, 95.7 % specificity, and

89.7 % overall accuracy. The 43 spectral markers extracted
through Mann–Whitney’s U Test were the least significant
when quadratic SVM was used. Considering the high sensitiv-
ity and specificity of the FFS technique, extracting only six
spectral biomarkers was thus most useful for diagnosis of
OLK and OSCC, and to overcome inter and intra-observer
variability experienced in diagnostic best-practice histopatho-
logical procedure. By considering the biochemical assignment
of these six spectral signatures, this work also revealed altered
glycogen and keratin content in histological sections which
could able to discriminate OLK and OSCC. The method was
validated through spectral selection by the DBMS technique.
Thus this method has potential for diagnostic cost minimisation
for oral lesions by label-free biomarker identification.

Keywords FTIR . Oral leukoplakia . Oral squamous-cell
carcinoma . Forward feature selection . Support vector
machine

Introduction

Oral carcinogenesis is a complex multistep phenomenon. Its
progression starts from benign hyperplasia and evolves
through dysplasia, carcinoma in situ, and finally to oral
squamous-cell carcinoma (OSCC) [1]. Oral pre-malignant
disorders (PMDs) are believed to be an intermediate step of
oral cancer development. Among many PMDs, oral leukopla-
kia (OLK) is the most prevalent, and histopathological evalu-
ation of biopsies is the diagnostic method of choice [2]. The
definition of OLK, as amended in the workshop of the WHO
Collaborating Centre for Oral Cancer and Pre-cancer in 2005
by the working group, is: “The term leukoplakia should be
used to recognise white plaques of questionable risk having
excluded (other) known diseases or disorders that carry no
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nd local molecular connects for
optical coherence tomography features to classify
oral lesions towards unravelling quantitative
imaging biomarkers†

Satarupa Banerjee,*a Swarnadip Chatterjee,b Anji Anura,a Jitamanyu Chakrabarty,c

Mousumi Pal,d Bhaskar Ghosh,e Ranjan Rashmi Paul,d Debdoot Sheetf

and Jyotirmoy Chatterjeea

The biopsy based diagnosis of oral precancers like leukoplakia (OLK) and submucous fibrosis (OSF) as well as

squamous cell carcinoma (OSCC) suffers from observer specific variability. The present work explores the

utility of intensity and textural features from optical coherence tomography (OCT) images after specific

feature subset selection for precise classification of oral lesions using variants of support vector machine.

Concomitant application of Fourier transform infrared (FTIR) spectroscopy for endorsing global

biochemical signatures, and histochemistry was performed further for value addition of the OCT

findings. Immunohistochemical findings for characterization of specific local molecular alteration were

also included in this. Result suggested that, OCT features could differentiate the lesions with high

sensitivity and specificity. The FTIR result showed glycogen, keratin and carbohydrate related alteration in

OSCC, decrease in collagen specific amino acids and skeletal muscle related proteins in OSF and distinct

variation in tissue hydration status in diseases. There was also increase in keratin layer thickness in OLK

due to overexpression of cytokeratin 10 in superficial layer; while in OSF, skeletal muscle was found to

be replaced with dense collagen I. These disease specific alterations were assumed to be the underlying

phenomenon associated with intensity and textural variations in OCT images, using which specific

quantitative imaging biomarkers were proposed.
Introduction

Optical diagnostic systems like optical coherence tomography
(OCT), Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy, microendoscopy, and uorescence spectroscopy
are effectively emerging for non-invasive studies of pathologies,
especially for characterization of pre-cancer and cancer. These
techniques also help in value addition to the existing histo-
pathological diagnostic gold standard as well as molecular
pathology towards exploration of newer information.1
ndian Institute of Technology, Kharagpur,

tre, Indian Institute of Technology,

e of Technology Durgapur, India
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ian Institute of Technology, Kharagpur,

tion (ESI) available. See DOI:

hemistry 2016
OCT, a non-invasive imaging technique, provides real-time,
high-resolution, micro-architectural sub-surface images of up
to 2 mm tissue depth.2 Previous studies correlated healing
progression and maturation of epithelial and sub-epithelial
components considering OCT image attributes and histopath-
ological features.3 ‘Lucidity’ is the optical intensity descriptor
used for interpreting OCT images. It tends to vary in different
regions of layered body structure like oral mucosa, skin wounds
etc. Since the operating principle of OCT imaging is governed by
backscattering of light and exploiting a ‘biological window’ with
minimal absorption, the changes in tissue refractive index
modulate intensity characteristics.4 Such scattering also
depends upon tissue structural components, surface rough-
ness,5 hydration cummaturation status, nuclei size, presence of
collagen bres, keratin content,6 tissue type7 and membrane
lipid density of cells.8 In skin,9 cervix10 and oral mucosa11

transition zones and architectural changes during disease
progression can be identied by OCT. Such demarcations are
possible due to differential thickness and composition of
epithelial or sub-epithelial layers.12,13 In this context, Ughi et al.
utilized intravascular coronary OCT for differentiating normal
and abnormal pathologic condition by textural image analysis.14
RSC Adv., 2016, 6, 7511–7520 | 7511
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Complexities in the full genome expression studies hinder the extraction of tracker genes to analyze the
course of biological events. In this study, we demonstrate the applications of supervised machine learning
methods to reduce the irrelevance in microarray data series and thereby extract robust molecular mark-
ers to track biological processes. The methodology has been illustrated by analyzing whole genome
expression studies on bone-implant integration (ossointegration). Being a biological process, osseointe-
gration is known to leave a trail of genetic footprint during the course. In spite of existence of enormous
amount of raw data in public repositories, researchers still do not have access to a panel of genes that can
definitively track osseointegration. The results from our study revealed panels comprising of matrix met-
alloproteinases and collagen genes were able to track osseointegration on implant surfaces (MMP9 and
COL1A2 on micro-textured; MMP12 and COL6A3 on superimposed nano-textured surfaces) with 100%
classification accuracy, specificity and sensitivity. Further, our analysis showed the importance of the
progression of the duration in establishment of the mechanical connection at bone-implant surface.
The findings from this study are expected to be useful to researchers investigating osseointegration of
novel implant materials especially at the early stage. The methodology demonstrated can be easily
adapted by scientists in different fields to analyze large databases for other biological processes.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Modern day molecular biology tools and techniques like
microarray, gene expression profiling have provided researchers
with a vast armory to decode the molecular mechanisms of differ-
ent biological processes. Advances in medicine and related fields
require an in-depth understanding of these mechanisms at cellular
level to identify and characterize the disease condition. In some
cases, confirmation of the progress of the improvement in the clin-
ical condition during the course of therapy also has been made
easy by these techniques. Analysis of the enormous amount of data
generated through these techniques is the known to be the most
time consuming task [1]. The inconvenience caused thereby raises
the challenge to the analysts towards extracting the most desired
information. Difficulties in finding gene annotations and relating
them to literature references have made this a tedious job. As a
result of this, the interpretation of the data analysis cannot be
easily linked to the previous studies. Finally, the rarity of standard-
ized protocol limits the scope of the data mining. There are very
few, practically none such single tool which can perform the tasks
all together, including database storage, data queries, statistical
analysis, clustering, functional analysis, interrelation within the
relevant cluster and interaction with public databases as well as
experimental outcomes on the Internet [2]. In order to extract
meaningful information from freely available datasets/data series
we have designed a methodology that can be easily adapted by
researchers in different fields to extract succinct information from
existing datasets. The application of this methodology has been
demonstrated on osseointegration – phenomenon of crucial clini-
cal importance.

The functional success of the oral prosthetics is directly related
to the extent of osseointegration of the implants. Conceptualized
by Branemark, osseointegration can be described as the ‘‘direct
structural and functional connection between ordered, living bone
and the surface of a load-carrying implant” ensuring a long term
clinical stability of the implants [3,4]. Researchers working in the
field of implantology often need to validate the osseointegrative
potential of materials developed when compared with the existing
ones. Although histological studies on samples collected from the
bone-implant interface are considered to be among the most reli-
able methods in experimental in vivo analysis, such techniques
involve invasive techniques. Comparative expression profiling of
whole genome either by microarray or selective genetic profiling
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Oral epithelial dysplasia (OED) often precedes oral cancer. Understanding the underlying complex biological
aspects of dysplasia associated oral carcinogenesis using important gene sets is thus important. Computation
assisted gene set identification through different feature ranking and visualization techniques was therefore
attempted in this study. Result suggested that, weighted support vector machine (SVM) could be useful for
feature ranking and SVM for attribute selection. Alteration in keratinization, cell–cell communication and
peptidase activity was the major affected phenomena, while extracellular matrix dynamics was also found to
be hampered. During best gene subset identification, set of six genes could classify normal (NOM) and oral
squamous cell carcinoma (OSCC) conditions and two sets comprising four genes in each could classify NOM
and dysplastic (DYS) conditions with 100% sensitivity and specificity. A gene set, comprising 32 genes showed
best efficacy of 94.12% sensitivity, 99.40% specificity and 98.89% accuracy during classification of DYS and OSCC.

© 2016 Published by Elsevier Inc.
Keywords:
Oral epithelial dysplasia
Oral squamous cell carcinoma
Venn diagram
Gene sub-set selection
1. Introduction

Oral epithelial dysplasia (OED) is often a step that precedes develop-
ment of squamous cell carcinoma. It can either convert to oral squamous
cell carcinoma (OSCC) or revert back to normal condition, if treated
early. Till date there are no specific biomarkers which may be precisely
utilized to assess malignant potentiality of oral precancers including
OED. Histopathological evaluation of biopsy specimens still serves as
gold standard for critical detection of grades of dysplasia and for
predicting its malignant potentiality. However, the procedure lacks
specificity and suffers from inter and/or intra-observer variability
because of the paucity of unequivocal features of dysplasia that may
be regarded as cardinal markers for accurate prediction of progression
risks in oral pre-malignant disorders A recent review suggested that
combination of selected biomarkers may be effective to address such
problem (Banerjee and Chatterjee, 2015).

OED is a histopathological condition,where cytological and architec-
tural characteristics of oral mucosa are altered. The role of OED in oral
carcinogenesis is quite controversial. Some literature suggests that
likelihood of malignant transformation of OED is significant (Al-
Dakkak, 2010), while other studies have shown that there is no correla-
tion between malignant potentiality and grade of dysplasia (Dost et al.,
SVM, support vector machine;
dysplastic.

rjee).
2014). In such circumstances, understanding themolecular progression
of OED to OSCC is important and can no longer be avoided (Pitiyage
et al., 2009). Semi-quantitative analysis of immunohistochemically
stained tissue sections has been attempted to grade OED in precancers,
(Anura et al., 2014) however, the procedures are still immature and
have not yet been utilized in routine clinical practices. Comparative
and quantitative assessments of histological grading and immunohisto-
chemical expression of few key molecules to study the association
between OED and OSCC were reported in few studies (Anura et al.,
2014; Tabor et al., 2003). Molecular dissection of oral carcinogenesis
has also been attempted through the analysis of proteome and deregu-
lation of molecular network (Molinolo et al., 2009), but understanding
the progression of OED to OSCC remains in its infancy. In silico analysis
of microarray gene expression data is recently gaining interest for
selection of candidate gene which may be subjected to gene ontology
(GO) and functional enrichment analysis for understanding underlying
molecular, biological and cellular activities of given gene sets and
prioritizing candidate diagnostic indicators (Hindumathi et al., 2014).

In this study, an in-depth bioinformatic and statistical analyses of
the microarray transcriptome were attempted to throw light on the
process. Differentially expressed (DE) genes were primarily selected
to dissect progression of OSCC through OED. Weighted support vector
machine (SVM) was employed to select precise gene subset towards
optimal classification of oral lesions, OED and OSCC. Venn diagram
was implemented in visualization of complex association of different
gene sets, to unearth their possible functional association (Kestler
et al., 2005). The major aim of this cost-minimized strategy exercise is
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ABSTRACT 

Herbal medicine is undoubtedly the oldest system of medical science in the world. Utilization of nature’s wealth for health benefits and the cure, 
prevention and mitigation of diseases plays a big role in human civilization, with a dependency of a large number of human populations particularly 
in developing countries. Globalization of the local knowledge regarding the use of indigenous medicinal plants by traditional healers and 
localization of globally advanced technologies have boosted the growth of herbal industry and created immense global interest towards herbal 
medicine. The advancement in the technologies have also helped the developed countries to adopt this ancient and enriched medicinal system in a 
new way. An improvement in each step of herbal medicine production has recently been possible with the aid of technical developments. The 
increase in the demand and utilization of herbal medicine in the past few years has been increased considerably indicating herbal ‘renaissance’. The 
current trend of utilization of these formulas after scientific researches and modern technological aspects helped in industrial growth of herbal 
medicine. 

Keywords: Herbal Medicine. 

 

INTRODUCTION 

From the beginning of human civilization people are indebted to 
nature in many ways. From time immemorial plants and natural 
products are being used for prevention, mitigation and cure of 
diseases, which was the advent of primitive healthcare system. The 
primary health care in most of these ancient civilized societies are 
based on herb based medicines yet still fuzziness exists in 
encompassing different domains of herbal medicine as a whole 
(Figure 1). Contributions from ancient civilizations like Arian, 
Egyptian, Sumerian, Greek and others towards herbal medicine 
highlights conglomeration of experimental and occult knowledge 
specific to a particular culture. Countries like India, China, Japan, 
Egypt as well as Africa, Pakistan and Middle East, have their own 
forms of indigenous healthcare systems mostly based on herbs 
(Table 1). In the last part of twentieth century, Western Nations 
realized the importance of herbal medicine as the one that possesses 
maximum health benefits with minimum adverse effects and 

countries like USA, UK, Australia, and other European countries have 
accepted the medication 1, 2. Herbal drugs are recently prepared 
mostly by eco-friendly processes from plants and can be defined as 
preparations containing active constituents of medicinal 
importance. It is also often called as phytomedicine/ botanical and 
considered as a part of alternative and complementary medicine. 
The traditional systems of medicine revived in all over the world in 
the light of modern technological aspects. Advancement in different 
areas of herbal research starting from extraction procedures to 
isolation and identification techniques, design and utilization of bio-
assay for efficacy testing, dosage form design, and study of 
pharmacokinetic, pharmacodynamic, toxicological and 
pharmacological mode of action call for a healthy competition with 
existing classic health care systems. Simultaneously, uses of forensic 
studies in regulatory aspects as well as global marketing strategy are 
other highlighted areas of herbal medicine industry. The literature 
survey based study addresses these important issues on global 
perspective. 
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Infrared (IR) spectroscopy is at the cross-roads, with the requirement to compete with cutting-edge tech-
nologies in biosciences, mostly based on analytical performances dealing with the super-resolutions: time, lat-
eral/spatial, and contrast. IR microscopy is diffraction limited in most cases, thus not accessing to high lat-
eral/spatial resolutions. Additionally, it has a poor signal-to-noise ratio on a single scan, thus requiring long-lasting
acquisitions that are not suitable to analyze ns-lasting biochemical events. However, it is unique because it provides
a broad global chemical information of the sample contents. It is also unique because it does not require heavy
sample preparation nor labeling and can be coupled to other techniques (multimodality). Finally, it is again unique
because it provides quantitative measurements, thus suitable for 1D to 4D data exploitation procedures. This short
review shows that IR spectroscopy will be certainly subjected to a second century of innovations, maintaining its
influence in the panorama of cutting-edge analytical techniques.

DOI: 10.12693/APhysPolA.129.255
PACS: 87.10.Ca

1. Introduction

FTIR spectroscopy has been developed more than a
century ago for analytical chemistry purposes, in 1893 in
its principle by Nichols [1] and popularized a bit later
by William Coblentz [2]. The purpose was to develop
the first spectra database of molecules and to release ta-
bles of wavelengths at which various materials absorb IR
light. For almost half a century [3], FTIR spectroscopy
has remained a unique analytical resource to probe the
structure of small molecules, but its influence in chem-
istry has been minored by the development of other tech-
niques, notably nuclear magnetic resonance (NMR) and
crystallography. After a century of instrumentation de-
velopment, the main use of this technique has moved
from molecular analyses towards the understanding of
complex biological systems [4]. In the 90’s, FTIR spec-
troscopy instrumentation focused on other applications
with the release of spectrometers able to collect spectra
on sample holders dedicated to quantitative, thus repro-
ducible and comparable, measurements. The study of
biofluids [5–7] has first shown that triplicate measure-
ments allowed to obtain high reproducibility in spectra
acquisitions with no more than 1% of change in absorp-
tions on average [8, 9].

∗corresponding author; e-mail:
cyril.petibois@u-bordeaux.fr

Another major advance in FTIR instrumentation for
biological applications has been the development of the
microscopes, as while their principle was established as
early as 1949 [10], their ability to be used with both vis-
ible and IR modes [11] was found useful for bioscience.
FTIR imaging systems have the advantage of a quite fast
spectra acquisition since the microscope is coupled to an
array of IR detectors, which may be linear (16 or 32 de-
tectors) or focal plane (64×64 or 128×128 detectors) [11].
At this state of technological development, FTIR imaging
was considered as cutting-edge technology for biosciences
since the reduction of time for spectra acquisitions [12] al-
lowed applications to large tissue areas and thus opened
IR to the medical field [13]. The use of high-intensity
(or high-photon flux) sources could be also considered
as a major advantage to obtain high S/R levels with
shorter acquisition durations [14–17]. Cell imaging ap-
plications were also demonstrated taking into account a
few analytical requirements to fit analytical standards in
biology [14, 16, 18–20]. However, in the current competi-
tion for proposing high-performance analytical means for
biosciences, it seems that FTIR instrumentations suffer
from a major lack of R&D efforts, and traditional manu-
facturers have not released major innovations for almost
20 years. It results that the most obvious advantages
of FTIR spectroscopy and microscopy for biosciences —
a global chemical characterization of unaltered samples
without labeling — are now completely outreached by
many other techniques, notably those based on shorter
wavelengths (UV to X-ray range). In this context, several
key challenges must be considered by the IR spectroscopy

(255)
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Abstract The role of dysplastic oral pre-cancers in oral

squamous cell carcinoma development is well recognized,

but the notion is not exclusive. Diagnostic gold standards in

predicting malignant potentiality of such pre-cancers suffer

from ambiguity due to inter- and intra-observer variability.

In addressing such diagnostic challenges, combinatorial

appraisement of molecular pathology attributes encom-

passing cancer hallmarks is thought to provide a wider

analytical sense. Two major premalignant disorders, viz.

oral leukoplakia and oral submucous fibrosis have been

considered as candidate precursors of cancer here. This

review highlights the molecular pathology signatures

expressed in oral epithelial dysplasia and revisits the use-

fulness of combinatorial analysis of expressional pattern of

existing molecular biomarkers in the context of proper

selection of cardinal attributes from each cancer hallmark

for better malignant potentiality assessment.

Keywords Oral epithelial dysplasia � Molecular

pathology � Malignant potentiality

Introduction

Oral squamous cell carcinoma (OSCC), the sixth largest

cause of death due to malignancy in the world [95], is a

complex multistep phenomenon. Its progression from

benign hyperplasia to dysplasia [68], to carcinoma in situ,

and then into OSCC is reported [3]. Although oral

epithelial dysplasia (OED) is considered to be an inter-

mediate step for transformation of varied pre-cancerous

lesions in oral cancer development, interestingly OSCC can

develop from non-dysplastic lesions too [3]. Among many

oral premalignant disorders (PMDs), premalignant lesion

like oral leukoplakia (OLK) and premalignant conditions

like oral submucous fibrosis (OSF) are commonly preva-

lent and histopathological evaluation of their biopsy is the

diagnostic gold standard. However, this diagnostic

approach suffers from non-specificity as well as intra- and

inter-observer variability [96]. In spite of significant

development in molecular pathology, the lack of specific

molecular markers in predicting the malignant potentiality

of PMDs is remarkable. Current research focuses on more

selective and specific marker expression which can provide

a better insight. As OED is also considered as a

histopathologic marker of the malignant potentiality of

PMDs [89], the molecular mechanism of dysplasia in dif-

ferent PMDs to assess malignant potentiality of PMDs will

be reviewed in this article. The importance of a combina-

torial approach will also be revisited to evaluate the

expression profile of prime molecules in the context of

cancer hallmarks.

Definition and Classification of OED

For OED, the initial definition provided by Pindborg

(1977) and Lumermann et al. (1995) has not been accepted

due to a lack of objectivity [3]. Architectural and cyto-

logical changes were considered as the major attributes of

OED [54]. Grading of oral epithelial dysplasia is currently

performed by interpretation of the epithelial features, like
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Abstract Health questionnaire data assessment conventionally relies upon statistical analysis in

understanding disease susceptibility using discrete numbers and fails to reflect physician’s perspec-

tives and missing narratives in data, which play subtle roles in disease prediction. In addressing such

limitations, the present study applies fuzzy consensus in oral health and habit questionnaire data for

a selected Indian population in the context of assessing susceptibility to oral pre-cancer and cancer.

Methodically collected data were initially divided into age based small subgroups and fuzzy mem-

bership function was assigned to each. The methodology further proposed the susceptibility to oral

precancers (viz. leukoplakia, oral submucous fibrosis) and squamous cell carcinoma in patients con-

sidering a fuzzy rulebase through If-Then rules with certain conditions. Incorporation of similarity

measures using the Jaccard index was used during conversion into the linguistic output of fuzzy set

to predict the disease outcome in a more accurate manner and associated condition of the relevant

features. It is also expected that this analytical approach will be effective in devising strategies for

policy making through real-life questionnaire data handling.
� 2016 Production and hosting by Elsevier B.V. on behalf of Faculty of Computers and Information,

Cairo University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
1. Introduction

India experiences one of the highest incidence rates of oral can-

cer globally [1]. Oral cancer is the leading cancer type in men
and the third most common cancer in women [2]. In India, oral
cancer is usually detected at advanced stages and the five year

survival rate for advanced oral cancer is very low [3], posing an
important public health challenge. Hence the early detection of
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Abstract Tea is a popular daily beverage worldwide. Modu-
lation and modifications of its basic components like cate-
chins, alkaloids, proteins and carbohydrate during fermenta-
tion or extraction process changes organoleptic, gustatory and
medicinal properties of tea. Through these processes increase
or decrease in yield of desired components are evident. Con-
sidering the varied impacts of parameters in tea production,
storage and processes that affect the yield, extraction of tea
biomolecules at optimized condition is thought to be challeng-
ing. Implementation of technological advancements in green
chemistry approaches can minimize the deviation retaining
maximum qualitative properties in environment friendly way.
Existed extraction processes with optimization parameters of
tea have been discussed in this paper including its prospects
and limitations. This exhaustive review of various extraction
parameters, decaffeination process of tea and large scale cost
effective isolation of tea components with aid of modern
technology can assist people to choose extraction condition
of tea according to necessity.

Keywords Tea . Biomolecules . Extraction . Optimization

Introduction

Tea is the mostly used daily beverage throughout the world,
with estimated daily consumption of more than 3 billion cups
(Chen and Zhou 2005). It is valued due to potential health
benefits confirmed with preclinical and epidemiological stud-
ies, its aroma content, and cultural association. There is in-
creasing demand of tea extract and isolated tea biomolecules

in pharmaceutical and food industries as natural antioxidant
and for other uses. Variation of processing technique produces
varied tea that are of many types: Green tea, Black tea, White
tea, Yellow tea, Dark tea, Pu’erh tea and Oolong tea. Mostly
each component of any variety of tea is known for some
amount of bioactivity or sensory attributes. Tea biomolecules
mainly consists of non protein amino acid theanine, free
sugars (Unachukwu et al. 2010), methylxanthine or purine
alkaloid like caffeine, theobromine, theophylline and
theacrine, phenolic acids like gallic acid, and eight other
catechins; (+)-catechin (C), (−)-epicatechin (EC), (−)-
gallocatechin (GC), (−)-epigallocatechin (EGC), (−)-catechin
gallate (CG), (−)-gallocatechin gallate (GCG), (−)-epicatechin
gallate (ECG) and (−)-epigallocatechin gallate (EGCG) (Peng
et al. 2008). (−)-epicatechin (EC), (−)-epigallocatechin
(EGC), (−)-epicatechin-3-gallate (ECG), and (−)-epigallocat-
echin- 3-gallate (EGCG) are the main catechin of green tea.
Cumulatively they are often called as polyphenols. Though
EGCG is the major tea catechin with most anticarcinogenic
property, EGC has highest antioxidant efficacy followed by
EGCG, EC, and ECG respectively (Lu and Chen
2008).Alkaloid molecules are responsible for stimulant activ-
ity of tea (Horžić et al. 2012). Catechin and caffeine content
and sensory attributes determines the quality of tea (Choung
and Lee 2011). Nowadays decaffeinated tea is more preferred
because caffeine causes irritation in gastrointestinal tract,
sleeplessness, cerebral cortex stimulation and excites central
nervous system in people (Ye et al. 2007). Still awareness of
the antioxidant properties and other health benefit like anti
carcinogenic and chemopreventive effect (Fujiki 2005; Chen
and Dou 2008; George et al. 2008), anti-hyperglycemic effect
(Gornes et al. 1995), anti-obesity effects (Lin and Lin-Shiau
2006), anti diabetic (Sabu et al. 2002), anti ulcer effects (Maity
et al. 1995), in cardiovascular diseases (Deka and Vita 2011),
anti-arthritis effects (Katiyar and Raman 2011), and anxiolytic
effect (Vignes et al. 2006) made this beverage popular
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ABSTRACT
The purpose of this study is to identify Fourier transform infrared (FTIR) spectroscopy-based serum
metabolomic spectral biomarkers using chemometrics for the diagnosis of Diabetic Retinopathy.
FTIR spectroscopy was performed on 85 human serum samples [30 type 2 diabetes patients each
without retinopathy and with retinopathy along with 25 normal healthy individuals as control].
Difference between mean spectra (DBMS), forward feature selection (FFS), and Mann–Whitney’s
U tests were applied for spectral biomarker selection. Classification of disease conditions was
achieved using analysis of different combinations of spectral features with linear, quadratic, and
cubic Support Vector Machine at 10-fold cross validation. Twelve spectral signatures extracted by
FFS could differentiate diabetes and diabetic retinopathy with 90% sensitivity, 92.7% specificity,
and 90.5% overall accuracy. Two peaks (1042, 1114.18 cm�1) were associated with carbohydrate
and polysaccharide content and five peaks (1114.18, 1165, 1211.18, 1402.70, 1451.14, 1657 cm�1)
represented aberrations in total lipid content. Four peaks (1114.18, 1117, 1147, 1165 cm�1) were
associated with protein phosphorylation and three peaks (1527, 1544.71, 1591.10 cm�1) with
Amide II group. Again, lipidic signatures were strongly corroborated with glycosylated hemoglobin
levels in diabetic retinopathy and diabetic subjects. Spectral signatures also revealed an elevated
level of β-sheet containing proteins in serum in diabetic retinopathy condition. The method was
validated through spectral biomarker selection by the DBMS technique. Thus, this method has
the capability of diagnostic cost minimization for detection of diabetic retinopathy by label-free
spectral biomarker identification.
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Introduction

Diabetic retinopathy is a microcirculatory complication of
the eye which occurs due to prolonged hyperglycemia. It has
been predicted that global prevalence of diabetes will
increase from 366 million in 2011 to 552 million in 2030,[1]

and the number of people with diabetic retinopathy will
raise from 126.6 million in 2010 to 191.0 million by 2030.[2]

These data highlight the substantial worldwide public health
burden from diabetic retinopathy and the importance of
identifying risk factors.[3] The level of Glycosylated hemoglo-
bin (HbA1c), duration of diabetes, age of the patient has
direct effect on the evolution of diabetic retinopathy.[4] The
other major risk factors in diabetes like blood pressure,
dyslipidemia, proteinuria[5] can also augment the symptoms
of diabetic retinopathy. There are studies which have proved
that high diastolic blood pressure among young people and
the high systolic blood pressure among elderly individuals
worsen the retinopathy.[6] An increased level of cholesterol

and/or of triglycerides (dyslipidemia) is also an important
risk factor for diabetic retinopathy.[7] So, specific metabolo-
mic spectral biomarkers are essential for identifying diabetic
retinopathy, since these metabolic dysfunctions may persist
for several years before the manifestation of diabetes clinic-
ally and its sequel (viz. diabetic retinopathy). Metabolomics
is the profiling of metabolites in biofluids, cells, and tissues
and it is routinely applied as a tool for biomarker
discovery.[8] Since the metabolome is downstream from the
proteome and transcriptome,[9] it represents a more elusive
level of organization than the proteome or transcriptome for
comprehending a complex biological system. A strong
advantage of metabolomics is the ability to uncover novel
and potentially relevant metabolites which can be the
basis of therapeutic approaches or prognostic indicators.[10]

Identification of diabetic retinopathy specific markers is
necessary since metabolic spectral signatures always overlap
between diabetes and diabetic retinopathy,[11] before
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