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Oral cancer represents a significant and growing concern worldwide due to its high preva-
lence. Current clinical procedure for detection of oral cancer involves visual inspection
and ensuing biopsy guided histopathological analysis, which is considered as “gold stan-
dard”. This intact procedure is subjective, time consuming, agonizing and costly. Conse-
quently, exploration and development of new techniques for early oral cancer diagnosis
assume great significance. Researchers have been trying to develop various instruments
based on optical spectroscopic techniques for detection of different types of cancer dur-
ing the last two decades. These optical spectroscopic techniques could facilitate non-
invasive and real-time tissue characterization and help to eliminate or reduce the need
for multiple biopsies and increase the cure and survival rates. However, development of
an optimal cost-effective optical system with adequate sensitivity and specificity for clini-
cal use is still a challenge.

Two non-thermal regimens of light interaction with biological tissues are mainly discussed
in the present work, namely laser-induced autofluorescence (LIAF) and diffuse reflectance
(DR) for detection of oral malignancy or pre-malignancy. The work described in this thesis
is mainly of applied nature, focusing on the analysis of data from ex-vivo tissue samples
and extending these results to diagnose oral cancer in a clinical environment. The present
work mainly aims to improve and contribute to the contemporary research on fluores-
cence and diffuse reflectance for tissue characterization. Towards this, a portable and
compact laser-induced fluorescence and reflectance spectroscopic system (LIFRS) has been
developed for point monitoring of fluorescence and diffuse reflectance spectra of oral
tissues/lesions. The LIFRS system uses a 405 nm diode laser in the violet region for excita-
tion of tissue fluorescence and a white light source (tungsten halogen lamp) for tissue DR
studies.

Both LIAF and DR studies were performed for oral cancer diagnosis, but special emphasis
was given to discern between different tissue types and for early detection of the disease.
The normal LIAF and DR fingerprint spectra form healthy population exhibit different char-
acteristics with the tissue abnormality. In DR studies, a novel approach that uses oxygen-
ated hemoglobin absorption band ratio (R545/R575) was introduced for tissue grading
and early detection of cancer.  This work also introduces a new criteria based on spectral
ratio reference standard (SRRS) scatter plots of fluorescence intensity ratios (F500/F635,
F500/F685 and F500/F705) for oral pre-cancer detection and tissue grading with excel-
lent diagnostic accuracies, validated with the blind-tests.  In addition, optimum accumu-
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lation time of protoporphyrin IX (PpIX) in different healthy anatomical sites of oral cavity
was also studied after exogenous application of 5-ALA, which is a precursor of PpIX.  Re-
sults were then extended to the clinical level to detect tissue abnormalities in a group of
patients.

Furthermore, corrected tissue fluorescence (CTF) was derived by filtering out blood ab-
sorption artifacts from LIAF spectra using DR spectra from the same location. A curve-fit
analysis was carried out on these CTF’s using Gaussian spectral functions (GSF). The de-
rived GSF parameters were proven useful for diagnosing tissue abnormalities and grad-
ing of oral squamous cell carcinoma (SCC).
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Chapter I peeks into the history on the application of light in medical diagnostics. Also, it
gives a brief introduction to different types of animal tissues, especially the epithelial tissues,
where 90% of the cancer originates. The primary step in oral cancer detection and diagnosis
is to record patient history and conduct a visual examination. If a suspicious lesion is
identified, it is biopsied and a histopathological examination of the sample is carried out.
Different types of existing adjunctive methods for screening tissue transformations and
their diagnostic accuracy, as compared to gold standard, are briefly narrated in this section.
Various statistical methods related to data analysis, interpretation and accuaracy testing
are also describedFinally, the significance of early detection in cancer diagnosis and treatment,
and the need for developing an alternate/adjunct modality is described.

An understanding of the interaction of radiation with oral mucosa and of the different types
of absorption and emission processes involved is essential for the development of an optimized
diagnostic system.  Chapter II outlines the basic theory of light absorption, scattering,
diffuse reflectance and fluorescence emission of tissues. Various enzymatic de-carboxylation
and oxidation process of the biosynthetic Heme pathway initiated with condensation of 5-
Aminolevulinic acid (5-ALA) and Succinyl co-enzyme A are presented. The selective
accumulation of protoporphyrin IX (PpIX), which is a precursor of the Heme, with tissue
abnormality is discussed. Further, different types of exogenous/endogenous flurophores
and their absorption and emission characteristics are presented, along with details of recent
studies carried out elsewhere in similar tissue types.

Recent advances in fiber optics, light sources, detectors and computer-controlled
instrumentation have stimulated unprecedented growth in the development of photonic
technologies for a wide variety of diagnostic applications.  The use of noninvasive optical
techniques for early detection of pre-cancer is a rapidly emerging area in the field of
biophotonics. Among the various non-invasive optical techniques, those relying on tissue
fluorescence and diffuse reflectance are most promising in the diagnosis of epithelial pre-
cancers. Chapter III details configuration of a compact, fast and versatile laser-induced
fluorescence and reflectance spectroscopy system (LIFRS) for near real-time cancer diagnosis.
Alongside, data acquisition, processing and analytical techniques using LIFRS are presented.
The section also describes the ethical issues, clinical study protocol  and patient inclusion/
exclusion criteria.  Different techniques used in data processing and analysis are also
elaborated in this section.

Chapter IV explains the development of a simple, low-cost and non-invasive modality with
potential for detection and distinguishing different grades of oral cancer using DR
spectroscopy. The ex vivo diffuse reflectance spectra in the 400-600 nm region is measured
from surgically excised oral tissues with the LIFRS system.  Reflectance spectral intensity
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was found higher in malignant tissues and show dips at 542 and 577 nm owing to absorption
from oxygenated hemoglobin (HbO2) present in the tissues.  Measurements carried out on
surgically excised malignant and adjoining normal mucosa showed that these absorption
features are more prominent in neoplastic tissues owing to increased microvasculature and
blood content. It is observed that the reflectance intensity ratio of hemoglobin bands,
R545/R575, from malignant sites are lower than that of normal sites and varied according
to the grade of malignancy. The diffuse reflectance intensity ratio R545/R575 of the
hemoglobin bands appears to be a useful tool to discriminate between malignant and normal
lesions of the oral mucosa in a clinical setting.

In Chapter V, the applicability of R545/R575 ratio for differentiating various tissue types in
a clinical setting. Towards this, clinical studies were conducted in 29 patients to detect oral
pre-cancer is presented. Site-specific normal spectra were derived from a group of 36
healthy volunteers for comparison with those of patients. In-vivo diffuse reflectance spectra
from 14 anatomical sites of the oral cavity of healthy volunteers were recorded on a miniature
fiber-optic spectrometer with white light excitation. In contrast to the ex vivo results, the
R545/R575 ratio was lowest for healthy tissues and appeared to increase with the grade of
malignancy. Scatter plot of the R545/R575 ratio was used for discerning diverse tissue
types. As compared to scatter plots that use the mean diffuse reflectance ratio from all
anatomical sites, those using site-specific data showed improved sensitivity and specificity
for early diagnosis and grading of oral cancer. In the case of buccal mucosa, very good
sensitivity and specificity were obtained to distinguish different grades of oral cancer using
the R545/R575 ratio scatter plot.

Chapter VI presents a spectral reference standard developed to discriminate malignant
squamous cell carcinoma (SCC) from pre-malignant dysplasia and hyperplasia using the
spectral data of healthy population as control.   Towards this, LIAF emission spectra were
recorded in the 420-720 nm spectral range from the oral cavity of 35 healthy volunteers
and 44 patients.  Histopathological analysis of the biopsy samples showed that oral mucosa
adjacent to malignant sites in patients are not usually normal, but showed varying degrees
of epithelial dysplasia and hyperplasia. Three spectral ratio reference standard (SRRS) scatter
plots of the fluorescence spectral intensity ratios F500/F635, F500/F705 and F500/F685
were created to differentiate normal mucosa from hyperplasia, hyperplasia from dysplasia,
and dysplasia from SCC using data obtained from 40 sites in 20 patients and 11 sites in 35
healthy volunteers. The classification sensitivity and specificity of the SRRS was blind-tested
to diagnose oral malignancy on a different subject group.

Autofluorescence emission from normal tissues of the oral cavity consists of a broad band
centered at 500 nm with a shoulder peak around 550 nm, whereas in malignant samples
additional peaks were seen around 435, 630 and 680 nm. The exact peak position of the
constituent bands and their relative contribution in the overall corrected LIAF spectrum was
determined by curve-fitting using Gaussian spectral functions and the resultsare presented
in Chapter VII. Corrected spectra were derived by filtering out the HbO2 absorption



       xxix

anomalies in the LIAF spectra, by division with the corresponding DR spectra. Fluorescence
intensity ratios, F500/F635 and F500/F685, derived from the raw spectral intensities, curve-
fitted peak intensities and Gaussian curve areas were higher for normal tissues as compared
to malignant tissues and tend to decrease for increasing grades of malignancy. Differences
were also noticed in the curve-fitted parameters such as the peak center, Gaussian curve
area and bandwidth (FWHM) with tissue transformation. It was seen that the curve-fitted
amplitude and area ratios, F500/F630 and F500/F680, were more sensitive to tissue
transformation as compared to the raw LIAF ratio.  Finally, the curve-fitted spectral
characteristics were used to discriminate pre-malignant dysplastic lesions from SCC, dysplastic
lesions from hyperplastic and hyperplastic from normal mucosa using the SRRS criteria and
the results are compared with those derived from the raw spectral data.

The uptake of 5-ALA by oral tissues was studied by monitoring the LIAF spectral changes
over different periods of time and the results are presented  in Chapter VIII.  5-ALA  was
applied topically on the different anatomical sites of the oral cavity of healthy volunteers
and the spectral intensities of ALA induced porphyrin peaks were studied and optimal time
for accumulation for PpIX were determined for each of these sites. The results were then
used for detection of malignancy in a patient population. In order to check the efficacy of
the technique, porphyrin fluorescence intensities at 635, 685 and 705 nm were determined
from the LIF spectra normalized at 500 nm. The LIF intensity (F635, F685, F705) of  patients
were determined in a clinical environment and compared with the corresponding spectral
data  without 5-ALA.

Chapter IX presents a comparative study on the performance of LIAF and DR in tongue
cancer detection. Even though, both the methodologies have comparable sensitivities and
specificities, cost-effectiveness gives diffuse reflectance modality an edge over LIAF technique.
Also, from the available results, it is seen that the DR methodology has the potential to
diagnose tongue pre-cancer while techniques based on tissue autofluorescence and 5-ALA
induced PpIX fluorescence have low specificity owing to the presence of porphyrin peaks in
healthy tissues.

Chapter X is the executive conclusion section, which discusses the virtues of the developed
techniques and this doctoral work, its future perspectives in cancer detection, limitations of
the techniques used and some suggestions on prospective studies. The section also critiques
the diagnostic accuracies of LIAF and DR modalities by comparing with the results of different
international research groups, to verify their status in the contemporary optical techniques
for early detection of malignancy.
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1. 1  Introduction

1.1.1  Light in Medicine - A Brief Background

Light is everywhere in the world and color is such an everyday phenomenon that we
usually don’t give any serious consideration to its effects. But colors can produce surprising
effects and it carries information from our surroundings to our eyes and brains. Yet, light
and its interaction with  matter is intresting as well as perplexing when we perceive it more
closely and deeply.  Light is essential for all forms of life within the biosphere and it is the
ambient sunlight which supports photosynthesis in  plants and many photochemical and
photobiological reactions in the human body.

Sun light had been used in ancient cultures like Egypt, Greece, China and India in the
treatment of various diseases (Spikes, 1985; Epstein, 1990).  The use of light with some
dyes is described in the sacred Atharvaveda (1400 BC) to improve the efficacy of the
phototherapy for the repigmentation of the skin (Fitzpatrick and Pathak, 1959). Heliotherapy,
a therapy wherein the full body is exposed to the sun was first used by Greeks about 3000
years ago. By 19th century,  phototherapy was developed as a branch of sceience with
marked contributions from Neils Finsen,  who is kown as the father of the modern phototherpy.
He received the Nobel prize for his work, in treating cutaneous tuberculosis with near ultra
violet (UV) and UV light exposure (Finsen, 1901).

The lasers, since its invention in the early sixtees, were  shown to have properties
useful for medical applications (Katzir, 1993; Boulnois, 1986). It yields monochromatic,
non-ionizing light, which can target and be absorbed by specific bio-molecules, leaving
other molecules more or less unaffected. This results in selective, specific and comparatively
harmless interactions between the light and medium, which is of importance from a clinical
view point. Laser light being monochromatic and coherent can easily be focused into spots
of different sizes, thus providing variable probing areas and power densities. This in
combination with its minimally invasive character and flexibility, provided by the use of
optical fibers, resulted in lasers soon being recognized as a potential option both for therapy
and diagnostics of cardiovascular diseases and tumors.

The treatment modalities using light exposure have two branches, viz. phototherapy,
photochemotherapy or phtodynamic therapy (PCT or PDT). Phototherapy solely depends
on the light of different wavelengths and intensities.   Photochemotherapy is a chemically
enhanced phototherapy, ie. it involves a exogenous agent, which sensitize tissue,  followed
by irradiation with light of proper wavelength.  Advancements in laser technology and
optics resulted in new lasers with differenrt wavelengths that  to more medical  diagnostic
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applications like cancer detection. This thesis is mainly focused on the diagnostic application
of light also known as photo dynamic diagnosis (PDD), for cancer detection rather than its
theraputic use.  The  motoivation for this thesis work are:

a) To reduce moratalities due to cancer,  by innovationg new criterias based on optical
techniques which have enormous potential in the biomedical field.

b) To reduce the need for removal of tissues for histological analysis by using the
spectral features of the tissue in question, thereby reducing patient morbidity and
psychological discomfort to claustrophobic patients, by accurate and early detection of the
disease.

c) To identify most malignant lesion site for the biopsy using different optical
spectroscopic techniques, which could greatly improve the survival and curing rates.

1.1.2  Cancer - A Growing Health Concern

Cancer is a disease that affects millions of people across the globe and the number of
cancer patients are on the rise. The term “malignancy or cancer” can be defined as a
disease associated with the uncontrolled proliferation of cells, which are capable of invading
surrounding normal cells and spreading cancerous foci at different and distant sites of the
body and consequently disrupting the organs function.  In India, oral and cervical cancers
are two of the prominent forms of cancer affecting the squamous epithelial tissues.India
accounts for a third of the world burden of oral cancer.  It is estimated that in 2002 there
were 274,000 new cases of oral cancer and fatality due to this disease is on the increase
globally, out of which the Indian contribution is 85,000 and 46,000 respectively (Forlay et
al., 2007; Parking et al., 2002).

The causes of the oral cancer are numerous.  Most of the patients with oral cancer
have a history of heavy smoking, most often combined with the frequent use of alcoholic
drinks, especially strong liquors. Another major causative factor affecting the Indian
population is the excessive and permanent use of Pan Masala, Gutka and chewing of beetle
leaves with pan, tobacco and calcium chloride (Shetty et al., 1999). About 85% of these
people with history of these habits suffer from oral cancer, which arise from the squamous
epithelium layer, known as squamous cell carcinomas (SCC) of the tissue.  The oral mucosa
that gets exposed to tobacco and alcohol abuse is therefore at risk of developing pre-
malignant lesions and invasive tumours (Wingo et al., 1995).

SCC involves cell growth changes on the superficial tissues of the oral region, the
epithelium. Nearly 85% of all oral cancers are categorised as SCC (Boring et al., 1994). A
chronic (long-term) mouth ulcer that does not heal, a lesion attached to deeper tissues,
oral mucosal lesions etc., are all suspectable pre-SCCs. During the process of cancer formation,
multiple areas of the oral mucosa undergo carcinogenic changes. It is seen that 28% of the
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patients diagnosed with SCC of the oral mucosa develops a primary tumour within the next
ten years.

The outcomes of  most cancer patients  are poor in terms of survival. The reason is that
the tumors are often diagnosed and treated too late, only after the symptoms appear,
which means in the latter stages. At this stage, many tumors have already grown large or
metastasized into other parts of the body and their treatment/management could be very
limited in their effectiveness. Treatment of small tumours without regional metastases gives
higher survival rates, better functional and a esthetic results and a lower morbidity than in
the case of advanced tumours. Early treatment strongly improves the survival rates and
results in a lower morbidity because treatment at a less invasive stage is more successful
and therefore, is of great clinical importance (Hyde and Hopper, 1999; Silverman, 1988).
Early detection is related to the disease mortality: 5-yr survival rate is 81% for early stages
of oral cancer while it is 30% for late-stage disease (Carvalho et al., 2005). Further, the 5-
yr survival rate has remained dismal with little improvement over the last 30 yr (<50%),
mainly due to the fact that a significant proportion of these cancers have already metastasized
to regional or distant structures at the time of diagnosis (Ries et al., 1997; Johnson et al.,
1995; Blair and Callendar, 1994).

Oral pre-malignant lesions with increasing degrees of dyspasia/atypia (mild, moderate
and severe) that appear clinically as leukoplakia (white patches) and erythroplakia (velvety
red patches) are believed to be the pre-cursors of oral cavity SCC. Oral erythroplakias and
leukoplakias have chances of ca. 90% and 10%, respectively, for conversion into malignancy
(Shafer and Waldron 1975; Suarez et al., 1998).

As with all cancers, the prospects of curability are better when the malignancy is detected
in an early stage and oral cancer has vast potential for prevention as pre-malignant leisons
can be detected early and it responds well to surgery and radiation therapy. However, about
70% of these tumors are diagnoised in advance stages due to the lack of awareness among
the public on need for early diagnosis and availability of easy screening techniques.  Therefore,
early detection of cancer is the key to fight against this dreadful and fatal disease and
regular screening of apparently healthy people is very rewarding because it permits diagnosis
before development of symptoms.

1.1.3  Need for an Adjunctive Non-invasive Detection Technique

The detection of neoplastic changes in the oral cavity is usually made by visual
examination and recognition by experienced clinicians. However, even for the experienced
clinicians, it is not easy to distinguish between normal and pre-malignant oral mucosa.
Hence, some of these lesions often go unnoticed and tend to get diagnosed in an advanced
stage. Once the patient or a dentist notices a lesion, they are not sure whether the lesion is
benign or pre-malignant. Only a biopsy can provide the final diagnosis. Visual inspection
doesn’t permit one to identify the microscopic epithelial alterations and it is a difficult task
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even for the experienced eye to determine the most malignant location for a biopsy. Often,
oral mucosa with inflammation or  irritation could resemble pre-malignant conditions and
this makes visual identification more challenging. Pre-malignancies are characterized by
increased nuclear/cytoplasmic ratio, which is assessed by histopathology, following a painful
biopsy. The imperative drawback of this procedure is that the biopsy results are not always
representative for the complete lesion. An oral lesion can contain local pre-malignant changes
at one position, while it can still be benign/malignant at a position only a few millimeters
away.

In other words,. biopsy from one location of the lesion is not representative of the
entire lesion. This often results in under diagnosis or usually leads to the numerous random
biopsies if the oral oncologist is not convinced that a lesion is benign. These multiple biopsies
can result in severe discomfort for the patient.  Further, multiple stage sample preparation
and analysis is time consuming and increase pathological costs. Stress therefore should be
given on prevention of the disease by early detection and fast detection. This, in turn,
necessitates development of adjunctive diagnostic tools to facilitate non-invasive and real-
time screening of oral pre-malignant lesions.

1.1.4  Objectives of the Study

Various optical spectroscopy techniques have been getting greater acceptance in recent
years owing to their non-invasive nature of tissue characterization. Numerous, published
data show the potential of optical spectroscopy to differentiate between normal mucosa
and abnormal lesions of the oral cavity. Diagnostic techniques  based on optical spectroscopy
have the potential to understand the biochemical and morphogical properties of tissues. In
particular, these techniques are fast, non-invasive and quantative.  In cancer diagnostics
development, the potential of  spectroscopic technique is not yet fully explored for in vivo
detection of malignant superficial tumors and/or characterization (grading) of tissues. The
hypothesis of present work is that these optical techniques will help to discern between
different tissue types, viz. benign from pre-malignant lesions, pre-malignant from SCC of
the oral cavity with good sensitivity and specificity.

This thesis work mainly aims at enhancing the sensitivity and specificity of the
fluorescence and diffuse reflectance spectroscopy techniques for tissue characterization,
especailly  for the early differentiation of malignant and pre-malignant lesions of the oral
cavity. As part of this work, the applicability of autofluorescence and 5-Aminolevulinic acid
(5-ALA) enhanced PpIX fluorescence were studied along with the changes in the diffuse
reflectance spectral features, with special emphasis on early detection and tissue grading.
In the present study, tissue autofluorescence from the tissues of healthy population is used
as normal and compared with the abnormal lesions of patients, since patient contra lateral
tissues and lesion adjacent tissues are not always normal. The major objectives of the
study are:
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1) In-house development of a point monitoring system for sequential measurement
of fluorescence and diffuse reflectance spectra from the same location.

2) Testing and calibration of the developed system in an ex-vivo environment i.e.
analysis of autofluorescence and diffuse reflectance spectral signals of surgically excised
tissues  for identifying signatures representing cancerous and  non-cancerous tissues.

3) Modification of the optical instrument for clinical studies  based on the results of
ex vivo findings and to conduct clinical trials at the Regional Cancer Centre (RCC) in patient/
healthy population and correlation with histopathological results.

4) Study the influence of anatomical location and individual characteristics on the
autofluorescence and diffuse reflectance spectra of oral mucosa.

5) Study the uptake of 5-ALA at different anatomical sites of oral cavity and evaluate
its effectiveness in enhancing the detection sensitivities via-a-vis autofluorescence in patients.

6) Validation of optical system and reference database.

1.2 Histology & Histopathology

1.2.1 Introduction

Histology is the microscopic study of cells, tissues, and organs. Also known as ‘microscope
anatomy’,  it has two basic classes: 1) normal histology - the study of normal tissues, and 2)
pathologic histology - the study of diseased tissue. Pathologies is literally the study (logos)
of suffering (pathos).  More specifically it is devoted to the study of the structural
(morphologic) and functional changes in cells, tissues and organs that underlie disease.
Traditionally, the study of pathology is divided into those dealing with the basic reaction of
the cells and tissues to abnormal stimuli that underlie all diseases. The latter examines the
specific responses of specialized organs and tissues to more or less well-defined stimuli. By
the use of molecular, microbiologic, immunologic, and morphologic techniques, pathology
attempts to explain the whys and wherefores of the signs and symptoms manifested by
patients.

Pathologically,malignancies are diagnosed according to the pattern of cellular growth
and deviations of individual cells from their normal form (morphologic  changes) and they
are named according to the cells and tissues from which they arise. Morphologic changes
refer to structural alterations in cells or tisues that are either characteristic of the disease or
diagnostic of the etiologic process. The practice of diagnostic pathology is dedicated to
identifying the nature of progression of disease by studying morphologic changes in tissue.
Pathologists involved with the detection and treatment of malignancies must possess
knowledge of these things in order to understand the anatomy and classification of tissues
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and tumors. In this section, a review of the basic types of  epithelial tissue, their locations,
and the terms used to describe these normal and abnormal tissues, is attempted.

1.2.2 Basic Tissue Types

There are four basic types of tissues: 1) epithelial tissues, 2) connective tissues (blood,
bone, cartilage), 3) muscle tissues, and 4) nerve tissues. Each tissue type is designed to
perform a specific function. For instance, connective tissues serves to bind together other
tissue forms to a supporting framework, of many organs. Whereas, muscular tissues are
designed to cause the movements of the skelton and other internal organs by contractions.
The nerve tissues conduct nerve impulses, muscle tissues are contractile, and epithelial
tissues cover body parts. Tissues differ in several ways: 1) according to the size, shape, and
arrangement of their cells; 2) according to the kind of intercellular substance; and 3) according
to location and function. In this thesis, we are dealing with epithelial tissues, which are the
starting points of the process of carcinogenesis in oral cavity. We are interested in the types
of normal oral epithelial tissues for the main reason that 90% of oral cancers orginate from
the squamous epithelial layer, namely SCC.

1.2.2.1 Epithelial Tissues

Epithelial tissue covers or lines all body surfaces inside and outside the body (Fig. 1.1).
Examples of epithelial tissue are the skin and the mucosa and serosa that line the body
cavities and internal organs, such as intestines, urinary
bladder, uterus, etc. In some cases, epithelial tissue extends
into deeper tissue layers to form glands, such as mucus-
secreting glands.  Epithelial cells are tightly packed together
in thin sheets and have very little intercellular material
between them. The thickness of the epithelium layer is
approximately 200 µm.  Securing the epithelium to the
underlying connective tissue is a membrane called the
basement membrane.  Epithelial tissues receive nourishment
from nutrients that diffuse from blood vessels in the
underlying connective tissue. Dead and injured epithelial
cells are constantly being replaced by new cells.

Epithelial tissues always have a free surface exposed to
the outside (e.g. skin) or to an open space internally (e.g.
the uterus, oral cavity tissues). Epithelial tissue is concerned
with protection, secretion, absorption, and filtration. For
example, the surface layer of the skin, the epidermis, has
tightly packed epithelial cells and protects the body from
the elements; epithelial cells in glands secrete various liquids;
epithelial cells in the small intestine absorb nutrients into

Fig. 1.1  Cartoon of human epi-
thelium with its component (a)
keratin layer (stratum corneum)
(b), (c) and (d) epithelial cells
(e) basement membrane (f)
mesenchyme (Adopted from
Wang et al.,1999).
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the bloodstream, and so on.  The term carcinoma is reserved for malignant growth arising
from epithelial cells.

1.2.2.2 Different Types of Epithelial Tissues

Epithelial tissues may be of  single layers or several cell layers thick, as shown in (Fig.
1.2).   Epithelial tissue is classified into subtypes, according to the shape, arrangement, and
function of cells. For instance, an epithelial membrane composed of single layers of cell is
called simple; those several cell layers thick are called stratified. Thin, flat epithelial cells are
called squamous (e.g. plate like); cube-like cells are called cuboidal; and tall, column-like
cells are called columnar.

Simple squamous epithelium is composed of a single layer of thin, flattened cells closely
fitted together. It is found on the surface of the skin (epidermis). Some substances easily
pass through simple squamous epithelia.

Simple cuboidal epithelium is composed of a single layer of lightly packed cube-shaped
cells. It covers the ovaries, lines a portion of the kidney tubules, and lines the ducts of such
glands and organs as the thyroid gland, salivary glands, liver and pancreas.

Simple columnar epithelium is composed of tall, slender cells. These elongated cells
are found lining the intestine, the gallbladder, the fallopian tubes, and some of the respiratory
passages.  Scattered among the columnar cells are cells called goblet cells, which secrete
mucus onto the surface of the tissue.

Pseudo stratified columnar epithelium is so named because it seems to be arranged in
several layers, when in reality it is but a single layer thick. As shown in Fig. 1.2, all cells
adhere to a basement membrane, but not all of them reach the surface, thus accounting for

Fig. 1.2  Different epithelial tissue types of human body (a) simple squamous (b) simple cuboidal (c)
stratified cuboidal (d) stratified squamous (e) simple columnar (f) pseudo stratified columnar (g)
transitional.
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the “false” appearance. This tissue lines most of the respiratory passages (e.g., the trachea,
the bronchi, and the nasal cavity), and contains both ciliated cells and goblet cells. Ciliated
cells have microscopic hair-like structures extending from the free surface; constantly moving,
the hairs sweep debris laden mucus toward the throat.

Stratified epithelium consists of many layers of simple squamous of cells, with flater
upper surface layers of cells.  Among the various types of stratified epithelium are:

Stratified squamous keratinized epithelium  that consists of flattened, dead, dry cells,
composing the epidermis of the skin and Stratified squamous non-keratinized epithelium is
composed of living cell linings.  Other types of epithelium areTransitional epithelium  that
consists of flexible, pliable cells capable of stretching and contraction and Glandular epithelium
found in glands.  Table 1.1 lists properties of various epithelial cells and organ or site in
which they found.

1.2.3 Clinical Presentation of Tumors

A “new growth” of the body’s own cells, a proliferation of cells no longer under normal
physiologic control is termed as tumors or neoplasms. Oral tumors can develop anywhere in
the oral cavity. Some tumors are benign (non-cancerous), some may be pre-cancerous (a
condition that may become cancerous), while others may be cancerous.

1.2.3.1 Benign Tumors and Hyperplasia

Benign neoplasms are typically localized tumors (lumps or masses) that, if removed, do
not recur. Even if they are not removed, they are not capable of destroying adjacent organs
or spreading out to other parts of the body. They are usually separated from the surrounding
tissue by a capsule or connective tissues.

However, hyperplasia can be defined as an increase in the number of cells in an organ
or tissue, usually resulting in increased volume of the organ or tissue and may be triggered
by external stimulus.  Hyperplasia can be physiologic or pathologic. Hormonal hyperplasia,
which increases the functional capacity of a tissue when needed and compensatory
hyperplasia, which increases tissue mass after damage or partial resection, are physiologic
hyperplasias.  Most forms of the pathologic hyperplasia are caused by excessive hormonal
stimulation or growth factors acting on target cells.  Although these forms of hyperplasia
are abnormal, the process remains controlled,  because hyperplasia regresses if the hormonal
stimulation is eliminated. Hyperplasia is also an important response of tissue cells in reapir/
healing of wounds/ inflammations. Under such situations, growth factors are responsible
for the hyperplasia. All those mentioned above are said to be benign hyperplasia.  Howerer
pathologic hyperplasia, stimulated by growth factors, constitutes a fertile soil in which
cancerous proliferation may eventually arise. Hyperplasia that is associated with viral infections
due to pappilomavirus and oral mucosal lesions such as luekoplakia and erythoplakia are at
an increased risk of developing oral cancer.
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1.2.3.2 Dysplasias/Atypias

Dysplasias or Atypias are encountered
principally in the stratified squamous
epithelia, and links with nuclear
abnormalities of epithelial cells. Pathological
term “Atypical” represents proliferation of
cells. In a diagnosis, the use of the term
atypical is a vague warning to the physician
that the pathologist is worried about
something, but not worried enough to say
that the patient has cancer. It finds its best
use as a term to describe the phenomenon
in which epithelium proliferates and develops
the microscopic appearance of neoplastic
tissue, but otherwise tends to “behave itself”
and continues to line body surfaces without
actually invading them, as a true malignant

neoplasm would do. Pathologically these atypias and dysplasias are graded as mild, moderatre
and severe. The development of epithelial pre-cancers are initiated with transformation of
cells, which give rise to changes in nuclear shape, size, density and overall thickening of the
epithelial layer (Evan GI and Voudden, 2001; Shafer WG and Waldron CA, 1975). These
dysplasias are characterized by a constellation of changes that include a loss in the uniformity
of the individual cells as well as a loss in their architectural orientation. Dyspastic tissues
also exhibit considerable variation in size and shape (Pleomorphism).  It may be convenient
(but not totally accurate) to consider these atypias/dysplasias as a “pre-cancer” or an
incipient cancer.  Oral epithelial dysplasias are pre-cancerous lesions found in the oral cavity
that appear clinically as erythroplakia and leukoplakia, with their chances of conversion to
malignancy being ca. 90% and 10%, respectively (Boone et al., 1997).

1.2.3.3 High Risk Lesions

Erythroplakia:  It is a descriptive clinical term for any red macular lesion affecting the
oral mucosa, which cannot be given a specific clinical diagnosis. Erythroplakia may manifest
as a homogeneous red maculae, a mixed macular red and white lesion, or as a red lesion
with superimposed white granular spots. The chances of these lesions characterized clinically
as erythroplakia to be  malignant is well over 10%.

Leukoplakia:  It is a descriptive term for a white lesion in the oral mucosa that cannot
be attributed to any other clinically definable lesion. Along with the erythroplakia, leukoplakia
is belived to be the precursors of SCC (Suarez et al.,1998). The rate of malignant
transformation of leukoplakia cannot be predicted accurately, but it is important to
acknowledge up to 90% of all pre-cancerous lesions appear as leukoplakia.

Fig. 1.3  Moderately differentiated squamous cell
carcinoma (MDSCC) observed in the buccal mu-
cosa of a 62 year old patient.
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1.2.3.4 Malignant Carcinomas

Malignant neoplasms of  any squamous epithelial cell orgin, d of the body is termed a
squamous cell carcinoma (SCC).  SCC constitutes 85%  oral cavity malignancy   (Wingo et
al., 1995). Verrucous carcinoma, a form of SCC that comprises 5% of all diagnosed oral
cancers, can spread deeply into surrounding tissue requiring surgical removal with a wide
margin of surrounding tissue.  In the early stages, cancer is present only in the lining layer
of cells  and this type of cancer is  known as carcinoma in situ (CIS, Fig. 1.3). When the
cancer spreads beyond cell lining, it is called invasive SCC (Fig. 1.4). Carcinogenesis is a
multi-step process that usually arises in the epithelium (Alberts et al., 2002). Thus, malignancy
is expressed by 1) Local invasion, in which the malignant tumor breaks the extra cellular
matrix; 2) Metastasis, in which cells from the malignant tumor seed out to other parts of
the body and then grow into tumors themselves; and/or 3) Para neoplastic syndromes, in
which the neoplasm secretes metabolic poisons or inappropriately large amounts of hormones
that cause problems with functions of various body systems.

1.2.3.5 Metastasis

Metastasis is an active process in multi-stage carcinogenesis, where malignant tissues
invade the surrounding tissues and transfer the disease from primary site to a secondary
part not directly connected with it via blood circulation.  Fig. 1.4 shows the progression of
normal to invasive tumor and its metastasis.

1.2.4 Etiology of Cancer

1.2.4.1 Etiology or Causes

There are two major classess of etillogic factors: Intrinsic or genitic, and acquired (e.g.,
chemical, physical and bilogical). Major factors causing oral malignancies are linked to life

Fig. 1.4  Process of carcinogenesis (a) normal squamous epithelium (b) carcinoma in situ (c) and (d)
tumor invasion (e) metastasis-spreading of cancer to distant parts via blood stream.
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style and generally appear in the middle aged groups (55±15).  The established lifestyle
risk factors for oral cancers are:

· smoking- cigarettes, cigars, pipers and bidies

· tobacco chewing - betel quid, pan, ghutka and pan masala

· high alcohol consumption (synergistic with tobacco)

Oral cancer  remains one of the most disfiguring and debilitating cancer of all of the
malignancies.  In our studies all the subjects have history of above listed habits alone or in
combination. Knowledge or discovery of the primary cause remains the backbone to fight
against this dreadful disease i.e., disease diagnosis, understanding of disease; and treatment
development.

1.2.4.2 Prevention

The proverb “Stitch in time saves nine” suits well to this context. Primary prevention of
oral cancer means to change/stop the behaviors known to be associated with oral cancer,
like smoking, tobacco chewing and alcohol consumption. Whereas, early detection of
potentially malignant lesions by effective screening modalities assume secondary importance.
This helps in effectively avoiding chances of spreading to the secondary sites, by metastasis
and enhances curability.

To provide timely treatment of oral cancer, oral healthcare providers must understand
and detect the disease, in its premature stages. Fig. 1.5  shows the  conventional oral
cancer detection algorithm. Since the essence of malignancy escapes full understanding,
prevention must be equated with early detection. Primary prevention strategies coupled
with early detection measures may have greater impact in reducing morbidity and mortality
associated with oral cancer. The optimal management of oral cancer requires a “team
effort” from the healthcare providers to clinicians.  Oral healthcare providers, especially
dentists, can be expected to be called upon to identify suspicious lesions, if any, in the oral
cavity of their patients. Early, active participation in developing preventive and therapeutic
strategies, in implementing the plan, and in education and rehabilitation is paramount in
addressing the quality of life issues. Thus, the role of a general dentist is very important in
the early detection of oral soft tissue lesions in the head and neck area. Appropriate diagnostic
procedures must be implemented as a matter of course in the evaluation of any lesion not
responding to usual therapy in 1-2 weeks and when a malignancy is suspected. To safeguard
and advance the welfare of the patient, whenever the diagnosis is in doubt, the clinician
has the obligation to initiate consultation with or referral to a respective peer or specialist
with special skills, knowledge and experience.
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1.2.5 Diagnosis

1.2.5.1 Histopathology

Fig. 1.5  Oral cancer detection algorithm.
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There are striking similarities among the lesions affecting oral tissues. It is essential in
the differential diagnostic process to consider all possibilities before making a definitive
diagnosis. In some instances, a history of pathogenesis aided by radiographic characteristics
and laboratory profiling may confirm with the clinical impression. However, many medical
conditions, including all cases of cancer, must be diagnosed by removing a sample of tissue
from the patient and sending it to a pathologist for examination. This process of tissue
removal for microscopic studies is known as biopsy (a Greek-derived word that may be
loosely translated as view of the living) and histopathology followed by biopsy remains the
gold standard  for diagnoising pre-malignant oral lesions. A biopsy may be either excisional
or incisional. An excisional biopsy is the technique of choice when a lesion is relatively small
and the lesion is excised in its entirety. Whereas, an incisional biopsy is indicated when a
lesion is large. In some instances, when clinician is not sure which part of the lesion is most
abnormal, several specimens may have to be taken for adequate microscopic evaluation,

Fig. 1.6  Histological images of different type tissues (a) normal squamous epithelium (b) hyperplas-
tic epithelium (c) dysplastic epithelium with hyperplasia (d) dysplastic epithelium with hyperplasia
and hyperkeratosis and (e) well differentiated squamous cell carcinoma (WDSCC).
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termed as random multiple biopsies.  The goal of an oral biopsy is to provide an accurate
pathological representation of the tissue in question. There are many biopsy methods available
such as punch biopsy, needle biopsy, brush biopsy and scalpel biosy.  In this in vivo study on
patients, punch biopsy was performed for tissue removal. After the specimen is removed
from the patient, it is fixed in formalin for hardening and from such frozen tissues histologic
slides are prepared. Briefly, the preparation of these slides involve dehydration with various
chemicals, embedding with paraffin, micro sectioning using microtome and mounting on
thin glass plates and staining using different dyes for revealing cellular components.  Such
prepared histologic sections are examined by experienced histopathologists under microscope
for the tissue characterization.

Fig. 1.6  represents  histological microscopic images of different squanous epithelial
tissues of the oral cavity, viz. normal, hyperplastic, dysplastic, and SCC. As can be seen
from the figure, normal oral mucosa is covered by a squamous epithelium, composed of
several cell layers with flattened cells in the superficial layers. In hyperplastic mucosa number
of such layers are much higher than in normal,  while  in dysplastic epithelium, the  layered
structure is partly lost and the cell nuclei become irregular and enlarged; starting from the
deepest lying cell layers, and getting more superficial with increasing grades of dysplasia.
In SCC, the layered  structure is totally lost.  However, in the case of CIS, the base membrance
is intact and this prevents access to vascular channels, and hence metastasis.

1.2.5.2 Diagnostic Accuracies

1.2.5.2.1 Sensitivity and Specificity

Sensitivity and specificity represent two operating characteristics that indicate the
accuracy of a diagnostic method i.e., its ability to correctly identify the condition of interest
(Pretty and Gerrardo, 2004a, b).  In our study, they indicate the ability of different spectral
criteria in discriminating the normal tissues from benign, benign from pre-malignant, pre-
malignant from malignant.  When results of a diagnostic procedure are compared with gold
standard there could be four possibilities.

True Positive (TP), whereby the procedure results indicate that the person has disease,
and this assessment is confirmed by the gold standard.  False Positive (FP), whereby the
procedure results indicate that the person has disease, but gold standard indicates that the
disease is absent.  True Negative (TN), whereby the procedure results indicate that the
person has no disease, which is in agreement with the gold standard.  False Negative (FN),
whereby the procedure results shows that the person has no disease, which is not in
agreement with the gold standard.

The sensitivity of a diagnosing method is the percentage of diseased who are correctly
diseased, and can be expressed as (TP/TP+FN). Thus a procedure with 100% sensitivity
will identify every diseased individual as diseased.  Whereas, specificity of the same procedure
is the percentage of disease-free individuals who are detected correctly and expressed as
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(TN/TN+FP).  An ideal diagnosing system should be highly sensitive and specific, but for
many diagnostic procedures these two characteristics are inversely related and increase in
one is often associated with the reduction of other.

An alternate method to calcualte these diagnostic accuaracies is by dividing diagnostic
outcomes with the corresponding gold standard results. For example, the sensitivity can be
expressed by the ratio (diagnostic abnormal/gold standard abnormal)% and the specificity
can be represnted as the ratio (diagnostic normal/ gold standard normal)%.

1.2.5.2.2 Positive and Negative Predictive Values

By quantifying the sensitivity of a diagnostic procedure it is possible to determine an
operating characteristic of that procedure that establishes if a patient has the disease in
question. Determination of the specificity allows assessment of another operating
characteristic of the procedure that determines if the patient does not have the disease.
Sensitivity and specificity are relatively independent of the prevalence of a disease (the
pretest probability that an individual patient has the disease), and therefore these parameters
are generally stable for the same procedure administered in different study populations. In
other words, sensitivity and specificity are inherent properties of the test. They are useful
for comparing procedures and for deciding which test to use in a particular clinical setting.

Sensitivity and specificity do not aid in interpreting the result of a particular procedure
for an individual patient; they do not help in ruling in or ruling out the disease once the
results of the test are known, and so they have no predictive value. To answer these more
practical questions, the predictive values of the diagnostic procedure must be determined.
The predictive values are easily derived from the contingency similar to sensitivity and
specificity as described in (Table 1.2). The positive predictive value (PPV) is the likelihood
that the patient actually has the disease, given a positive test result and can be expressed
as (TP/TP+FP). The negative predictive value (NPV) is the likelihood that the patient does
not have the disease should the procedure result be negative and can be calculated from
the expression (TN/TN+FN) . Whereas, the values for sensitivity and specificity depend
only on the operating characteristics of the procedure itself, the PPV and NPV vary according
to the prevalence of the disease. Thus, predictive values cannot be quoted without prior
knowledge of disease prevalence in the population from which the estimates are being
derived. PPV and NPV are not qualities of the procedure itself; rather, they are functions of
both the characteristics of the procedure and the environment in which it is being used.  In
other words, the accuracy of PPV and NPV values would be lower in general population and
when the same screening procedures are applied to high risk populations, they are highly
effective in identifying those with the disease or condition of interest.

1.2.6.2.3  ROC Curve Analysis

The diagnostic performance  or the accuracy of a test to discern between diseased
cases from normal or conditions of interest is evaluated using receiver operating characteristic
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(ROC) analysis (Zweig and Campbell, 1993; Griner et al., 1981).  When one considers the
diagnostic test in a mixed population, one with disease and other without, a perfect separation
between the two categories is essential.  However, the distribution of the test results will
overlap. In a ROC the sensitivity is plotted against (1-specificity) for different cut-off points.
The ROC is advantageous because it allow the user to take a good decision on the
effectiveness of differnt diagnostic methods without constraining him to single values of
sensitivity and specificity, which largely depends on the threshold value chosen (Metz,
1978).  Each point on the ROC plot represents a sensitivity/specificity pair corresponding to
a particular decision threshold and one can easily predict best methodology from the area
under the curve. A test with perfect discrimination (without any overlap the two distributions)
has a ROC plot that passes through the upper left corner from thelower left corner to the
upper right corner (100% sensitivity, 100% specificity).  Whereas, a straight line from lower
left corner to the upper right corner represents a procedure in which the two distributions
overlap completely. The more accurately a methodology or technique sepearates two data
types, the corresponding  area under ROC curve (ROC-AUC) approximates to 1.0.  Therefore,
closer the ROC curve is to the upper left corner of the plot, the higher is the overall accuracy
of the test.  In other words, higher the ROC-AUC greater will be the total diagnostic accuracy
of the method.

1.2.5.3 Different Existing Adjunctive Methods in Oral Cancer Detection

Various adjunctive methods can help the clinician to screen the suspicious lesion for
cancer during the visual examination procedure which could help to locate the most abnormal
site of the lesion for a biopsy.

  Gold Standard results 

 Positive Negative Total 

Diagnostic 

Procedure 
results 

Positive 
True Positive 

(TP) 
False Positive 

(FP) 
TP+FP 

Negative 
False Negative 

(FN) 
True Negative 

(TN) 
FN+TN 

Total TP+FN FP+TN FN+TN+FP+TP 

Table 1.2  A 2 x 2 contingency table illustrating the outcomes of a comparison between a
diagnostic procedure and gold standard and the use of these values to calculate
Sensitivity,Specificity,negative and positive predictive values
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Auxillary Imaging Modalities: Various imaging modalities play a vital role in the treatment,
planning and progress monitoring in post therapeutic treatment. Imaging methods like
MRI, CT and PET are common practices for treated and cured patients to have imaging
scans in an effort to catch any relapse early on. All these modalities showed similar diagnostic
accuracies between 75% to 94.2% for detection of oral SCC of (Araki et al., 1997; Wiener
et al., 2005) and the accuracy  for detection of SCC is significantly high when all the imaging
modalities were used together (Ng et al., 2005; Yen et al., 2005). However, the disadvantages
of these diagnostic imaging modalities are their limitation to accurately differentiate different
types of pathology, high costs and the regulatory requirements of these machines.

Visual Inspection using Acetic acid (VIA) and Chemi-luminescence: Neoplastic epithelial
cells tend to have altered nuclear-cytoplasmic ratio. Dehydration with acetic acid highlights
this higher nuclear density and imparts an “acetowhite” appearance to tissues. Therefore,
by applying acetic acid to the suspicious tissue, the abnormal tissues turn white and normal
tissues remain as such.

This phenomenon can be further amplified by replacing conventional lighting with diffuse
blue-white chemiluminescent illumination. A chemi-luminescent illumination system
(ViziLiteTM) to examine the oral mucosa is available commercially. The technique is painless,
easy to learn and may ultimately identify suspicious lesions missed during visual inspection
under incandescent overhead and halogen dental illumination. Epithelium with an altered
nuclear-cytoplasmic ratio reflects the diffuse, low-level, blue-white chemi-luminescent light
and the lesions become clinically discernible and appear “acetowhite”. These bright white
lesions are sharply demarcated from the adjacent, normal epithelium, which takes on a
blue hue. Large-scale studies, however are required to further refine issues related to the
sensitivity and specificity  of the technology in correlation with the clinical, cytological and
histological features of oral epithelial lesions. This strategy has been shown to increase the
detection of biopsy proven epithelial dysplasia and malignancy of the cervix and lower
genital tract when compared with naked eye or magnified visualization under incandescent
or halogen projected lighting.

VILI (Visual Inspection using Lugol’s Iodine): It is also known as Schiller’s test. By the
application of Lugol’s Iodine to the suspicious tissues, normal tissue turns brown while the
abnormal tissues will turn to saffron yellow. This colour change takes place due to differences
in glycogen content in normal and abnormal tissues. Iodine is glycophilic and is taken up
bynomal tissues which makes them dark.

Toluidine blue staining (TBS) test: Toluidine blue staining is considered to be a fast,
minimally invasive, patient-accepted and sensitive test that has been in use for over thirty
years  in identifying early oral SCC and high-grade dysplasias (Patton, 2003). However, the
detection of low-grade (mild/moderate) oral dysplasia has been less consistent, since
significant portion of such lesions less readily stain with toluidine blue. Eventhough studies
by Epstein et al., 2003 indicated that toluidine blue is more sensitive than clinical examination
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in high risk patients, with sensitivity of 96.7% and specificity of 90.9%, the sensitivity and
specificity reported by Onfore et al (2001) were much lower in distinguishing low grade
dysplasias. Therefore, during the clinical examination of a suspicious lesion, a clinician
makes use of toluidine blue dye for confirmation of a minimally invasive SCC prior to biopsy.

Oral brush biopsy: This is another new way to test for oral cancer before biopsy and is
beginning to be used by dental professionals. The oral brush biopsy can be a fast, effective
and minimally invasive screning procedure. Here, a dentist uses a small brush to gather cell
samples of a suspicious area. The oral brush biopsy procedure is simple, involves very little
or no pain or bleeding, and requires no topical or local anesthetic. Firm pressure with a
circular brush is applied to the suspicious area. The brush is then rotated five to ten times,
causing some pinpoint bleeding or light abrasion. The cellular material picked up by the
brush is transferred to a bar-coded glass slide, preserved, and dried. At the laboratory, a
computer-aided scanner (Oral CDx) helps to identify and display individual cells which may
be malignant. If suspect cells are identified by the computer, a pathologist then examines
the identified cells to determine the final diagnosis. Eventhough Oral CDx technique may
bridge the gap between clinical inspection and histological evaluation of questionable oral
lesions, the specificity and accuracy values are inconsistent (Svirsky et al., 2002).

1.3 Conclusions

Exploration of the possibilities with new techniques in the biomedical field is always
challenging. For the last few decades mankind have been developing and using various
techniques to diagnose the dreadful disease of cancer in its early stages. Eventhough,
many diagnostic modalities are present in oral caner screening, their sensitivity or specificities
are relatively low, which make them less effective diagnostic tools. Gold standard
histopathology, on the other side is an invasive time consuming process causing discomfort
to the patient. Hence, early non-invasive, real-time diagnosis and treatment of pre-malignant
and malignant lesions assume great significance in reducing patient morbidity and mortality.

More recently, the limitations of diagnostic pathology and tissue morphology for
diagnosing diseases have become increasingly evident, and now encompass other auxilliary
approches for analyzing such disease states. In this context, if applied successfully, optical
spectroscopy has immense potential to represent the improtant forward step towards
advances in diagnostic and theraputic mecical applications. For the devolopment of  such
optimized optical systems, there is a need to understand the interaction of light with complex
matter, such as biological tissues. The next chapter, throws light on  different optical
spectroscopic aspects and basic concepts of light tissue interaction.
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2.1 Introduction

The two fundamental processes that can occur when light propagates through a tissue
are scattering and absorption and these processes are strongly wavelength dependent.
High energy electromagnetic radiation, such as gamma rays and X-rays, are not scattered
to a great extent, but rather propagates through the tissue in straight trajectories. The
transmitted radiation is altered due to absorption, which varies with tissue type. When light
is absorbed, high-energy photons lead to bond breaking and ionization of molecules, which
in turn is potentially carcinogenic. Low energy radiation such as IR or Microwave, on the
other hand, induces excitation of rotational and vibrational energy levels in the molecules,
leading to a temperature increase.

The light-tissue interactions in the diagnostics approach must in contrast be non-
destructive; meaning a resonant light absorption that is below the threshold required to
stimulate chemical and thermal reactions. Light radiation in the visible region are the ideal
choice to achieve the above conditions. The key factors for tissue diagnostics are instead
light scattering and emission processes. By analyzing the features of the scattered and re-
emitted light in terms of wavelength, temporal and spatial/angular distributions, indirect
information on tissue characteristics can be gained. There exists a variety of potential
methods, either based on resonant light absorption followed by re-emission, such as laser-
induced autofluorescence (LIAF),or non-resonant inelastic scattering in conjunction with
Raman spectroscopy, elastic scattering, diffuse reflectance(DR) spectroscopy, absorption
spectroscopy and time resolved transmittance.

As compared to X-ray diagnostics and usage of ionizing radiation, the spectral techniques
are risk free and gives instantaneous information on the nature of disease in a highly
sensitive manner, in real-time, without the need for tissue removal.  Further, these systems
can be automated for easy use by less skilled personnel and is adaptable for field applications
where mass screening can be carried out on a large number of patients.

In contrast to the current clinical practices described in chapter 1, optical spectroscopy
can provide non-invasive and real-time information which is free from artifacts that may
arise due to cutting, freezing and staining of  tissue. Fluorescence spectroscopy, Raman
spectroscopy, diffuse reflectance spectroscopy and light-scattering are emerging new-
generation techniques in the diagnosis of all kinds of malignancies.  Among these techniques,
the potential of LIAF and DR is immense and yet, is not fully explored for detection of pre-
cancerous lesions. Tissue fluorescence with ultraviolet-visible (UV-VIS) excitation can
effectively probe multiple biochemical constituents that are present in the normal and
malignant tissues.  However, cost-effective, simple and compact features of reflectance

2Interaction of Light with Tissue: Some Basic Concepts
and Background
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spectroscopy system make it attractive in biological tissue characterization. In this study,
we have used visible laser light at 405 nm for fluorescence studies and a conventional
tungsten halogen lamp as white light for diffuse reflectance studies.

 2.2 Light

Nearly all objects in the universe emit, reflect and/or transmit light, with the hypothetical
exception of dark matter. The distribution of this light along the electromagnetic spectrum
(called the spectrum of the object) is determined by the composition of the object.
Electromagnetic spectrum consists of wavelengths in the 10-13 to 105 m range. The visible
light encompasses  a narrow band of nearly 400 nm, which can be viewed and distinguished
by the human eye. Table 2.1 depicts the wavelength regions of the visible spectrum and
Fig. 2.1 shows the entire electromagnetic spectrum. The wavelength of the light is inversely
proportional to the energy (E) of the incident photons

= hc/E [2.1]

= h/ν [2.2]

Where ‘h’ is the Plank’s constant, ‘c’ is the velocity of light and ‘ν’ is the frequency of the
incident photon.

2.3 Optical Spectroscopy

The disadvantages of traditional biopsy form a strong clinical rationale for developing
other non-invasive and real-time diagnostic techniques to improve the detection of early
pre-malignant changes in the oral mucosa. One of these techniques under investigation is
optical spectroscopy, often referred to as “Optical Biopsy”. Although it is an inaccurate term,

Fig. 2.1  Entire electromagnetic spectrum.
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perhaps an oxymoron term,
since “biopsy” refers
specifically to tissue remo-
val, whereas implication
“optical” indicates that
tissue is not removed.
Nonetheless, the term
represents a form of optical
measurement, generally by
using optical spectroscopy
to diagnosis in situ or in vivo
tissue abnormalities in real-
time.

Optical spectroscopy allows non-invasive physical and chemical characterization of
biological tissues. In this technique the tissue under scrutiny is illuminated with a UV or
visible laser source. Consistent differences in spectroscopic signatures are seen in malignant
versus benign tissue samples. This methodology helps to eliminate or reduce the need for
surgical biopsy and allow treatment to take place before a cancer is well established or
spreading. As compared to X-ray diagnostics and the usage of ionizing radiation, optical
spectroscopic techniques are risk free and give information on the invasive nature of the
disease in a fast and highly sensitive manner without the need for tissue removal. The use
of ionizing radiation comprises the risk of cancer induction as well. Further, cost of such
optical non-ionizing imaging or spectroscopy systems are comparitively low and such

Fig. 2.2  Different  types  of  interaction of light with tissue (a) reflection (b) back scattering (c)
Absorption (d) fluorescence/Raman scattering (e) diffuse Reflectance. Black dotts shown are either
tissue chromophore, flurophore or a scatterer.

 

Colour Wavelength range (nm) 
Violet 400-455 

Blue 455-492 
Green 492-577 
Yellow 577-597 
Orange 597-622 
Red 622-780 

Table 2.1  Wavelength range of different colours in visible
range of EM spectrum
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quantitative techniques, which may provide
several advantages over commonly used
techniques, are currently under investigation
world-wide for detection of cancer. The
structural and chemical composition of cells
and tissues strongly influence their optical
features and therefore, alterations in the optical
characteristics may indicate the presence of
diseased tissue. Optical spectroscopy also
facilitates early detection of cancerous tissues
in humans by providing additional physiological
information (as compared to X-ray, ultrasound
or MRI) on tissue oxygenation levels, total
hemoglobin, water and lipid content that helps
to improve the contrast between normal,
benign and malignant.

Fig. 2.2  represents the variety of
processes that occur when an optical photon
is incident on the epithelial tissue surface.  Case
“a” represents simple reflection (Fresnel) from
the tissue surface, while “b” stands for elastic
backscattering from cellular and structrual
components of the tissue. Absorption of  light
photon by cellular components is an other
possibility shown in the case  “c”.  Fluorescence
and  Raman scattering are two of the most
relevent inelastic processes shown by case “d”;

while, case “e” represents diffuse refectance where majority of photons  undergo numerous
scattering and absorption events before being emitted.

Fig. 2.3  Algoritham showing optical spectro-
scopic applications in cancer detection using
point-monitoring, imaging, diffuse reflectance
spectroscopy(DRS),laser-induced autofluoresce-
nce spectroscopy (LIAFS), photosensitizer as-
sisted laser-induced fluorescence (PALIF) and
Raman scattering spectroscopy (RSS).

Table 2.2  Various tissue absorbers with their absorption maxima
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In this way, biochemical and structural/ morphological information of  tissue can be
gained by measuring absorption, fluorescence, diffuse reflectance and Raman scattering
(Fig. 2.3). Each of these spectroscopic technique has separate physical basis and all have
the potential to become an adjuvant method to conventional cancer detection methods.
Among  these optical techniques, the present study focuses on fluorescence emission (both
autofluorescence and photosensitizer assisted laser-induced fluorescence) and diffuse
reflectance of tissues for cancer diagnosis.

2.3.1 Absorption

When the energy of an incoming photon corresponds to the energy gap between the
electronic states of a molecule or chromophore, it gets absorbed. The probability of light
absorbtion is strongly dependent on the absorption coeficient (µa) of the chromophore.
Absolute values of absorption coefficents for typical tissues lie in the range, 10 2 - 104 cm-1

(Tuchin V, 2007). The main chromophores in most of the bilogical tissues are water (H2O),
melanin and oxy and deoxy hemoglobin (Hb and HbO2).  Fig. 2.4 shows the wavelength
dependance of the absorption coefficent  and Table 2.2, the absorption peaks of some of
the important tissue chromophores.

Between approximateley 200 nm and 1300nm, the absorption due to water is very low.
At visibile wavelengths up to 600nm, the absorption coefficent is less than 1mm-1 (Charlota

Fig. 2.4  Absorption coefficents of major chromophores in a biological tissue is depicted versuses the
wavelength (Adopted from Boulnois et al., 1986).
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Eker, 1999), and above 950nm, water starts dominating absorption.  In the UV and IR
spectral region, light is readily absorbed by water and this accounts for the small contribution
of scattering and the inability of radiation to penetrate deep into  tissue beyond one or two
cell layer of the tissue(Tuchin V, 2007). Light in the 600-1300 region, which is often referred
to as the  optical therapeutic window of tissue, is used for many diagnostic and therapeutic
purposes, as it offers better penetration depth.  This spectral range also has minimum
blood absorption, where scattering prevails over absorption and maximum penetration of
8-10 nm takes place in the biological tissue. Also at longer wavelengths, absorption increases
with  intensity of the reflected radiation escalating to 35-70% of the total incident light due
to backscattering (Tuchin V, 2007).  However,  light in this region heats up the tissue, there
by causing hyperthermic effect, which could be good for therapeutic applications, but not
as a diagnostic tool.

In the UV region, the major absorbers are proteins and aminoacids. Eventhough UV
radiation can cause therapeutic effects for certain skin diseases, these radiations are not
recommended as they can cause pathological effects of immuno-suppression, mutation,
and hence, skin–cancer (Young et al., 1997; Setlow et al., 1993).  Nonetheless, short-wave
VIS light penetrates typical tissues as deep as 0.5 to 2.5 mm, where the scattering and
absorption are equally dominant with the intensity of radiation increasing to 15-40% of the
incident radiation one has the additional opportunity to study these two phenomenon
simaltaneously (Tuchin V, 2007).  In this region, the dominant absorber is oxygenated
hemoglobin having strong absorption at 420, 545 and 575 nm. Therefore, this absorption
gets affected by changes in blood content and oxygenation that are known to be associated

Fig. 2.5  Jablonski energy level diagram showing the various decay paths of an excited state molecule.
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with cancer due to altered tissue metabolism and, in some cases, neovascularization.
However, absorption due to melanin, adenine and photofrin are very feeble as compared to
oxygenated hemoglobin. In this work, the absorption features of HbO2 has been used the
first time for detecting tissue abnormality, characterization and early cancer diagnosis (See
Chapter 4 and Chapter 5).

2.3.2 Fluorescence

2.3.2.1 Historical Overview

Fluorescence is the property of a material to emit radiation of higher wavelength  on
absorption of light at shorter wavelength. This phenomenon of was discovered by Stokes in
1852, who observed this type of emission in fluorite.  He found that when illuminated with
UV light, some samples emitted radiation at a longer wavelength. This discovery was not
considered to be of any importance for a long time. It was not until the beginning of 20th

century that the potential of fluorescence for medical applications was investigated. In
1911, Stubel reported that all animal tissues emitted fluorescent light, when exposed to UV
radiation. The fluorescence was observed by the unaided eye and classified according to
the color.

2.3.2.2 Physical Basis of Fluorescence

Fluorescence involves absorption of a photon by a molecule and the subsequent emission
of another fluorescent photon. Molecules that release their excess energy by emitting
fluorescence light are called flurophores.  Such molecules are usually rigid and are frequently
characterized by the presence of a series of alternating single and double bonds. The
electronic state of a molecule can be described by the Jablonski energy diagram (Fig. 2.5).
In this diagram, the electronic states of molecules are divided into vibrational states, which
in turn are divided in rotational sublevels.

The absorption bands of most fluorescing molecules are very broad. This is due to the
many rotational levels, partially overlapping each other due to the strong interaction between
nearby molecules, causing a varying external field for each molecule. The lowest energy
state of a molecule is represented by its ground state, called singlet state (S0), and for this
state all the electron spins are paired, means no unpaired electron spins exist.   While triplet
states (T) for most molecules, are unstable excited states, characterized by two unpaired
electron spins.   If an incoming photon has an energy that corresponds to the energy
difference between an excited state and the ground state of the molecule, it can be absorbed.
When a molecule in its ground state absorbs a photon with sufficient energy, the molecule
will get excited to a higher singlet state. Fig 2.5 shows an excitation from the ground state
S0 to the S2 state. Since excited states are unstable, the molecule relaxes down to the lower
level S1, by internal collision, which is a non-radiative process. The de-excitation to the S0
level can also occur though internal collisions.  A rapid relaxation to the lowest rotational-
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vibrational level of excited state will follow a process called Internal Conversion (IC).

Alternatively, it can result in the emission of a fluorescence photon. The relaxation can
take place to any vibrational level of S0 also. Hence, the total fluorescence from the molecule
will not be sharp peaks at one distinct wavelength, but a broader distribution.  Since some
energy was lost in the non-radiative relaxations, the fluorescence will have a lower energy
and thus, a longer wavelength than the incoming excitation photon.  From the excited state
S1, a transition can also take place to a triplet state (T1), even though this is a spin forbidden
transition. Transitions from the triplet state can also be spin–forbidden, and it will take a
relatively long time before the molecule relaxes.  Again, the relaxation can occur through
internal conversion or by emission of a photon through a process called phosphorescence.
This has a lifetime in the microsecond to second range, while fluorescence life times are in
the nanosecond range.

The shape of fluorescence spectrum will reflect the transition probability to the lower
electronic state.  The difference in wavelength between excitation and emission light allows
one to easily separate the evoked fluorescence light from the reflected excitation light,
which is generally much higher in intensity. Continuous excitation of the flurophore
causesntinuous emission of fluorescent light; unless the flurophore can be destroyed by
excitation (photo bleaching). The average time a molecule stays in the excited state is
called the fluorescence life time,t given by equation [2.3],

1/τ=1/τ0+ΣK [2.3]

where “K” is the Boltzmann’s constant.  ΣK is the sum of all process competing with
fluorescence and lifetime τ0, is the intrinsic lifetime.  At any finite temperature, the molecules
will be distributed among the energy levels available to them because of thermal agitation.
The exact distribution will depends on the temperature (T) and the separation between the
energy levels (∆E) in the energy ladder.  At a given temperature, the number of molecules
in an upper energy level (nupper) relative to that in a lower level (nlower) is given by Boltzmann
distribution as,

nupper /nlower = exp(-∆E/KT) [2.4]

When an electromagnetic radiation is applied to a molecule, it is just as likely to cause
transition from a higher to a lower energy state, as it is to cause transitions from a lower to
a higher energy level. Consequently, net absorption or transition to a higher energy level
can occur only if the difference between the populations of the energy levels concerned is
significant, as given by equation [2.4].

As illustrated Fig. 2.5  the photon energy gained by the molecule may undergo a
number of processes in addition to fluorescence, which may also be utilized for  diagnostic
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and  therapeutic purposes. For example, since singlet states are short-lived this energy is
also re-emitted as elastic scattering that could be utilized for photodiagnosis. Alternatively,
after relaxing to the lowest singlet state (S1), the molecule may undergo intersystem crossing
to a triplet state (T1) and contribute to photochemical reactions causing selctive destruction
of  abnormal tissues by a process known as Photo Dynamic Therapy (PDT, See section 2.4).
Also, the heat energy from non-radiative decay causes the temperature to increase, which
is utilized in laser surgical applications.

2.3.3 Autofluorescence and Endogenous Tissue Fluorophores

Tissue Autofluorescence (AF) is the fluorescence of the tissues when no chemical
substances have been applied and it is the natural (auto)fluorescence of the tissue . Under
UV and near UV-VIS light irradiation all mammalian tissues emit fluorescence from various
fluorophores in tissue with a broad distribution in the longer wavelength region. This
fluorescence is referred to as autofluorescence, or endogenous fluorescence. The spectrum
is also influenced by the optical properties of tissue. Strong absorbers may decrease the
overall intensity of the fluorescence spectrum, without changing its shape by absorbing the
excitation light (Gillenwater et al., 1998a). Haemoglobin is such an absorber which can also
absorb fluorescence light at certain wavelengths and this alters the appearance of the
recorded fluorescence spectrum producing dips in the spectrum and the illusive presence of
false peaks (Rokhar et al., 1995).The tissue fluorescence spectra are very complex, and the

Table 2.3  Different tissue fluorophores with their excitation and emission maxima
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contributions from the different flurophores can not usually be separated, but can be identified
by their emission peaks.

2.3.3.1 Detection Principle

When photon from a laser source impinges on normal tissue surface, it  penetrates and
gets absorbed by various tissue flurophores and these absorbed flurophores re-emit  light in
the form of a “finger print” autofluorescence spectra (Fig. 2.6). During tissue transformation
towards abnormality, variations are observed in the “fingerprint” fluorescence spectra.
Carcinogenic processes produce alterations not only at the cellular level but also in the
structural tissue composition and this gets reflected in autofluorescence spectral shape and
intensity.  Usually, alterations in the concentration of these flurophores take place prior to
major structural tissue changes, and this makes LIAF very sensitive to early tissue
transformation.

Various aspects of the autofluorescence that can be studied are fluorescence intensity,
spectral shape and lifetime. The fluorescence spectral shape can be studied by different
methods; studying variations at different emission wavelengths by changing the excitation
wavelength is one possibility.  This method yields fluorescence spectra as a superposition of
fluorescence emission of all the flurophores present within the tissue volume probed.
Variations in the fluorescence lifetime can be detected utilizing fast detectors, capable of
recording the fluorescence intensity as a function of time.  All these approaches can give
information on the composition of the flurophores, and  changes due to the microenvironment.

Autoflurophores which are also known as
endogenous flurophores include amino acids, enzymes
and co-enzymes, vitamins, lipids and porphyrins. Much
research had been done to investigate these
autoflurophores using various techniques such as
excitation and emission matrices (Mahadevan et al.,
1993; Rava et al., 1991; Richards-kortum et al., 1991)
and time-resolved fluorescence spectroscopy
(Anderson-Engels., 1991). The endogenous flurophores
that are speculated to play a vital role in transfo-
rmations that occur with carcin-ogenesis are amino
acids, tryptophan,and tyrosine; structural proteins like
collagen, and elastin; co-enzymes like NADH, FAD and
porphyrins, and the emission from these flurophores
are strongly wavelength dependent.  Table 2.3 depicts
the excitation wavelengths and emission maxima of
different tissue flurophores and Fig. 2.7 shows the
absorption and emission spectra of dominant tissue
flurophores.

Fig 2.6  Fluorescence detection prin-
ciple
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Nicotinamide adenine dinucleotide (NADH) is located 80% in the mitochondria of cells
and rest in the cytosol, which plays an important role in the metabolism of the cell, by
acting as a co-enzyme in the citric acid cycle (Richards-kortum and Sevick-muraca, 1996;
Richards-kortum et al., 1987). Much attention has been given to NADH for distinguishing
between different lesions, in particular between pre-malignant and benign lesions. As
abnormal mucosa is associated with variation in the metabolism rate, the NADH concentration
might be different as compared to
normal tissue. Consequently, the
autofluoresc-ence in blue region
has been reported to be lower in
abnormal tissues (DaCoasta et al.,
2003; Ramanujam, 2000).

Collagen and elastin are
fibrous proteins rich in connective
tissues and tissue stroma. Collagen
and elastin form the connective
tissue layer and can be decom-
posed by processes associated with
disease, in particular for pre-
malignant lesions. This could
reflect in lower autofluorescence
intensity (Gillenwater et al., 1998b;
Richards-kortum and Sevick-
muraca, 1996). Epithelial thicken-
ing may shield the collagen and
elastin fluorescence from the
deeper layers.

Tryptophan  is an amino acid
found in mitochondrial proteins
(Andersons- Engels and Wilson,
1992). It contributes to the tissue
fluorescence when only excited
with the light below 300 nm.  The
other main endogenous fluroph-
ores are tissue co-enzymes like
flavins and FAD (Drezek et al.,

Fig. 2.7  Spectral characteristics of different flurophores existing in organisms (a) absorption (b)
emission.  1- Collagen, 2- Tryptophan, 3- Elastin, 4- Pyridoksamino-5-phospate, 5-pyrodixine, 6- 4-
pyridoxic acid, 7- NADH, 8- PpIX, 9- FAD (Adopted from Bottiroli et al., 1995).
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2001; Benson et al., 1979; Chance and schooner, 1966), Lipofuscin (Tsuchida et al., 1987).
Main excitation  and emission peaks of various native tissue flurophores  extracted from the
following references (Stamatas et al., 2006; Niedorf et al.,2005; Da Costa et al., 2003;
Finlay et al., 2003; Teuchner et al., 2003; Kollias et al., 2002a; Gillies et al., 2000; Ramanujam
et al., 2000; Kollias et al., 1998; Young et al., 1997; Richards-Kortum et al., 1996; Sterenborg
et al.,1994; Rava et al., 1991; Kozikowski et al.,1984) are listed in Table 2.3.

Protoporphyrin (PpIX) is  an endogenous porphyrin that is associated with tissue
alterations and malignancy.  This porphyrin gets selectively accumalted in abnormal tissue
due to a break in the heam cycle. Therefore, the relatively narrow porphyrin fluorescence
peaks from PpIX could be informative about the condition of the mucosa under investigation.
The selective accumaltion of these porphyrins in abnormal tissue is best understood from
the pathway of heme biosynthesis.

2.3.3.2 Heam Cycle

All mammalian nucleated cells can synthesize heme for their aerobic energy needs,
which takes place partly in the mitochondria (M) and partly in the cytosol (C)(Bottomley
and Muller-Eberhard, 1988). The first step of the normal enzymatic heme biosynthetic
pathway is naturally initiated with the condensation of  glycine and succinyl-coenzyme A

Fig. 2.8  Biosynthetic Heme pathway and conversion to PpIX.
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(CoA), catalysed by 5-aminolevulinic acid-synthase (ALA-S) located in the inner mitochondrial
membrane, which is considered to have a regulatory function on the biosynthesis of heme.
As can be seen from the Fig. 2.8, second step involves the formation of coprpporphyrinogen
III, which is a cytosolic process.  In this particular step, two molecules of 5-ALA enters into
cytosol from mitrochondria to form porphobinilogen, in the presence of 5-ALA dehydratase
as enzyme. Porphobinilogen, which is the precursor of the pyrolle ring undergo a  biochemical
reaction in the presence of deaminase and  isomerase as enyme to form uroporphyrinogen
III.  Decarboxylation, catalyzed by uroporphyrinogen carboxylase uroporphyrinogen III to
coproporhyrinogen III.  Finally, in the third step, when the reaction re-enters the mitochondria,
the coproporphyrinogen III get converted to protoporphyrin IX (PpIX), after decarboxylative
and oxidative processes in the presence of molecular oxygen.

In normal tissue, the last step has a rate-limiting function, which is the incorporation of
Fe2+ into PpIX by the enzyme ferrochelatase. All enzymatic steps in the process are irreversible.
The heme thus produced is then coupled to various proteins and forms the conjugated
proteins, viz. hemoglobin, myoglobin, cytochrome C, and catalyses and peroxidises.  There
is a negative feedback in the system on the enzyme ALA-S by the final product heme at
several stages and there is an action directly on the final protein product.

However, in abnormal pre-malignant and malignant lesions, due to the lack of activity
of the enzyme ferrochelatase (EI- Sharabasy et al., 1992;  Hillegersberg et al., 1992; Leibovici

Fig. 2.9  PpIX Absorption and emission and absorption spectra with their constituent peaks.
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et al., 1988; Dailey and Smith, 1984), the production of heme is hindered and the enzyme
catalyzing third step of the pathway - deaminase, exhibits an increased activity (Hinnen et
al., 1998; Leibovici et al., 1988). This  results in the selective accumulation of PpIX (Heyerdahl
et al., 1997; Regula et al., 1995) and its pre-cursors Coproporphyrinogen III and
Uroporphyrinogen III (Moesta et al., 2001).  Thus, by tracking the fluorescence emission
from the PpIX and its pre-cursors, the abnormalities in tissues can be monitored, following
illumination with a suitable laser light tuned to the absorption peak of the PpIX. Fig. 2.9
shows the absorption and emission spectra of PpIX with the prominent absorption peak
located at 405 nm and the fluorescence emission Charecterized by dual peaks at  635 and
705 nm.

2.3.3.3 LIAF in Cancer Diagnosis: Current Status and Trends

The feasibility for tumour demarcation in certain clinical specialties were carried out
using LIAF spectra (Andersson-Engels, 1992). Many researchers have investigated laser-
induced autofluorescence (LIAF) from tissues in the head and neck region and in various
other organs, like bronchus, colon, cervix and esophagus for developing a non-invasive
screening methodology for early diagnosis of cancer (Park et al., 2008; de Veld et al., 2004;
Wu et al., 2003; Lin et al., 2001; Eker et al., 2001; Gillies et al., 2000; Qu et al., 2000; Betz
et al., 1999; Wagnieres et al., 1998; Schantz et al., 1998; Richards-Kortum and Sevick-
Muraca 1996;  Ramanujam et al., 1994;  Schomacker et al., 1992). Studies carried out in
human tissue resected at surgery or biopsy from patients with cancer affecting different
organs, such as uterus (Majumdar et al., 1996), breast (Mohanty et al., 2001; Majumdar et
al., 1999; Jain et al., 1998; Gupta et al., 1997) and oral cavity (Majumdar et al., 1998, 1999;
Roy et al., 1995) have shown that autofluorescence spectroscopy can provide good
discrimination between cancerous and non-cancerous tissues.

Tissue fluorescence signatures are of significance, because spectral changes reflect
changes in metabolic activity and communication between the epithelium and stroma. During
the process of carcinogenesis, alterations occur in morphohistological characteristics and
physiochemical compositions of the fluorophores, such as elastin, collagen and NADH present
in human tissue thereby making LIAF spectral features sensitive to the tissue alterations
(Richards-Kortum and Sevick-Muraca, 1996; Drezek et al., 2001). Savage et al (1995) had
used different intensity ratios including red-blue ratios at various excitation wavelengths to
differentiate malignant and normal lateral tongue.

Different excitation wavelengths or light sources were used to maximise emission from
the tissue fluorophors. Excitation at 375 nm from a xenon lamp was utilised by Sterenborg
et al (1994) for autofluorescence imaging of skin cancer. In an in vivo study of oral and skin
SCC in hamsters it was observed that transformation from normal to pre-malignant or
malignant grade is accompanied by an increase in the red/orange fluorescence intensity
ratio (Van der Breggen et al., 1996). The results obtained demonstrated the potential of
autofluorescence ratio to differentiate between normal and CIS in the cheek pouch during
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the early stages of growth.  The autofluorescence spectra of oral mucosa were studied in
detail (Ingrams et al., 1997) and optimal excitation wavelengths were identified for in vivo
detection of oral neoplasia (Heintzelman et al., 2000). Noninvasive diagnosis of cancer
based on fluorescence spectroscopy and native tissue autofluorescence was also carried
out in  oral cavity (Gillenwater et al., 1998a) and aero digestive tract (Gillenwater et al.,
1998b).

Recently, Svistun et al (2004) have observed maximum contrast in characterization of
freshly resected oral tissues by observing autofluorescence spectra at 530 nm by illumination
at 400 nm with a xenon lamp. Tissue fluorescence was viewed on a SLR Canon camera with
a 100-mm micro lens and a broad band (60 nm) filter. The sensitivity of 91% and specificity
of 86% obtained for discrimination of normal tissue from neoplasia compares favourably
with the sensitivity of 75% and specificity of 43% obtained with white light illumination.
This study demonstrated that oral cavity fluorescence can be viewed in real-time by human
eye.  Subsequently,  Lane et al (2006) developed a simple, cost-effective handheld device
that allows the clinician to discriminate malignant tissue by direct visualization of tissue
fluorescence.  Clinical trials on 44 patients with this system gave a sensitivity of 98% and a
specificity of 100% in discriminating normal mucosa from severe dysplasia/carcinoma in
situ (CIS) or invasive carcinoma.

A clinical trial using a Xenon lamp based fluorospectrometer with 330 nm excitation
showed that the ratio of the area under the autofluorescence emission peaks at 460 and
380 nm decreased as the tissue transformed to oral submucal fibrosis from normal mucosa,
but failed to distinguish normal mucosa from epithelial dysplasia and hyperkeratosis (Tsai et
al., 2003).  Partial least squares and artificial neural network (PLS-ANN) classifications were
used in conjunction with autofluorescence spectroscopy to characterize oral lesions and
discriminate pre-malignant and malignant tissues from benign tissues in patients and a
sensitivity of 81%, specificity of 96% and positive predictive value of 88% were obtained
(Wang  et al., 2003). deVeld et al (2004) have also carried out a clinical study for classification
of benign, dysplastic and malignant oral lesions using autofluorescence spectroscopy

Fluorescence from cervical lesions have been monitored in vitro and in vivo for
investigating the pre-cancerous stage of cervical cancer known as cervical intraepithelial
neoplasia (CIN) by various research groups (af Klinteberg, 1997; Ramanujam et al., 1996;
Mahadevan et al., 1993). Photo detection of cervical intraepithelial neoplasia using 5-ALA
induced porphyrin fluorescence was carried out by Hillemans et al (2000). The classification
of CIN encompasses both dysplasia and carcinoma in situ (CIS). These studies were directed
towards both the in vivo autofluorescence and ALA induced fluorescence spectral
characteristics from normal and CIN, in combination with routine colposcopy and
histopathological examination of biopsies. Ramanujam (2000) has given a review of
application of fluorescence spectroscopy for detection of neoplastic and non-neoplastic
cervical tissues.  Kennedy et al (1992) had used the endogenously accumulated  PpIX as a
natural photosensitizer for phtotherapy of cancers.
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2.4 Exogenous Flurophores and Tumor Marking Substances

The ability to detect lesions by LIAF can be further enhanced by the use of exogenous
fluorophores or fluorescent tumour markers or photosensitizers. Tumour marking substances
can be used both as an aid for characterization of various diseases and in treatments,
especially related to oncology.  When such substances are applied, it will selectively
accumulate in malignant tissues within a certain time period. The abnormalities can then be
detected from tissue fluorescence, when illuminated with UV and near UV-VIS light, the
process often known as photodynamic detection (PDD). When the accumulated flurophore
is irradiated at higher energies with appropriate laser light, a photochemical reaction is
triggered leading to selective cell destruction or necrosis by a process  known PDT.   Most
exogenous flurophores currently being evaluated as contrast agents for cancer detection
are photosensitizers that can be used for PDT.  The commonly used photosensitizers include
hematoporphyrin derivative (HpD), pheophorbide-a, meso-tetra-hydroxy-nphenyl-chlorine
(mTHPC), benzoporphyrin derivative (BPD), and a mixture of different kinds of porphyrins,
chlorines and phthalocyanines.

Porphyrins have a structure similar to the heme molecule of hemoglobin (Fig. 2.10).
Their photosensitizing properties and tumour selective accumulation of HpD were investigated
in the first half of the last century, and had been used for fluorescence PDD and PDT in
many studies later(Dougherty et al., 1992; Daniell and Hill, 1991; Lipson et al., 1961; Figge
and Weiland, 1948). These porphyrin compounds have strong absorption characteristics in
the blue spectral region around 400nm (the Soret band), or up to the highest Q-band at
635 nm, resulting in fluorescence between 625-710 nm (Bonnett et al., 1989). The
fluorescence is characterised by a dual peaked emission in the red-wavelength region, at

about 635 and 705nm. These agents  accum-
 ulate in malignant or pre-malignant lesions
to a higher degree than in healthy tissue,
and their fluorescence will add features to
recorded fluorescence spectra. This signal
contributes to the difference in fluorescence
spectra recorded from deceased and normal
tissue and helps in demarcating the diseased
lesions from the normal surrounding tissue.

However, the main disadvantage of
porphyrin compounds is their low rate of
clearance from the body which causes long-

Fig. 2.10  Porphyrin ring structure, here M repre-
sents the incoprated metalic ion. During the for-
mation of formation of Heme molecule Fe2+ ion is
incoparated.
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lasting tissue phototoxicity (Kennedy et al.,
1992).  Therefore, the evaluation of other tumour
markers and photosensitizers becomes an
interesting topic of research. A variety of
compounds including anionic lipophilic
photosensitizers and cationic photo sensitizers
have been investigated in search for the ideal
photosensitizer.

An ideal phtosemnsitizer should have
following properties a) high degree of selective
accumulation in malignant tissue b) good tissue penetration  c) ability of self destruction
through photobleaching. Many new products are being regularly discovered, though very
few have made it to clinical trials and even fewer are readily available commercially. In the
present study, we deal only with the 5-ALA induced porphyrin fluorescence for PDD of oral
cavity carcinomas.

2.4.1 5-ALA Induced Protoporphyrin in Abnormal Tissues

One of the most promising photosensitizer that is available today is 5-ALA or δ-ALA
(also known as ALA), which is a 5-carbon, straight chain amino acid (Fig. 2.11). It is chemically
stable around and below a pH of 5, but can react irreversiblywithseveral condensation
products at higher pH (Novo et al., 1996). ALA is a naturally occurring compound that does
not fluoresce by itself but its transformation product PpIX, via Heme cycle fluoresces strongly.
When ALA is supplied in excess, the negative feedback is bypassed and the capacity of
ferrochelatase is exceeded as explained earlier.  Porphobilinogen deaminase (PBGD) has
shown to exhibit an increased activity and ferrochelatase a reduced activity (Kondo et al.,
1993) in malignant tissue resulting a relative selective accumulation of porphyrins(Heyerdahl
et al., 1997). On the other hand, PpIX has a natural “clearance mode” by its subsequent
transformation to heme in normal tissues. It was Ghadially et al (1963) who suggested the
use of non-photosensitising 5-ALA to induce photoactive PpIX. In 1999, ALA was approved
in the USA for PDT of skin cancers and actinic keratosis. During recent years, d-Aminolevulinic
acid (ALA) has become widely used as photosensitizer. The advantages of using ALA over
the other photosensitizers PDD are:

1) Shorter duration of photo-sensitization: ALA induced  PpIX is cleared from tissue
within 24 hours after administration as compared to other photosensitizers such as HpD or
Photofrin which persist in tissue for up to two months causing prolonged photo sensitivity.

2) Easy administration: ALA gets easily dissolved in water and in a lage number of
solvents and emulsions. So, it can be administered either systemically (oral, I.V and intra
dermal) or topically.  Topical application targets only the treatment area and reduces systemic
photo-sensitivity and side effects. Cutaneous lesions are easily sensitized with topical
preparations; other tumor locations need systemic sensitization.

Fig. 2.11  Chemical structure of 5-ALA.
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3) High selectivity: ALA induced PpIX fluorescence has shown sensitivity a of 95-100%
and specificity of about 50-60% for oral cancer diagnosis.

4) Possibility of repeated treatments: ALA is an endogenous substance associated with
low toxicity even when given in excess. The topical application of ALA induces PpIX
fluorescence and photo sensitization, which remain localized to the site of application.

5) Short accumulation time:  Maximum built up of PpIX occurs in about 3-4 hours after
administration, but accumulated quantity of PpIX declines to zero over the next 24 hours
due to metabolisation to heme  by other routes.

6) Follow up treatment by PDT: Since PpIX gets selectively accumulated in cancerous
cells, following photodiagnosis the patients could be treated by PDT using a strong light or
laser source at 635 nm.

The disadvantages of using ALA are limited. In very few cases when high dosages were
given, there were reports of nausea and vomiting. There were also reports of rise in liver
enzymes and total bilirubin in some patients. ALA is a hydrophilic molecule that does not
easily penetrate intact skin. The keratin layer of the skin is the main barrier for ALA when
topically applied (Suhonen et al., 1999; Williams and Barry, 1992; Landmann, 1988; Menton
and Eisen, 1971). For cutaneous lesions, however, this layer is usually damaged; resulting
in an increased penetration of ALA and thus an enhanced selective accumulation of PpIX.

2.4.1.1 ALA Induced PpIX Fluorescence in Cancer Diagnosis Current Status and Trends

Many research groups have successfully used ALA as tumour marker on the skin (Hewett
et al., 2001) and in the bladder (Riedl  et al., 2001; Wang et al., 1999) and in the cervix
(Bogaards et al., 2002a,b), and to a limited extend in the GI tract (McKechnie et al., 1998a,b).
5-ALA induced fluorescence has also been used in patients for diagnosis of cancer in various
locations, such as the lung and bladder with promising results (Filbeck et al., 1999;
Baumgartner et al., 1996; Kriegmair et al., 1996).  A detailed review of the application of
fluorescence diagnosis using both autofluorescence and ALA fluorescence  have  been
published (Prosst and Gahlen, 2002).  Betz et al (2002) has carried out an assessment of
the advantages of ALA induced fluorescence and autofluorescence over  visual inspection
for diagnosing oral cancer.Areas with hypertrophic tissue and inflammatory diseases were
investigated and normal tissue types, including buccal mucosa, tongue and skin were also
studied by ALA induced fluorescence (Svanberg and Svanberg, 1999; Wang et al., 1999;
Svanberg et al., 1994).

Fluorescence diagnosis of superficial cancer using ALA has been developed both as
point-monitoring and multi-colour fluorescence imaging (Svanberg et al., 1998, Harris et al,
1995; Andersson-Engels et al., 1994).  Treatment of oral leukoplakia was also carried out
with the help of 5-ALA in some patients (Kubler et al., 1998). Detection of SCC of the oral
cavity by imaging 5-ALA induced PpIX fluorescence was made by Leunig et al (1996).
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Charoenbanpachon et al (2003) has developed a means to accelerate topical ALA-induced
PpIX fluorescence with DMBA cheek pouch carcinogenesis produced dysplasia in hamsters.

Scott et al (2000) has used red to green fluorescence ratio imaging technique that
showed good contrast enhancement between normal and cancerous lesions after topical
application of  5-ALA. Zheng et al (2002)  has developed a digitized endoscopic imaging
system to classify normal, carcinoma in situ (CIS) and invasive SCC of oral cavity using red-
to-blue fluorescence imaging ratios after topical application of 0.5% of ALA . In the case of
brain tumours and other diseases 5-ALA based PDD and PDT has also been studied clinically
(Friesen et al., 2002; Kennedy et al., 1996).

2.5 Diffuse Reflection Spectroscopy (DRS)

2.5.1 Physical Basis of Diffuse Reflectance

Diffuse reflectance (DR) technique involves detection and analysis of a portion of the
incident light that undergoes multiple elastic scattering owing to inhomogeneities in the
refractive index of tissue components (Fig. 2.12). The theory of diffuse reflection has been
studied in detail by many authors (Wendlandt and Hencht, 1966; Kortum, 1969). When an
inhomogeneous material is illuminated, some of the impinging radiation penetrates the
sample and some is reflected from the surface. The portion that penetrates the sample
undergoes scattering at a large number of points in its path. The fraction of  radiation that
comes back out of the sample is called diffusely
reflected component. The returning reflection of the
directional incoming radiation flux is scattered in many
directions due to uneven, broken, bumpy boundary
surfaces, where the coarseness is of the same order
of magnitude as the wavelength. In contrast, direct
or specular reflection occurs when the roughness of
the boundary is small in comparison with the
wavelength of the reflected radiation. Recent results
have shown that tissue back scattering is altered as
the size of the nucleus increases and the nuclear
texture becomes coarser (Perelmann et al., 1998).

The probability that photons reach a certain depth
in the tissue before they are reflected back and
detected is highly dependent on the source-detector
geometry; indicating that the effective volume of the
tissue visited by the detected photons depends on the
specific arrangement of the source and detector fibers
in the probe, in addition to the tissue optical properties
(Jayachandran et al., 2007; Godavarty et al., 2004;

Fig. 2.12  Diffuse reflectance after
multiple scattering and absrption from
various tissue components at
macrolevel.



44       Photodiagnosis of  Oral Malignancy using LIAF and DR Spectroscopy

Utzinger et al., 2001). By illuminating the tissue with continuous-wave white light from an
optical fiber, and collecting the emanating light at various distances using several other
fibers, the optical properties of tissue absorption and scattering coefficients can be calculated
(Nicholas et al., 1997; Weersink et al., 1997; Farrell et al., 1992). According to the law of
reflection which applies in this case, the angle of the incident and reflected rays form the
same angle with the normal in reference to the reflecting surface at the point of incidence.
Fig. 2.13 shows the different geometries of the illumination and collection fibers that are
possible.

Fiber-optic probes that selectively collect DR light from the epithelium and underlying
stroma improve in vivo diagnostic performance as reflectance features unique to each layer
could be measured. DRS is capable of providing information on changes that occur during
tissue transformation and fiber-optic probe designs that selectively collect light from the

Fig. 2.13   Different measurement geometries (a)* single point illumination and sequential/simulta-
neous multiple point collection using optical fibers (b) sequential multiple point illumination and mul-
tiple point collection (c) simultaneous multiple point illumination and simultaneous multiple point
collection using optical fibers (d) area illumination and area detection using an expanded beam of
excitation source and a CCD camera. *This geometry is used in our study.
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epithelium and the stroma are
necessary to exploit the diagnostic
signatures specific to these layers.
Thus, DRS is a promising techno-
logy for detection of epithelial pre-
cancer of sites such as intestine,
oral cavity and cervix which are
generally described as a two-layer
media consisting of a thin epithe-
lium on top of an underlying stro-
ma.  The various aspects related
to absorption have been discussed
in earlier sections and the
upcoming section elucidates
various aspects of light scattering,
which plays a vital role in DR of
tissues.

2.5.2 Scattering

Many biological tissues are
anisotrophic (Tuchin VV, 1994,
1993; Mueller and Sliney, 1989).
Light interaction within a multi-
layer and multicomponent skin is
a very complicated process
(Anderson and Parrish, 1982).
Biological tissues are optically
inhomogeneous with an absorbing
media whose average refractive
index is higher than that of air.  This leads to partial Fresnel reflection of light radiation at
the tissue-air interface, while the remaining part that enters into tissue undergoes multiple
scattering and absorption. The light propogation within a tissue depends on the scattering
and absorption properties of its components (Fig. 2. 14a).

Tissue contains many light scattering particles, such as cell nuclei and organelles and
light scattering is basically affected by tissue morphology, such as nuclear size distribution,
epithelial thickness and collagen content, all of which changes with cancer development
(Mourant et al., 2003, 2000; Drezek et al., 2003). Healthy epithelial tissues often consist of
well-organized layers (Fig. 1.6) with en face diameter of 10-20µm, quite uniform in size
(Tuchin VV, 2007). During transformation,  cells proliferate and appear with an enlarge
nuclei when stained and enlarged nuclei are primary indicators of cancer and dysplasia in
human tissues (Backman et al., 1999).

Fig. 2.14  (a) Major organelles and inclusion of a cell (b)
scattering of light photons by various denser organelles like
nucleous at the micro level. This occurs because of  the gra-
dient in refractive index, resulting from differences in densi-
ties and compositions of sub-cellular structures viz. nuclei,
mitrochondria and other cellular oraganelles.
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Where as absorption depends on the biomolecules in the tissue, scattering is due to
spatial variation in the refractive index of  larger macroscopic structures. The macroscopic
average refractive index of most tissues lies in the 1.38-1.41 range at 633nm (Beuthan et
al., 1996; Tearney et al., 1995, Bolin et al., 1989).  Wavelength dependence of the scattering
properties of tissues not only changes the total autofluorescence intensity by multiple
reflections within the tissue, but also the spectral shape. Since the distribution of scatterers
within the tissue is not known, these artifacts cannot be completely removed from the
autofluorescence spectra. Fig. 2. 14b  depicts the scattering of the light photons by various
cell components and Table 2.4 provides the values of refractive index of various cellular
components at 500 nm.

Histopathologists indentify tissue alterations by looking microscopically on the nuclear
size of the cells and their statrified cellular distributions. Hence, changes in the nuclei of
epithelial cells are important indicators of pre-invasive cancer. The fact that these changes
alter the scattering properties of the epithelium indicates that epithelial scattering contains
significant diagnostic information. Thus, isolation of epithelial scattering is likely to prove
invaluable in correlating optical signatures with the corresponding tissue histopathology,
and in assessment of the sensitivity and specificity of optical technologies targeting non-
invasive detection of pre-cancerous changes.

2.5.3  DRS in Cancer Diagnosis Current Status and Trends

Among new quantitative optical techniques, DRS is one of the simplest and most cost-
effective methods for understanding biological tissue characteristics (Volynskaya et al., 2008;
Niedorf et al., 2005; Irving  and Stephen 2004; Finlay, 2003; Feld, 1999; Palmer et al.,
2002; Nicholas et al., 1997; Mahadevan-Jansen and Richards–Kortum, 1996). The application
of RSS has been quite useful for characterization of small tissue samples and different cell
layers with high sensitivity and specificity, but its application in a clinical environment is still
very difficult (Bakker et al., 2000; Mahadevan-Jensen and Richards-Kortum, 1996). On the
other hand, the potential for using DR spectroscopic techniques is greater because elastic
interactions are much stronger than inelastic interactions. Several researchers have used
diffuse reflectance spectroscopy to study biological tissues and in tissue characterization
(Mirabal et al., 2002; Nordstorm et al., 2001; Koenig et al., 1998; Farell et al., 1992).  Many
of the instruments developed and tested both in vitro and in vivo, show promise to increase
both sensitivity and specificity, e.g. tomography (Li et al., 2003; Jiang et al., 2002; Hebden
et al., 2001, Pogue et al., 2001), multi-spectral transillumination optical imaging (Pifferi et
al., 2003; Grosenick et al., 2003; Fatini et al., 1998), and functional spectroscopic techniques
(Cerussi et al., 2002; Tromberg et al., 2000, 1997; Shah et al., 2001).

DRS techniques involves detection and analysis of a portion of the incident light that
undergoes multiple elastic scattering owing to inhomogeneities in the refractive index of
the tissue. The contrast between normal and abnormal tissue types in all these techniques
relies on differences in the optical properties, i.e. in the reduced scattering and absorption
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coefficients. For example, tumor absorption contrast could be associated with an increase
in the blood volume and increase in the oxygenation consumption (Thompson and Tatman,
1998; Beauvoit et al., 1994).  Tissue absorption in the UV and visible region is dominated by
hemoglobin, with the oxygenated and deoxygenated forms having different absorption
spectral features (van Zijlstra et al., 1991)

Trimodal spectroscopy using fluorescence, reflectance and light scattering was used by
Georgakoudi et al (2001) individually and in combination, for evaluating low and high grade
dysplasia in patients with Barrett’s esophagus. They found that reflectance and light scattering
spectroscopy provide morphologic information on tissue architecture and epithelial cell nuclei.
Zonios et al (1999) used analytical diffusion model for diffuse reflectance data from human
adenomatous colon polyps to fit an analytical model and found that differences can be
attributed to hemoglobin concentration and effective scatterer size.

Elastic light scattering spectroscopy with polarized illumination/detection that reduces
contribution from hemoglobin absorption was used by Sokolov et al (1999) to characterize
in vitro cervical biopsies and in vivo oral cavity mucosa. Utizinger et al (2001) has investigated
the slope of reflectance spectral features between 530 and 585 nm at different source-
detector separations for in vivo characterization of ovarian cancer and found that reflectance
spectral slopes between 510 and 530 nm gets strongly affected by oxy- and deoxy-
hemoglobin absorption and provides useful discriminatory information. The diffuse reflectance
spectrum shows characteristic hemoglobin absorption valleys at 430, 542 and 577 nm on
excitation with white light and it is reported that hemoglobin content is more pronounced in
malignant and premalignant lesions owing to increased microvasculature (Zonios et al.,

Table 2.4  List of approximate values for optical index of refraction of different cellular
components (adopted from Irving and Stephen, 2004; Bolin et al., 1989; Tuchin V, 2007)
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1999). Further, these oxy- and deoxy- hemoglobin bands, seen in both normal and malignant
tissues, have been utilized to extract intrinsic tissue fluorescence that is free from artefacts
induced by tissue scattering and absorption (Georgakoudi et al., 2002). Many researchers
have explored the use of reflectance to correct the tissue fluorescence spectral data and for
understanding the effect of changes in oxygenation and tissue perfusion (Diamond et al.,
2003; Muller et al., 2001; Zang et al., 2000; Coremans et al., 1997). The complimentary
nature of diffuse reflectance and autofluorescence its application to correct distortions in
the measured autofluorescence of oral mucosa was investigated by de Veld et al (2005a).

Numerous  optical models and systems developed based on this technique have shown
potential to discriminate malignancy with good sensitivity and specificity. Diffuse reflectance
spectroscopy is a promising technology for detection of epithelial pre-cancers. The diffuse
reflectance between 350and 750 nm affected by nuclear-to-cytoplasmic ratio was used by
Mourant et al (1995) to distinguish malignant from non-malignant sites in the bladder with
a sensitivity of 100% and a specificity of 97%. Ge et al (1998) used an algorithm that
utilized intensities at the absorption peaks of oxy- and deoxy- haemoglobin to distinguish
neoplastic from non neoplastic sites in colonic tissue and reported a sensitivity of 86% and
specificity of 84%. Reflectance spectroscopy was used to detect Barrett’s oesophagus with
an agreement of 71% for diagnosis by four different pathologists (Feld, 1998).

Even though malignant lesions of the oral cavity could be reliably distinguished from
healthy mucosa, correct classification by Principal Component Analysis (PCA) of benign
from dysplastic and cancerous tissue types was difficult due to the low overall specificity of
77% and sensitivity of 69%. Very recently, a comparative study of PCA with Monte Carlo
inverse model was carried out for diagnosis of oral and breast cancer using DR spectroscopy
in the UV-VIS region (Skala et al., 2007; Zhu et al., 2006). The diagnosis of breast cancer
carried out by Bigio et al (2000) based on elastic scattering spectroscopy (ESS) has yielded
sensitivities of 69% and 58% and specificities of 85% and 93%  for breast tissues and
sentinel nodes, respectively, using artificial neural networks (ANN).

Using pattern recognition techniques such as multivariate discriminant analysis, the
same group developed algorithms to classify ESS spectra as premalignant or benign for
Barret’s oesophagus (Lovat et al., 2006).  When the same data set was analyzed using
hierarchical cluster analysis (HCA) the corresponding sensitivities and specificities were
67%, 91% and 79%, 77%, respectively. Preliminary ESS studies on gastrointestinal tissue
involving colon, rectum and stomach by Mourant et al (1996) have shown the potential of
using the area under absorption dips, spectral slope from 435 to 440 nm and signal ratios in
the near-UV and red spectral regions to discriminate various tissue types.  In a similar study
using ESS and PCA, Anjan Dhar et al (2006) differntiated different colonic pathologies by
applying linear discriminant analysis to the spectra and acheived a sensitivity of 85% and
specificity of 88% in distinguishing colonic dysplasia from colitis.

Collecting photons that scatter only in the epithelium and do not penetrate into the
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stroma is a challenging but non-trivial problem. Depth resolution is clinically important
since spatial localization of information obtained during in vivo measurement aids in
interpretation of tissue spectra. This is particularly important when multilayered tissues are
being investigated. If different layers are selectively targeted, spectral information unique
to each layer can reveal various aspects of dysplastic progression thereby increasing the
diagnostic potential of optical spectroscopy.  Recent computational and experimental studies
analyzing the influence of fiber-optic probe design parameters on depth sensitivity have
focused mainly on fluorescence measurements. Therefore, fiber-optic probe design plays a
crucial role in obtaining depth-resolved spectroscopic information. Amelink et al (2004)
used differential path-length spectroscopy (DPS) based on diffuse reflectance to determine
the local capillary oxygenation, blood volume fraction, blood vessel size and wavelength
dependence of the scattering coefficient in vivo. DPS also gives information on the local
tissue content, the average micro-vessel diameter, and β-carotene concentration and the
scatter slope (van Veen, 2005). Since all these parameters may be related to local
morphological and physiological changes occurring during malignant transformations, the
study could establish DPS as a tool to discriminate pre-malignant lesions from normal mucosa.

2.6 Conclusion

DRS, LIAF and 5-ALA induced fluorescence spectroscopy are potential tools for
photodiagnosis of cancer that can be used separately or in conjunction for tissue
characterization, as in the case of trimodal technique. Based on the developments in optical
spectroscopy techniques, a compact, non-invasive, near real-time optical point-monitoring
system was designed and developed for early detection of oral pre-malignancies. The next
chapter depicts the details the system developed for in vivo  and ex vivo measurments,
alongwith various ethical issues, study protocol, and different methods of data analysis and
interpretation.





Instrumentation, Materials & Methods

Chapter 3





3.1 Introduction

Recent advances in fiber optics, light sources, detectors and computer-controlled
instrumentation have stimulated unprecedented growth in the development of photonic
technologies for a wide variety of diagnostic applications.  The use of non-invasive optical
techniques for detection of tissue abnormal conditions is a rapidly emerging area in the field
of biophotonics. Among the most promising approaches to screen and diagnose epithelial
cancers are those that rely on quantitative measurements of tissue fluorescence and diffuse
reflectance.

All biological tissues emit fluorescence when excited by UV or near UV or VIS light. It is
reported that early cancerous tissues have a different autofluorescence emission spectrum
than healthy tissues (Hung et al, 1991). Although modifications of the autofluorescence
spectra originate in the structure of tissues or in metabolic processes, the reasons for these
changes during early stages of tumor growth remain controversial and have been widely
studied. They can be sorted into two broad categories: biochemical effects and architectural
effects. The variations in Heam production also influence the spectral shape of tissue
autofluorescence and diffuse reflectance.  Therefore, the use of autofluorescence and diffuse
reflectance spectral techniques still remains a pragmatic approach for tissue characterization.

The intensity difference of autofluorescence between normal and tumour tissue has
been exploited for PDD, particularly for detection of early lung tumours (Majumdar et al.,
2003; Mayinger et al., 2003; Lam et al., 1993; Hung et al., 1991). Various techniques have
been established recently that combine multiple excitation and/or detection wavelengths
with intensity ratios to discriminate the tissue autofluorescence from the fluorescence of
externally administered fluorescent markers, thereby improving tumour demarcation
(Anderson-Engels et al., 1997; Leunig, 1996). An important advantage of intensity ratio is
that it minimizes the influence of variations in the excitation and detection geometry and
enhances the contrast between tumour and adjacent normal tissue. Changes in the intensity
of PpIX emission after application of ALA and their ratios have also been utilized to screen
cancers affecting various organs that are easily accessible.

Further, it is known that cancerous tissues exhibit increased microvasculature and blood
content and low hemoglobin oxygenation due to disturbed metabolism (Jain, 1988; Vaupel,
1996). Alterations in nuclear size distribution, epithelial thickness and collagen content
during early stages of cancer development in epithelial tissues also contribute to alterations
in the diffuse reflectance spectra (de Veld et al., 2005b; Zonios et al., 1999). The availability
of efficient, compact light sources and delivery systems has provided impetus for the
application of fluorescence-based diagnostic techniques (Profio and Balchum, 1985).

3Instrumentation, Materials & Methods
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3.2 Point Monitoring Systems

The last decade have seen an impetus research and productivity in the tissue optics
especially, in the field of tissue monitoring research for diagnostic purposes.   Frequently,
these non-invasive optical biopsy systems are point-monitoring and imaging systems. Point-
monitoring systems perform spectral measurement from a small point or area (usually as
small as the dia. of the excitation fiber) of the sample using an optical fiber probe having
excitation and pick up fibers to guide and to collect light.  The light collected from the
samples, are very weak, especially fluorescence. The measurement of such “cool”
fluorescence light can be achieved by using detection systems coupled with sensitive CCD
cameras and proper filtering systems.  It is important to note that in clinical studies using
ESS or DRS to date, the methodology is point monitoring rather than imaging modality.

In order to facilitate simultaneous point monitoring of fluorescence and diffuse reflectance
characteristics in a clinical environment, we have built a laser-induced fluorescence and
reflectance spectroscopy (LIFRS) system that has the ability to measure reflectance and
faint fluorescence spectral signals. As mentioned before, the binding thread of all this study
is the use of optical spectroscopy with the LIFRS that has been built in-house to perform all
spectral measurements in one go.

3.3 Development of LIFRS System for Detection of Oral Cancer

The LIFRS system designed and built for point monitoring of tissue fluorescence and
diffuse reflectance is shown in Fig. 3.1.  A tungsten-halogen lamp (Ocean Optics Inc., USA,
Model: LS-1-LL) is used as the white light source for reflectance measurements; whereas a
nitrogen laser (Laser Science Inc., USA, Model: VSL-337, 30 kW peak power, 120µJ pulse
energy) pumped dye laser (Laser Science Inc., USA, Model: DUO-110, 40uJ) emitting at
405 nm provides the excitation beam for laser-induced fluorescence (LIAF) studies. The N2
laser was operated at a repetition rate of 7Hz and the output energy was focused on to the
fiber tip with the help of the Hyrax fiber-optic focusing assembly (Laser ScienceInc., USA,
Model: 337702). The two light sources could be alternatively switched on/off for recording
of the fluorescence and diffuse reflectance from the same sampling location. These two
light sources were connected to the two legs of a bifurcated optical fiber (Ocean Optics
Inc., USA, BIF 200 UV-VIS) whose third leg guides the radiation to a 3 meter long, reflection
probe (Ocean Optics Inc., USA, ZR400-5 VIS-NIR) that is terminated in a stainless steel
ferrule of 15 cm length and 6 mm dia. (Fig. 3.2, 3.4).

This reflection probe consists of an illumination fiber at the centre and six pick-up
fibers, all of 400µ dia. for collection and transmission of fluorescence/reflectance from the
tissue to a miniature fiber-optic spectrometer (Ocean Optics Inc., USA, Model: USB2000-
FL).  Fig. 3.3 represents the optical geometry of collection and illumination fibers, adopted
in this work. During fluorescence stud-ies, the light emission from the tissue passes through
a long-wavelength pass filter (Schott GG420) fitted in the in-line filter holder (Ocean Optics
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Inc., USA, FHS-UV), which blocks the back scattered excitation laser light from reaching the
spectrome-ter. The spectrometer is conn-ected to the USB port of a laptop computer for
control of spectral acquisition and
data storage. The LIAF and DR
spectrum were recorded in the
420-720nm spectral range with a
resolution of 8 nm on the 2048-
element linear silicon CCD array of
the spectrometer with the help of
the OOI Base32 software provided
by Ocean Optics.

The stainless steel ferrule at
the probe tip enables sterilization
before and after use in boiling
water. A flexible 10 mm long, black
PVC sleeve was inserted at the
probe tip to avoid ambient light
from entering the detection system
(Fig. 3.2). The separation between
the probe tip and the sample was
optimized (by observing the output

Fig. 3.1  Schematic of the LIFRS system and system developed for cancer diagnosis.

Fig. 3.2  Stainless extreme of the reflection measuring probe
inserted with PVC sleeve. In subset 6-around-1 close geom-
etry to ensure the highest fluorescence yield, optimized over-
lapping of excitation and emission areas, of the reflection
probe is exhibited.
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signal) to a distance of 3.5mm; wherein the
excitation beam completely overlaps  with
the collection area.  At this distance the total
circular tissue area irradiated by the
illumination fiber is approximately <5 mm2

(for an illumination radius of 1.25 mm). The
PVC sleeve is discarded after spectral
measurements in each patient to provide
extra hygiene. During spectral
measurements the average out put power
at the illumination fiber tip is measured and
maintained at 1±.05mW using a optical
power meter (Ophir, Israel, Model: Nova)
with a suitable photodiode head (Ophir,
Israel, Model: PD300).  Total light dose on
tissue during the spectral measurement is
measured in J/cm2, which is the product of
the fluence rate and the illumination time
[3.1].

Light dose (J/cm2)= Fluence rate (W/cm2) x Illumination time (Sec)     [3.1]

In the present study the laser light dose incident on the tissue during each measurement
period was 0.2 J/cm2 and this radiation dose was very low to cause any tissue damage.

3.3.1 Compact LIFRS System for Clinical
Studies

The main drawback of the LIFRS
system shown in Fig. 3.1 when used
with a nitrogen laser pumped dye laser
was the large footprint of the system

Fig. 3.4  Bifurcated fiber (200 µ dia.) cable
was used for guidance light of laser and
tungsten-halogen sources to tissue.  Bifur-
cated tips were connected to the Laser and
tungsten halogen lamp, while the rest is
connected to one of the tip from the re-
flection probe.

Fig. 3.3  The optical geometry of the delivery
and collection fibers of the probe.
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and the low output power available for excitation of fluorescence, which affected the signal
to noise ratio of the detection system (Fig. 3.6). Hence, the nitrogen pumped dye laser was
replaced with a 405 nm violet diode laser (Stocker Yale Inc., Canada, Model:TEC-XXX-404S-
50-SF) with a CW power of 50 mW. This laser can also be operated in the pulsed mode up
to a repetition rate of 10 kHz, although we used the system in CW mode.   The entire
system including the laser, tungsten halogen lamp, the inline filter holder and the miniature
spectrometer was enclosed in a rectangular box of dimensions 12 x 8 x 3 inches made of
acrylic sheet. The fiber optic cables and power supply chords were taken out through slots
made in the box. These cables could be easily detached and refitted, without the need for
realignment, to get the required power levels at the fiber tip.  Fig. 3.5a shows the portable
LIFRS system and Fig. 3.5 b, a birds-eye-view of the central unit.

3.3.2 Choice of Light Source and Wavelength

Both coherent lasers and filtered non-coherent light sources can be utilized for the
diagnostic purposes. However, high monochromaticity, coherence and intensity of lasers
coupled with their low divergence permits one to choose them for fluorescence measurement
applications that require matching of excitation wavelength with the tissue flurophore being
studied. Since, most of the work presented in this thesis work relate to fluorescence emissions
from PpIX, which is selectively accumulated in the abnormal tissues, a diode laser emitting
at 405 nm, which matches with the strongest absorption band of PpIX, is used. The excitation
of abnormal tissues with this wavelength emission peaks at 635 and 705 nm (Fig. 2.10,
Chapter 2).  For diffuse reflect-ance tissue studies, a tungsten halogen lamp is used as the
white light source, since it is cheaper as compared to other lamps like Xenon flash lamps
and mercury arc lamps, which need additional filters to remove unwanted peaks present in

Fig. 3.5  (a) The compact diode laser based LIFRS optic fiber system developed for clinical studies of
oral cancer (b) closer view of the central unit of the portable LIFRS, with diode laser at the bottom,
spectrometer to the right top, in-line filter holder at top and tungsten halogen lamp positioned at
centre of an acrylic box of dimensions 12 x 8 x 3 inches.
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their emission. However, tungsten halogen lamps are free from such peaks in the entire
visible spectral region (Fig.  3.6).

3.4 Data Acquisition and Analysis

3.4.1 Data Collection Using OOI Base32 Software

The probe is sterilized before use and the optical fiber light couplers are aligned to
provide a Gaussian beam profile at the fiber tip. Before each set of measurement the laser
power at the fiber tip was monitored using a laser power meter. The fluorescence and
diffuse reflectance spectra were recorded from selected sites of the tissue by point monitoring.
Mild pressure was applied to the PVC sheath covering the probe tip to avoid target movement
and to avoid room light from entering into the detection system.   Fig. 3.7 is a screen shot
of the fluorescence spectra recorded using the OOI Base 32 program with the
eightfluorescence spectra recorded from a lesion of the same patient flaked over one other.
The OOI Base32 software was configured to record the spectra, averaged for 40 pulses,
with a boxcar width of 8-10 nm and an integration time of 100ms.

3.4.2 Corrected Autofluorescence

Eight sequentially recorded LIAF and DR spectra from the same tissue location are
manually selected and averaged. A simple model is adopted to obtain a first order

Fig. 3.6  Tungsten halogen lamp spectra recorded in 400-600 nm wavelength region, from a ground
glass plate.
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approximation of corrected autofluorescence as used by de veld et al (2005a), by dividing
LIAF spectra with the corresponding DR spectra of the same tissue site. The model can be
explained as follows:

For diffused light, the total diffuse reflectance Rd (λ) and recorded autofluorescence Fr
(λ), can be expressed as a fraction of the total incident flux, which is related to the tissue
absorption coefficient µa (λ) by

Rd (λ) = e-µa(λ)<l>r, λ [3.2]

Fr (λ) = e-µa(λ)<l>f, λ [3.3]

Where <l>r, λ and <l>f, λ are expected mean pathlength travelled by DR and LIAF
photons in the tissue. All these variables are wavelength-dependent. For any given
wavelength, there will be a difference in mean expected pathlengths for DR and LIAF light.

Fig. 3.7  Screen shot of the OOI Base 32 program showing eight measurements from the lesion of a
patient.
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Therefore, one can write

<l>f, λ = k (λ).<l>r, λ [3.4]

Where k(λ) depends on the tissue under investigation. Therefore, corrected
autofluorescence can be expressed as

Fc (λ) = Fr (λ)/Rd (λ) = Fr (λ)/Rd (λ) k (λ) [3.5]

 k (λ) is defined as the ratio between the pathlengths for fluorescence and diffuse
reflectance light, and is independent of wavelength. In this simple model homogeneous
distribution of scatterers and fluorophores is assumed with constant absorption coefficient
at all locations, which depends on wavelength of the photons.  However in reality, this is not
exactly the same case due to the inhomogeneous distribution of the scatterers.  Nonetheless,
based on the results (see chapter 7) this simplification was enough to remove or smoothen
the absorption dips without affecting the florescence spectra.

3.4.3 Curve Fitting of LIAF

In order to determine the peak positions of constituent bands and their relative
contributions to the overall emission, the corrected LIAF spectra were analyzed by curve-
fitting using Gaussian spectral functions (Microcal Origin, Ver. 6.0)(Details are given in
Chapter 7). The curve-fitting program uses the Marquardt-Levenberg algorithm that finds
the true absolute minimum value of the sum of squared deviations (the value of c2) by an
iterative process. The correlation coefficient (r2) and (c2)values determine the quality of fit
(Subhash and Mohanan, 1997; Subhash et al., 2005). The number of peaks chosen should
be minimized for obtaining a best fit of the spectra, as evidenced from the values of r2

(closest to unity) and low c2 values. The curve fitted parameters like the peak amplitude,
peak center shift, FWHM width of the peak, and the Gaussian curve area were utilized to
understand tissue progression or transformation.

3.5 Laboratory Evaluation of LIFRS instrument

Prior to using the LIFRS system for clinical trials, the device was tested in the laboratory
by measuring the autofluorescence, 5-ALA-induced PpIX fluorescence and diffuse reflectance
spectra of ex vivo  tissues of the oral cavity immediately following surgery (without fixing or
immersion in any solvent). In this study the tissue removed from the margin area was used
as control (Subhash et al., 2006). The LIF spectral intensity and curve area ratios of the
different bands were used to discriminate malignant from normal tissue and to classify oral
cavity cancer according to their grade.   Further, the uptake of ALA by different tissues of
the oral cavity was studied from the intensity of the porphyrin bands after topical application
of 5-ALA on the tissues.  The fluorescence intensity ratios of the emission bands as well as
the diffuse reflectance ratio of the oxygenated hemoglobin absorption peaks were used in
the grading of SCC.
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3.6 Clinical Trials

3.6.1 Ethical Clearance for the Study

A protocol for clinical trials was prepared for screening of oral cancer using tissue
autofluorescence, diffuse reflectance and 5-ALA (5-aminolevulinic acid) induced
protoporphyrinIX (PpIX) fluorescence.  The study involved measurements to diagnose oral
cavity cancer by carrying out measurements from malignant and adjoining normal tissues,
followed by histopathological analysis of the biopsies taken from the measurement sites for
correlation. After obtaining the permission of the Ethics Committee (S. No. HEC/02-2005/
14, dt. 14/02/05), approval from the Drug Controller, Government of India, was obtained to
use 5-ALA (Medac, Germany) in patients as part of these trials. Patients who present
themselves at the OP clinic were considered for enrollment in the trial.

3.6.2 Eligibility Criteria for the Subjects

Following Inclusion and exclusion criteria was followed for selecting patients for the
spectral measurements.

· Patients attending OP clinic for oral cancer screening and treatment

· Consent patients above 18 years

· Able to read, understand and sign informed consent

· No previous treatment for cancer with radiation

· No application of any medication orally for at least 4 weeks

· The patient should be free from any other serious disease

3.6.3 Human Oral Anatomy

The oral cavity of is unique in structure. The surface of the oral cavity is a mucous
membrane. Its structure varies in an apparent adaptation to the function of different regions
of the oral cavity. On the basis of these functional criteria, the oral mucosa may be divided
in to three major types (1) Masticatory mucosa like gingiva and hard palate  (2) Lining or
reflecting mucosa (inner lip, buccal mucosa, lower and upper alveolus, floor of the mouth,
transition to floor of mouth, softpalate (3) specialized mucosa (dorsum and lateral side of
tongue (DST, LST). Fig. 3.8 sketches the 13 anatomical sites of human oral cavity selected
for  spectral measurements. For descriptive purposes the oral mucosa may be divided into
the keratinized and non-keratinized areas. The masticatory areas  and vermillion border of
lip (VBL) belong to keratinized type while lining mucosa and specialized mucosa belongs to
non-keratinized type.
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3.6.4 Conduct of Clinical Trials

The enrolled patients and their bystanders were explained in detail about the modalities
of the study and its intent. Written informed consent of the patient was obtained before
initiation of any measurement. Trials have been carried out in 50 patients (Fig. 3.9) and
from 13 anatomical  oral cavity sites of 36 healthy volunteers.  Before initiation of
measurements, the participants were given a mouthwash with 0.9% saline solution to
reduce the effects of recently consumed food.

An experienced clinician specialized in the head and neck cancer selected patients
suitable lesions and adjoining sites for spectral studies and recorded its visual imprint.
Patients received no incentives for participating in this clinical studies. Most of the patients
studied had prolonged smoking, pan chewing and/or alcholic consumption habits, whereas,
healthy volunteers were free from such habits and had maintained good oral health or
hygiene on visual examination.  After spectral measurements biosy samples were taken and
fixed in 10% formalin solution and sent for histopathological analysis.  Histology slides were
prepared from fixed tissues and classified by an experienced pathologist who was blinded
to spectral results.  After classification, the spectral data were correlated with pathological
findings.  In the case of healthy volunteers, classification was based on visual impression.

3.6.4.1 5-ALA Induced Fluorescence Studies

5-ALA solution at a concentration of 0.4% was prepared by mixing 40 mg of 5-ALA
(Medac, Germany) in 100 ml of distilled water. This solution was used as a gargle or mouth
wash (topical application) in the oral cavity of patients selected for the study for different
time periods (10, 15 and 20 min.), following autofluorescence and diffuse reflectance

Fig. 3.8  Sketch of 13 anatomical sites of  human oral cavity selected for LIAF and DR spectral
measurements using LIFRS.
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measurements.. Temporal spectral studies were carried out and the entire measurements
of fluorescence emission procedure was repeated at different concentrations(0.2%, 0.3%
and 0.5%) of ALA.

During ex vivo studies, topical application of 5-ALA  cream prepared by mixing 30 parts
of emulsifying cetylstearyl alcohol (Type A), 35 parts of thick viscous paraffin and 35 parts
of white Vaseline with the requisite amount of 5-ALA was used.

3.6.5 Blinded and Follow-up Studies

To check the validity of the criteria developed using LIAF and DR spectroscopy a blind
test was also carried out on patients at the RCC with clinically low/high risk oral lesions
(leukoplakia and erythroplakia). The tissue types were then classified with the help of the
criteria developed based on LIAF spectral ratios, and then interrogated with pathological
results.  Based on this, the sensitivity, specificity, PPV and NPV of the spectral criteria
developed were determined.

3.6.6 Tissue Grading

As described in chapter I, 90% of the oral cancers  develope in the squamous epithelial
tissues. A pathologist grades these tissues according to the variations in nuclear size and

Fig. 3.9  Conduct of clinical trials using the LIFRS system at the OP Clinic of RCC, Trivandrum. The  Fig.
1.3 (See chapter 1) is a zoom in to the buccal lesion of the same patient being examined by point
monitoring.
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stratified cell structure. In this study, different tissue
type are graded using the following terms in an
increasing order of tissue abnormality (Fig. 3.10).
Epithelial tissues from the healthy volunteers are
graded as normal squamous epithelium. The
hyperplastic tissues were termed as benign tissues.
Clinically observed leukoplakias and erythroplakias,
which are pathologically pre-malignant tissues, are
grouped as dysplastic. Then again, malignant lesions
are usually graded from well to poorly differentiated.
Different grades of SCC tissues such as, well
differentiated SCC (WDSCC), moderate to well
differentiated SCC (MWDSCC), moderately
differentiated SCC (MDSCC), moderate to poorly
differentiated SCC (MPDSCC) and poorly
differentiated SCC (PDSCC), are grouped as
malignant.

3.7 Conclusion

As per the objective an optical biopsy system
known as “LIFRS” has been developed to facilitate
point monitoring of oral cancer and the instrument
was tested in the laboratory  through ex vivo spectral
studies on surgically excised tissues. Based on these
ex vivo results a detail study protocol and procedure
was evolved for in vivo clinical studies. Results of
these ex vivo and clinical trials studies are exclusively
narrated in the forthcoming chapters.
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Lesions using R540/R575 Reflectance
Spectral Ratio: An Ex Vivo Study
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4Discrimination of Malignant Oral Ccavity Lesions using
R540/R575 Reflectance Spectral Ratio: An Ex Vivo Study

4.1 Introduction

A low-cost, fast and non-invasive method for early diagnosis of oral mucosa based on
the analysis of diffuse reflectance spectral signatures is presented. The ex vivo diffuse
reflectance spectra in the 400-600 nm region is measured from surgically removed oral
cavity lesions.  Reflectance spectra shows dips at 542 and 577 nm owing to absorption from
oxygenated hemoglobin (HbO2).  In this study, we explore the potential of using the diffuse
reflectance spectral ratio (R540/R575) of the oxygenated hemoglobin absorption bands for
detection of oral cavity SCC.

4.2 Study Materials and Protocol

Tissue samples from different anatomical sites of oral cavity, like the tongue, lower
alveolus and buccal mucosa were brought to the laboratory for examination from the Regional
Cancer Centre (RCC), Trivandrum, immediately after surgery without fixing in any solvent.

Fig. 4.1  Mean reflectance spectra of malignant and normal buccal mucosal tissues superimposed on
the diffusely scattered light from a tungsten-halogen lamp for comparison.
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All the measurements were carried out within 90 minutes of surgery. The dimension of the
excised tissues was of the order of 1-2 cm in length, 1-1.5cm in breadth and 0.5-1cm in
thickness. The tissue removed from the margin areas adjacent to the lesion were also
studied, with the intention of using these as control.  The lesions removed from different
patients had varying grades of SCC and belonged to different parts of the oral cavity. For
comparison with normal mucosal tissues, in vivo reflectance spectra from the oral cavity of
consenting volunteers were used. This study included six surgically excised samples from
lesions and six apparently normal samples from the adjoining lesion. Prior to spectral
measurements, tissue samples were washed with saline solution and dried on tissue paper
and after the measurements the tissue samples were fixed in 10% formalin and sent for
histological correlation.

4.3 Results

The diffuse reflectance spectra depends on tissue morphology, constitution and surface
features.  Fig. 4.1 shows the mean of 10 measurements of the ex vivo  diffuse reflectance
spectra of the excised lesion from the buccal mucosa of a patient, pathological confirmed as
moderate to well differentiated SCC and of an adjoining normal (margin) area. Averaged
reflectance spectrum from the  diffuse reflectance spectrum of the tungsten halogen lamp,
with ground glass plate as scatterer, are also shown in (Fig. 4.1) for comparison. In all our
measurements, the reflectance spectral intensity from malignant lesion was always found
to be greater than that of normal mucosa. Notable differences were observed in the short
wavelength region where the broad hemoglobin (Hb) absorption valley around 420 nm is
prominent. Secondary dips in reflectance spectra at 542 and 577 nm owing to absorption
from oxygenated hemoglobin (HbO2) bands are evident in both normal and malignant lesions.
As compared to normal lesions, the absorption at 542 and 577 nm bands are more prominent
in malignant lesions, indicative of increased Hb presence and microvascular volume.

The reflectance intensity ratio R540/R575 was determined from the recorded spectra
of normal and malignant lesions of 6 different patients who had undergone surgical
intervention. In order to account for the broad nature of the peaks and sample to sample
variation in peak position owing to absorption differences between lesions, the average
reflectance intensity over ±5nm interval at the absorption maxima was used to determine
the ratio.

Mean R540/R575 ratio, with their standard deviation, are shown in Table 4.1, for normal
and malignant tissue samples from various sites of the oral cavity. Irrespective of tissue
location, the mean R540/575 ratio was always found to be lower for malignant lesions as
compared to the adjoining normal lesion. Significant changes were also noticed in the
diffuse reflectance ratio according to the stage of malignancy. In the case of ulcerating and
infiltrating, moderate to poorly defined SCC of the tongue, which is the highest grade of
SCC studied, the decrease in the diffuse reflectance ratio from 0.94 to 0.82 was found to be
maximum (14.63%), whereas in the case of a patient with buccal mucosa pathologically
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Age (yr)/Sex  Site Tissue type N Mean R545/R575 Varation (%) 

48/M Tongue Normal 10 0.94±0.07 12.77 
MPDSCC 10 0.82±0.02 

40/M Tongue Normal 10 0.81±0.04 11.11 
  MDSCC 5 0.72±0.01 
69/M Lower alveolus Normal 6 0.79±0.03 10.13 
  MDSCC 8 0.71±0.02 
49/F Tongue Normal 6 0.81±0.02 9.88 
  MDSCC 6 0.73±0.02 
42/M Buccal mucosa Normal 10 0.82±0.01 8.54 
  MWDSCC 10 0.75±0.01 

SCC‐Squamous cell carcinoma; MPDSCC ‐ Moderate to poorly differentiated SCC; MWDSCC ‐ Moderate to well 
differentiate SCC; MDSCC ‐ Moderately differentiate SCC; N ‐ the number of measurements. 
 

Table 4.1  The mean reflectance spectral intensity ratio R540/R575 of surgically excised
oral lesions from patients with different stages of oral cavity SCC.

Fig. 4.2  Mean diffuse reflectance spectra of malignant lesion and adjoining normal tissue from the
tongue diagnosed as moderate to poorly differentiated SCC. These spectra were recorded after 1, 2,
and 3 hours of surgical excision.
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diagnosed as moderate to well defined
SCC, the change was minimal (9.33%)
from 0.82 to 0.75. Thus, the R540/
R575 ratio derived from the
oxygenated hemoglobin band
absorption appears to be a useful
parameter in the grading of SCC of the
oral cavity.

The temporal profile of ex vivo
diffuse reflectance spectra is shown in
Fig. 4.2 for tongue lesion. The overall
ex vivo diffuse reflectance spectral
intensity and absorption band inten-
sities at 540 and 575 nm in both
normal and malignant tissues were
found to decrease gradually during the
3 hour measurement period owing to
tissue degradation. During this period,

the percentage variation in R540/R575 ratio between the normal and malignant lesions
also decreased from 12.5% to 1.5% (Fig. 4.3) thereby demonstrating the need to carry out
ex vivo diffuse reflectance spectra  measurements within the shortest possible time for
maximum tissue discrimination.

4.4 Discussion

Tumor or cancerous tissues are known to exhibit increased microvasculature and hence,
increased blood content (Jain, 1988).  They often have abnormally low Hb oxygenation
owing to the disturbed metabolism (Vaupel, 1996).  Zonios et al (1999)  observed in the
case of adenomatous colon polyps an increase in hemoglobin (Hb) concentration, a larger
average effective scatter size and a smaller average scatter density but without any significant
change in Hb oxygenation.  By use of morphometry and vascular casting, they observed
that pre-cancerous tissues are characterized by increased microvascular volume. Our results
are in agreement with these observations as the malignant tissues exhibit increased absorption
at the oxygenated hemoglobin bands and overall enhancement in spectral intensities with
concomitant decrease in the R540/R575 reflectance ratio.

Palmer et al (2002)  had observed that the reflectance intensities at 415, 540 and 570
nm remained relatively constant over a 90-minute time period. However, in the case of
malignant tissues, the decrease of ex vivo reflectance intensity at 540 and 575 nm in 120
mins, was 46.2% and 46.7%, respectively.  They also reported that the diffuse reflectance
of both ex vivo and in vivo tissues are similar at 500 nm and decreases at longer wavelengths
due to tissue de-oxygenation and changes in tissue scattering. Our measurements (Fig.

Fig. 4.3  Mean R540/575 ratio of surgically excised
malignant lesion of the tongue  and its adjoining nor-
mal lesion. The percentage decrease in ratio with re-
spect to the normal lesion and standard deviation for
each ratio are shown over the histogram bar.
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4.1) also show similarity in reflectance intensity profile in ex vivo malignant tissues up to
500 nm and around 600 nm. But, the temporal variations in reflectance intensity (Fig. 4.2)
are prominent in the 500-580 nm region where the oxygenated Hb bands are absorbing,
whereas at around 600 nm the changes are minimal between normal and malignant tissues.
This increase in tissue absorbance is due to increase in hemoglobin absorption and hemoglobin
deoxygenation brought about by cell lysing that increases the amount of blood content in
tissues (Palmer et al., 2002).

4.5 Conclusions

Studies carried out on surgically excised tissue samples have shown that decrease in
the diffuse reflectance intensity ratio R540/R575 of HbO2  bands at 542 and 577 nm  can be
used  to discriminate between malignant and normal lesions and in determining thegrade of
malignancy. Since the normal tissue samples used for comparison were from the tumor
margin areas, there is every possibility that some parts of these tissues could also be
malignant. Moreover, the in vivo diffuse reflectance spectra from the buccal mucosa of
healthy volunteers show the absence of the oxygenated hemoglobin bands (Fig. 4.1). Hence,
under in vivo conditions the changes in the reflectance ratio between normal malignant
lesions could be much more pronounced.

Pre-cancerous condition is usually characterized by cellular proliferation, microvasculature
and hence, increased volume occupied by cells in tissue.  Since visible light penetration is
limited to the top one-half millimeter or the mucosal layer, where pre-cancerous changes
occur, the diffuse reflectance ratio of oxygenated Hb bands could help in early detection of
changes to the mucosal layer. Moreover, since the ex vivo and in vivo tissues have similar
diffuse reflectance spectral features between 400 to 600 nm, the ex vivo measurements
within a reasonable time frame has the advantage of reproducing clinically relevant in vivo
conditions. In addition, the oxygenated hemoglobin reflectance ratio technique presented
here appears to have the potential for the in vivo detection of oral and cervical cancer, and
superficial tumors of internal organs, as well. Next section explains an elaborative in vivo
study using the same technique in an clinical environment.
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5.1 Introduction

In this clinical trial, we utilize the R545/R575 ratio of oxygenated hemoglobin
absorption bands in the DR spectra that were foundto vary with the grade of malignancy
under ex vivo conditions, for early detection and grading of oral malignancy in a clinical
environment. This chapter presents the results of clinical trials conducted in cancer
patients to detect oral pre-cancer using this ratio. For a comparison, in-vivo DR spectra
from different anatomical sites of the oral cavity of healthy volunteers were recorded.
The R545/R575 ratio was lowest for healthy tissues and appeared to increase with the
grade of malignancy.  Scatter plot of the R545/R575 ratio was then generated to
discriminate different grades of cancer.

5.2 Study Materials and Protocol

The study subjects included 36 healthy volunteers with no clinically observable
lesions or inflammatory conditions in their oral cavity and 29 patients with clinically suspicious
lesions of diverse grades in their oral cavity. The patients were within the age group of
32-83 years with an average age of 62 years whereas the volunteers were in the 23-28
age group with an average age of 25 years. Reflectance measurements were taken
from each of the selected suspicious lesionsand margin areas approximately 1 cm within
the lesion boundary with in a 6 mm dia. area (dia. of the probe).  In some subjects,
measurements were not possible from the margin areas as the lesion had spread all over,
whereas in some patients multi-lesions suitable for measurement were present.

Before initiation of measurements, the patients and volunteers were directed to
hold 0.9% saline solution for 2-3 minutes to reduce the effects of recently consumed
food. After in vivo DRS measurements, biopsy specimens were taken from the centre of
6 mm dia area of the lesion/tissue. Since the laser beam illuminates only a small area (1.5
mm in dia.) of the lesion, multiple biopsies were not taken. The spectral ratio (R545/
R575) of different patients are then compared with  pathological results. Independent
Student’s t-test was performed on the (R545/R575) ratio between different tissue
categories and the predictive values determined were used to determine the statistical
significance of the method in differentiating mucosal variations.

5.3 Results

5.3.1 DRS of Healthy Population

Histopathological analysis of the biopsy samples from adjoining areas of malignant

5Oxygenated Hemoglobin Diffuse Reflectance Ratio for
In Vivo Detection of Oral Pre-cancer
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oral mucosa in patients often show varying degrees of epithelial dysplasia and hyperplasia.
Hence, there is every possibility that utilization of the (R545/R575) ratios with respect
to these adjoining lesions as control could lead to reduced sensitivities and specificities in
diagnosis. In order to overcome this, DR spectral measurements were carried out from
14 different anatomical sites of the oral cavity of healthy volunteers, viz., the right and
left buccal mucosa, the gingiva, the upper and lower alveolus, the floor of mouth, the
hard and soft plate, the dorsal tongue, the lateral border tongue, the ventral tongue,
the inner lip, the vermillion border of lip and the transition of tongue (Fig. 3.1, chapter
3).

The DR spectra of healthy volunteers show dips due to oxygenated hemoglobin
absorption at 420, 545 and 575 nm. Fig. 5.1 shows the variation of the mean diffuse
reflectance spectra from different sites. The DRS from gingiva and alveolus mucosa
show lower reflectance intensities whereas spectra from buccal and dorsal tongue have
maximum reflectance. Since the spectral features of right and left buccal mucosa and
upper and lower alveolus are similar, these have been grouped and their mean spectra

Fig. 5.1  Mean DR spectra from dorsal side of tongue, buccal mucosa, alveolus and gingiva, com-
pared with the average spectra from the other eight sites of the oral cavity. All spectra represent the
mean of 10 measurements each in 36 volunteers. The error bars relate to the standard deviations at
545, 575 and 622 nm (maximum intensity in the DR spectra) for different sites.
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Fig. 5.2  Average DR spectra of patients grouped according to varying grades from a) buccal mucosa
(SCC-12 sites, dysplasia-3 sites and hyperplasia-7 sites) of 13 patients and b) dorsal tongue (SCC-
7 sites and dysplasia-3 sites) of 6 patients. The healthy spectra represents site-specific mean of 10
measurements in 36 volunteers. The error bars relate to the standard deviations at 545, 575 and 622
nm (maximum of the DR spectra) for different tissue types.
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are shown in (Fig. 5.1). The average spectra from all the other 8 anatomical sites that
had similar features were grouped together and shown separately.

5.3.2 DRS of Patient Population

We have observed substantial variation in the in vivo DR spectral intensities between
SCC, dysplasia, hyperplasia and healthy mucosa. Fig. 5.2a shows the mean diffuse
reflectance spectra from buccal squamous epithelium of healthy volunteers and from 22
sites in 13 patients with varying grades of malignancy, whereas Fig. 5.2b represents the
spectra at 10 sites from the dorsal tongue of 6 patients and the corresponding site-
specific healthy tissue spectra.  As compared to healthy volunteer spectra, the oxygenated
hemoglobin absorption dips at 545 and 575 nm were less prominent in cancerous lesions.
The diffuse reflectance of malignant and premalignant lesions is lower owing to increased

Table 5.1  Diffuse reflectance ratio R545/R575 from 48 sites in 29 patients and their
histopathological, visual and spectral impressions

Patient 
No 

Site 
Visual 
Impression 

Histology R545/R575 
Healthy 

R545/R575 
Spectral impression 

1 
Buccal Mucosa Growth Hyperplasia 0.79 0.758 Hyperplasia 

Buccal Mucosa Normal  Hyperplasia 0.788 0.758 Hyperplasia 

2 Dorsal tongue Proliferative/ulcerative SCC 0.865 0.788 SCC 

Dorsal tongue Normal  SCC 0.867 0.788 SCC 

3 
Floor of mouth Proliferative growth SCC 0.902 0.780 SCC 

Floor of mouth Normal  Hyperplasia 0.803 0.780 Hyperplasia 

4 
Lover Alveolus Ulcerous proliferative lesion SCC 0.903 0.770 SCC 

Lover Alveolus Normal  SCC 0.856 0.770 SCC 
5 Buccal Mucosa Large growth SCC 0.864 0.755 SCC 

6 
Buccal Mucosa Verrucous lesions SCC 0.837 0.755 Dysplasia 

Buccal Mucosa Normal Hyperplasia 0.780 0.755 Hyperplasia 

7 Upper Alveolus Ulcero proliferative lesion SCC 0.876 0.770 Dysplasia 

Upper Alveolus Normal  Hyperplasia 0.797 0.770 Hyperplasia 
8 Buccal Mucosa Verrucous Leukoplakia Hyperplasia 0.800 0.755 Hyperplasia 
9 Dorsal tongue Ulcero proliferative growth SCC 0.876 0.770 SCC 

10 
Lover Alveolus Ulcero proliferative growth Dysplasia 0.812 0.770 Dysplasia 

Lover Alveolus Normal Hyperplasia 0.781 0.770 Hyperplasia 
11 Buccal Mucosa Leukoplakia Dysplasia 0.814 0.755 Dysplasia 
12 Dorsal tongue Leukoplakia SCC 0.874 0.770 SCC 

13 
Buccal Mucosa Leukoplakia Dysplasia 0.832 0.755 Dysplasia 

Buccal Mucosa Normal Hyperplasia 0.815 0.755 Dysplasia 

14 
Dorsal tongue Verrucous Leukoplakia Dysplasia 0.844 0.770 Dysplasia 

Dorsal tongue Normal Dysplasia 0.822 0.770 Dysplasia 
15 Buccal Mucosa Leukoplakia SCC 0.899 0.755 SCC 
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absorption associated with tissue vascularity and other inhomogeneities, and varies
according to the grade of malignancy.

5.3.3 Oxygenated Hemoglobin Absorption Ratio R545/R575

The mean diffuse reflectance spectral intensity ratio (R545/R575) with respect to
the oxygenated hemoglobin absorption dips at 545 and 575 nm was calculated at
different anatomical sites in healthy volunteers.  The ratio has a minimum (0.75) at the
vermillion border of the lip and a maximum (0.79) at the gingival mucosa, with an
average of 0.782 when all anatomical sites are considered. Table 5.1 gives the mean
R545/R575 ratio in 29 patients having diverse tissue characteristics, compared with the
site-specific ratio of healthy volunteers. The results of histopathological examination,
visual impression by the clinician and spectral impression based on scatter plots of R545/
R575 ratio are also presented in Table 5.1.

Table 5.1  (Continued)
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For ease of comparison, we have grouped the oral mucosa into four categories.
The first category consists of healthy volunteer epithelium that is designated as normal;
whereas, the second, third and fourth categories comprise of hyperplastic, dysplastic
(pre-cancer) and SCC (malignant), respectively. Table 5.2 shows the mean R545/R575
ratio of healthy volunteer tissues and patient mucosa from all sites listed in Table 5.1,
regrouped into the above three distinct categories.  The R545/R575 ratio is lowest for
normal and its increasing trend with higher grades of cancer points to the distinct
possibility of using this ratio for tissue classification.

5.3.4 Tissue Classification using R545/R575 Scatter Plots

Fig. 5.3  Site-specific DR spectral ratio scatter plots discriminating different grades of cancer from
21 buccal mucosal  sites in 12 patients and 36  healthy volunteers.

Histological diagnosis Population (n) R545/R575
Normal (healthy) 35 0.782±0.009
Hyperplasia 11 0.795±0.020
Dysplas ia 10 0.822±0.012
Squamous Cell Carcinoma (SCC) 28 0.871±0.023
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Fig. 5.3 shows the scatter plot of R545/R575 ratio for discriminating hyperplastic,
dysplastic and malignant tissues of the buccal mucosa in 13 patients using site-specific
healthy volunteer ratios as normal. Owing to the limited number of patients studied
having cancers affecting these sites, the sensitivities and specificities shown may not be
representative. Therefore, the mean spectral intensity ratio R545/R575 from all the 48
sites studied, comprising hyperplasia, dysplasia and SCC, for the complete set of 29
patients is plotted in Fig. 5.4 along with the corresponding mean data from 36 healthy
volunteers. Discrimination lines are drawn between the normal (average of all anatomical
sites) and hyperplasic, hyperplastic and dysplastic, dysplastic and SCC, at values that
correspond to the average ratio value of the respective groups. The classification sensitivity
and specificity in discriminating each of these categories were determined based on the
discrimination threshold values, by validation with the gold standard, viz. histopathological
results of biopsy taken from DRS measurement sites.

For example, the cut-off line discriminating the normal from hyperplastic was drawn
at 0.789 that corresponds to the mean of the healthy volunteer R545/R575 ratio (0.782)
and that of the hyperplastic mucosa ratio (0.795) of patients. Similarly, the other two
cut-off lines discriminating hyperplasia with dysplasia and dysplasia with SCC were drawn
at their respective mean values and each ratio is assigned a spectral impression based on
their position in the scatter plot (Table 5.1).

Fig. 5.4  Combined DR spectral ratio scatter plot discriminating different grades of cancer from 48
sites in 29 patients compared with the mean normal values in 36 healthy volunteers.
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5.4 Discussion

The mean diffuse reflectance spectra from the epithelial tissues of healthy volunteers
and hyperplastic, dysplastic and SCC lesions of patients show distinctive features that
relate to their unique oxygenated hemoglobin absorption and scattering properties.
The decrease in diffuse reflectance intensity of abnormal mucosa may be explained by
increased absorption at the thickened epithelium and local architectural changes at the
cellular and sub-cellular levels, including changes in the nuclear-to-cytoplasmic ratio of
the epithelial cells, stromal properties and neovascularization, which in turn affects the
elastic scattering properties of the tissue (Backman et al., 2000; van Starven et al.,
2000).

As observed by Lovat et al (2006) and Amelink et al (2004) we also have noticed
that oxygenated hemoglobin  absorption dips at 545 and 575 nm are more prominent in
healthy volunteers and these dips become less pronounced in dysplastic and are minimal
in SCC (Figs. 5.2 a, b). The aforesaid decrease could be explained on the basis of the
bio-synthetic Heme pathway (See Fig. 2.8). In the normal biosynthesis of heme, ALA is
produced from the condensation of glycine and succinyl-coenzyme A (CoA), catalysed
by 5-aminolevulinic acid-synthase (ALA-S), which is located in the inner mitochondrial
membrane and is considered to have a regulatory function on the biosynthesis of heme.
Several bio-chemical steps involving decarboxylations and oxidations then occur when
the molecule re-enters the mitochondria, where the protoporphyrinogen is finally oxidised
to protoporphyrin IX (PpIX). The last step has a rate-limiting function, which is the
incorporation of Fe2+ into PpIX by the enzyme ferrochelatase (See chapter 2, session
2.3.3.2).  The limited activity of ferrochelatase in abnormal tissue hinders the conversion
of PpIX to heme, which in turn limits the formation of oxygenated hemoglobin and the
associated absorption at 545 and 575 nm.

The mean diffuse reflectance ratio (R545/R575) of healthy volunteers was always
found to be lower as compared to that from malignant and pre-cancerous sites of
patients (Table 5.2).  The increase in the value of this ratio points to the grade of
malignancy. As the oral mucosal tissues transform from normal to hyperplastic, from
hyperplastic to dysplastic and from dysplastic to SCC, the ratio values increase respectively
by 1.63, 4.86 and 10.21%.

Sensitivity and specificity (Iain and Gearardo, 2004) of diagnosis were determined
using the cut-off lines in scatter plots (Figs. 5.3 and 5.4). Table 5.3 lists the mean
sensitivity and specificity of discriminating normal tissues from hyperplastic, hyperplastic
from dysplastic and dysplastic from SCC lesions for all the measured sites in 29 patients
and specifically of the 21 buccal sites in 13 patients. The improvement in sensitivities
and specificities owing to the use of the site-specific R5454/R575 ratios in the scatter
plots is marked. In the case of buccal tissues, the sensitivity and specificity for discrimination
of hyperplastic tissues  from normal gets enhanced from the all-site value of 72% and
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77%, respectively to 86% and 97%, with a positive predictive value of 0.86 and negative
predictive value of 0.97. However, for discriminating pre-cancerous dysplastic buccal
mucosa from hyperplastic tissues, a sensitivity of 100% and specificity of 86% was
achieved, with a positive predictive value of 0.75 and a negative predictive value of 1.
On the other hand, dysplastic buccal lesions were distinguishable from SCC with a sensitivity
of 96% and specificity of 100%, with a corresponding positive predictive value of 1 and
negative predictive value of 0.75.  The low independent Student’s t-test values (p<0.005)
signifies the relevance of using scatter plots to discriminate different grades of oral
mucosa.

In comparison, using trimodal spectroscopy, which is a combination of fluorescence,
reflectance and light scattering techniques, Muller et al (2003) had achieved a sensitivity
of 64% and specificity of 90% for distinguishing pre-cancerous dysplastic tissues from
malignant oral mucosa.  During bladder cancer diagnosis with diffuse reflectance, Koenig
et al (1998) achieved a sensitivity of 91% and specificity of 60% for distinguishing 9
malignant and 2 dysplastic lesions using an algorithm based on the total amount of blood
in tissue.  Using different pattern recognition tools on diffuse reflectance spectra, a
sensitivity 89% and specificity of 75% was achieved by Ge et al (1998) for identifying
colonic dysplasia from hyperplasia. In comparison, Zhu et al (2006) has obtained a sensitivity
and specificity of 80% for discriminating malignant and non-malignant breast tissues
using both Monte Carlo inverse model and PCA algorithm.

Spectral impression given in Table 5.1 for each site was assigned based on the
spectral ratios in the scatter plot (Fig 5.4).  Most of the lesions from the margin areas

Table 5.3  Diagnostic accuracies for discriminating different tissue types in a group of 29
patients and results of independent Student t-test analysis of DR spectral ratio R545/
R575
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that appeared clinically as normal had spectral impressions of dysplasia or hyperplasia.
The accuracy of the spectral impressions could be ascertained from the matching
histopathological findings in majority of the cases. Further, using these scatter plots, it
was possible to accurately categorize the lesion that appeared as ulcerative proliferate
growth for the clinicians as SCC, in the case of patient #4, 17, 20, 28, 29 and as
dysplasia, in the case of patient #10, 26.

Clinically, leukoplakias are treated as low-risk white patches, which are generally
identified histopathologically as lesions linked to hyperkeratosis and hyperplasia, with or
without dysplasia. The hyperkeratotic lesion appears white to the clinicians due to the
thickened keratin layer, which hinders the light from entering deeper into the tissue and
also increases light scattering.  Since, hyperkeratosis is often associated with dysplastic
and malignant lesions; it is very difficult for the clinicians to decide whether the lesions
are malignant, pre-malignant or benign.  In two cases (patients #12 and 15, in Table
5.1), tissues with visual impression of leukoplakia were found to be SCC on histological
analysis and also with the spectral impression based on R545/R575 scatter plot.   Further,
in one case where the pathological examination was not able to classify the tissue
correctly as SCC (patient # 4 in Table 5.1), it was histologically classified as highly suspicious
SCC; but later confirmed as SCC, considering the opinion of the clinician.  Such lesions
were also classified correctly by the scatter plot algorithm as SCC. Thus, the spectral
methodology developed appear to be valid for grading of oral cancer and could act as an
adjunct to clinicians in tissue differentiation or speedy diagnosis in a clinical environment
for appropriate treatment or surgery.

5.5 Conclusions

The results of the study demonstrate that information provided by non-invasive DR
spectroscopy has excellent potential to diagnose oral cancer in its early stages. Information
regarding tissue transformation can be obtained in vivo with the help of oxygenated
hemoglobin spectral ratio, R545/R575, which has the ability to discriminate pre-cancerous
dysplastic buccal lesions from hyperplastic tissues with a sensitivity of 100 % and specificity
of 86% when site-specific values were used. The DR technique could also discriminate
hyperplastic buccal sites from normal with a sensitivity of 86% and specificity of 97%.
Further, from the available results, it is seen that the DR methodology has the potential
to diagnose tongue pre-cancer where techniques based on tissue autofluorescence
have low specificity owing to the presence of porphyrin peaks in healthy tissues (Rupanand
et al., 2008; de Veld et al., 2003; Rupananda et al., 2007) (See chapters 6 and 9 for
details). Since the DR spectroscopic technique is cost-effective and relatively fast, this
modality has the potential to be employed in oral cancer screening programs through
community centers and as a tool for biopsy guidance or precise delineation of lesion
margins during surgical interventions.
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6
6.1 Introduction

Laser-induced autofluorescence (LIAF) is an emerging non-invasive technique in the
biomedical field, especially for detection of cancers. Primary objective of this clinical study
was to develop a spectral reference standard to discriminate oral malignant squamous cell
carcinoma (SCC) from dysplasia and hyperplasia.  Towards this, LIAF emission spectra from
oral mucosa were recorded in the 420-720 nm spectral range on a miniature fiber optic
spectrometer, from 14 anatomical sites of healthy volunteers and 91 sites of patients, with
excitation at 404 nm from a diode laser.  Histopathological analysis of the biopsy samples
showed that oral mucosa adjoining malignant sites in patients are not usually normal, but
showed varying degrees of epithelial dysplasia and hyperplasia. Therefore, instead of using
LIAF data from apparently normal lesions of patients as control, we have used spectral data
values of the oral mucosa of healthy volunteers as control. The broad autofluorescence
emission at 500 nm is characteristic of oral mucosa whereas in SCC and dysplastic oral
lesions, a new peak is seen at 685 nm in addition to the previously reported peaks at 635
and 705 nm due to protoporphyrin IX emission.  In order to facilitate grading of oral cavity
cancer, spectral ratio reference standard (SRRS) scatter plots were generated to differentiate
the normal mucosa from hyperplasia, hyperplasia from dysplasia, and dysplasia from SCC
using the mean fluorescence spectral intensity ratios (F500/F635, F500/705 and F500/
F685) measured from 40 sites in 20 patients and 11 sites in 35 healthy volunteers. The
sensitivity and specificity of the SRRS to detect tissue transformations are then evaluated.
Eventually, the spectral reference database generated was blind-tested on 21 sites in a
subject group of 17 patients to check the validity of the methodology developed for early
diagnosis of oral cancer. This chapter presents the modality used in the development of the
SRRS criteria using LIAF spectral ratios and its application to discriminate mucosal variations
and to screen early stages of tissue progression towards malignancy.

6.2 Study Materials and Protocol

The study subjects included 35 healthy volunteers with no clinically observable lesions
or inflammatory conditions in their oral cavity and 44 patients having clinically high-risk
lesions in their oral cavity.  Ninety one sites from which measurements were taken included
both suspicious lesions and adjoining mucosa.  Apparently healthy tissues adjacent to the
lesion (approximately 1cm within the lesion boundary).  In some subjects, measurements
were not possible from the adjacent mucosa as the lesion had spread all over, while in some
patients multi-lesions were observed. In order to develop a site specific database, fluorescence
spectra recorded from the oral cavity of healthy volunteer ats 14 different anatomicallocations,
viz., the right and left buccal mucosa, the gingiva, the upper and lower alveolus, the floor of

Clinical Studies for Early Detection of Oral Cancer
using LIAF Spectral Ratio Reference Standard
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mouth, the hard and soft plate, the dorsal tongue, the lateral border tongue, the ventral
tongue, the inner lip, the vermillion border of lip and the transition of tongue shown in Fig.
5.1(See chapter 3, Fig.3.8) were used. The LIAF spectra from 11 sites except the vermillion
border of lip, the dorsal and the lateral sides of tongue showed similar spectral characteristics
with a broad peak at 500 nm. The mean LIAF from 11 sites is plotted along with the spectra
recorded from the other three sites that showed dissimilar behavior in Fig. 6.1. Owing to
the presence of strong emissions at 635, 685 and 705 nm (as in cancerous lesions)  at the
vermillion border of lip, the dorsal and the lateral sides of tongue as in cancerous lesions,
these three sites were excluded and the total sites available for the study were limited to 61
from 37 patients. Out of these 61 sites, spectral ratios from 40 sites in 20 patients were
used for the development of the spectral ratio reference standard (SRRS), while the data
from the remaining 21 sites in 17 patients were used for the blind test to validate the
reference standard developed.

Fig. 6.1  Mean LIAF spectra from dorsal side of tongue (DST), lateral side of tongue (LST) and
vermillion border of the lip (VBL) normalized to the autofluorescence peak intensity at 500 nm and
compared with the  average spectra from all other eleven sites of the oral cavity. DST, LST and VBL
spectra represent the mean of 15 measurements each in 35 volunteers, while the average normal
spectra relate to the mean of 15 measurements each at 11 sites in 35 volunteers.
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Before initiation of measurements, the patients/volunteers were directed to hold 0.9%
saline solution in their mouth for 2 minutes to reduce the effects of recently consumed
food. The detailed  study protocol is given in chpter 3(see section 3.6).  After completion of
in vivo LIAF spectral measurements from suspicious sites and the adjoining tissues selected
visually by the clinician, biopsy was taken from the measurement sites and sent for
histopathological analysis after fixing in 10% formalin solution.  After classification,
spectroscopic data were correlated with the histopathological findings. Independent Student’s
t-test was performed on all the three fluorescence intensity ratios, viz. F500/F635, F500/
F685 and F500/F705 between different tissue categories, to determine the statistical
significance of the fluorescence ratio method in differentiating mucosal variations.

6.3 Results

6.3.1 LIAF Spectral Features

In vivo LIAF spectra were measured from 40 sites of the oral cavity in 20 patients.  The
broad autofluorescence peak at 500 nm seen in the LIAF spectra is characteristic of all
epithelial tissues.  In addition, two peaks around 635 and 705 nm due to PpIX emission
were observed in SCC and dysplastic tissues.  Fig. 6.2 shows the mean in vivo LIAF spectra
of different tissue types, normalized to the intensity of the autofluorescence peak to enable
comparison of spectral intensity variations.  In lesions pathologically diagnosed as SCC, the
peak at 635 nm is very prominent as compared to dysplastic tissues and an additional peak
around 685 nm is observed with the 705 nm peak appearing as a shoulder. Nevertheless,
the 705 nm peak is less prominent in the spectra from dysplastic tissues and the 685 nm
peak appears broadened. In hyperplastic tissues, the 705 nm peak is absent and the intensity
of the 635 peak is further reduced.  Conversely, these three peaks are absent in the 11
anatomical sites of healthy volunteer mucosa, except at the dorsal tongue, the lateral
tongue and vermillion border of lip. Further, it was noticed that for the dorsal and lateral
tongue, these peaks were as intense as that of the abnormal sites (Fig. 6.1).  As regards the
autofluorescence peak at 500 nm, a notable broadening and red shift ca. 20 nm is observed
in SCC and dysplastic tissues.

6.3.2 LIAF Intensity Ratios

The average fluorescence intensity ratios (F500/F635, F500/F685 and F500/F705)
determined from the autofluorescence spectra of different mucosal types in 20 patients
along with the results of histopathological examination, visual impression and spectral
impressions for each site studied are given in Table 6.1. In most of the cases, surrounding
tissues from which control measurements were taken in patients were histopathologically
found to show varying degrees dysplasia or hyperplasia. Therefore,  to avoid erroneous
diagnosis, the data from these apparently normal adjoining tissues of patients were excluded
and the mean F500/F630, F500/F705 and F500/F685 ratios from the 11 anatomical locations
of the oral cavity of healthy population that have similar spectral features used for comparison.
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The oral mucosa is grouped into four categories; the first group consisted of healthy
epithelium of volunteers, which is called as normal. The second, third and fourth categories
comprised of hyperplastic, dysplastic (pre-malignant) and SCC (malignant), respectively.
Table 6.2 shows the mean ratios of healthy mucosa from volunteer population with their
standard deviations and the mean ratios of the patients listed in Table 6.1 regrouped into
the above three distinct categories for comparison.  All the three ratios show a decreasing
trend with increasing malignancy, with the lowest values for SCC and the highest for normal.
The F500/F685 ratio shows a maximum variation of 45% between normal and hyperplastic
tissues and 68% between hyperplastic and dysplastic tissues, while the F500/F705 ratio
has a variation of 75% for discrimination between dysplastic and SCC. Nevertheless, owing
to the lower standard deviations and prominence of the 500 and 635 nm peaks, the F500/
F635 ratio appears to be more reliable for grading of cancer.

Fig. 6.2  LIAF emission from different types of oral mucosa from 40 sites of 20 patients and the mean
spectra from 11 sites in 35 healthy volunteers, normalized to autofluorescence emission at 500nm.
Normal spectra represent the average of 35x15x11 measurements, whereas hyperplasia and dysplasia
relate to 9x15 measurements and the SCC spectra is of 18x15 measurements.
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6.3.3 Spectral Ratio Reference Standard (SRRS) for Tissue Characterization

The standard reference scatter plots are drawn using the three spectral intensity ratios
F500/F635, F500/F705 and F500/F685 from 40 sites in 20 patients, comprising hyperplasia,
dysplasia and SCC, and  the corresponding mean data from 35 healthy volunteers. Fig.
6.3(a-c) shows the standard reference scatter plots for the three autofluorescence intensity
ratios, which discriminates normal, hyperplastic, dysplastic and malignant tissues from one
another.  Discrimination lines were drawn between the normal and hyperplastic, hyperplastic
and dysplastic, dysplastic and malignant at values that correspond to the average ratio
values of the respective groups. The classification sensitivity and specificity in discriminating
each of these categories were determined based on the discrimination threshold values, by
validation with the gold standard, viz. histopathological results of biopsy specimens taken
from LIAF measurement sites.

For example, in the case of healthy volunteers, the average F500/F635, F500/F685 and
F500/F705 ratio values were 8.00, 33.68 and 27.61, respectively. The cut-off lines for
discriminating the normal from hyperplastic were drawn at values corresponding to the
mean of the healthy volunteer ratios and those from the hyperplastic mucosa (6.16, 21.57

Table 6.1  Fluorescence intensity ratio F500/F635, F500/F705 and F500/F685 of patients
included in the SRRS and corresponding histopathologic, visual and spectral impressions
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and 15.1, respectively) of patients.

6.4 Discussion

6.4.1 LIAF Spectral Features

Many research groups have reported that the broad autofluorescence around 500 nm
is due to emission from endogenous fluorophores, like NADH, FAD, colla-gen, elastin and
amino acids, and the emissions at 635 and 705 nm as due to enhanced PpIX presence in
the malignant tissues (Li and Xie, 2005; Huang et al., 2004;Da Costa et al., 2001; Moesta et
al., 2001).  In addition to these peaks, a prominent peak was noticed around 685 nm between

Table 6.1 (Continued)
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the PpIX emission peaks in SCC
tissues.  In dysplastic tissues, this
peak is not very promin-ent as in
SCC, but its pres-ence contributes
effectively to broaden  the 705 nm
peak. It was noticed that the 685 nm
peak is absent in healthy volunteer
tissues and in contra lateral mucosa
of patients and hence, cannot be
attributed to chlorophyll fluorescence
from leafy vegetables or from
recently consumed food items as
proposed earlier (de Veld et al.,
2003). High performance liquid
chromatograms of tumor and normal
colorectal tissues have shown the
presence of a higher concentration
of corproporphyrinIII in malignant
tissues (Moesta et al., 2001).  In the
same study, peaks at 630 and 685
nm were observed when corpro-
porphyrinIII dissolved in methanol
was excited with 505 nm light. It can
thus be concluded that the peak
observed at 685 nm, especially in
SCC and dysplastic tissues, could be
due to the accumulation of
endogenous fluorophore corpropo-
rphyrinIII, which is a precursor of
PpIX in the heme synthesis, in
malignant tissues.

6.4.2 SRRS using Healthy
Population

Fig. 6.3  Spectral ratio reference stan-
dard (SRRS) developed from 35 healthy
population and 40 sites in 20 patients
for fluorescence intensity ratios (a) F500/
F635 (b) F500/F705 (c) F500/F685.
The solid symbols represent SRRS while
the hollow symbols relate to the blind
test results at 21 sites in 17 patients.
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In a study on classification of oral leukoplakia using artificial neural network, Van et al
(2000) observed that spectroscopic changes occur not only at  the center and border of
lesions, but also in the surroundings, where no abnormalities are clinically visible. Therefore,
in cases where the adjoining tissues of patients havve varying degrees of epithelial dysplasia,
only lower values of specificity and sensitivity can be expected and in such cases, one has
to depend on measurements from the contra lateral normal sites. In many patients enrolled
in our study, the lesion spread was often large and it was not possible to identify a suitable
adjoining/contra lateral muccosa for control measurements. In addition, there is no evidence
to assume that the contra lateral mucosa  is normal in patients.

Most of the patients who participated in this study had smoking, chewing or alcohol
consumption habits that could affect the adjoining and contra lateral tissue structure. As
compared to the mean spectral ratios of healthy population given in Table 6.2, the adjoining
mucosa of patients # 11, 14, 15 and 16, shown in Table 6.1 and identified visually and
pathologically as normal, were having lower ratios signifying hyperplasia. Slaughter et al
(1953) reported that long-term influence of carcinogens like tobacco, smoke and alcohol on
the oral mucosa leads to ‘field cancerization’ and influence diagnosis. Hence, measurements
from these four sites were excluded in the development of the reference database.  Further,
the dependence of using the adjoining mucosa as control as earlier studies was overcome
by use of site-specific database of  healthy population (Table 6.1).

de Veld et al (2003) had conducted an extensive study on 97 healthy volunteers to
understand the autofluorescence  characteristics from thirteen  different anatomical sites of
the oral cavity wherein they observed that  the 635 nm porphyrin emission arises only from
the dorsal side of the tongue and the vermillion border of lip.  They reported that all
anatomical locations, excluding these two sites are interchangeable for diagnosis of malignant
lesions using tissue autofluorescence.   The present study has shown that the fluorescence
spectra from lateral tongue also has an emission peak at 635 nm (Fig. 6.1) while all the
other sites having similar spectral features as reported by de Veld et al (2003).  Further, it

Table 6.2  Mean autofluorescence spectral ratios in healthy population and patients
categorized according to different grades
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was observed that the peaks at 685 and 705 nm, in particular at the dorsal and lateral sides
of the tongue, were less intense in the vermillion border of lip. The inclusion of the ratio
values from these three anatomical locations in SRRS was found to affect the sensitivity and
specificity of diagnosis.  Therefore, the SRRS developed can only be used to discriminate
oral cancer at anatomical locations other than the vermillion border of the lip, dorsal tongue
and lateral border of tongue, for which a separate spectral reference database would be
required.

The diagnostic accuracies, sensitivity, specificity, PPV and NPV of measurement were
also determined by validation with the gold standard, viz., histopathological results of biopsy
from LIAF measurement sites. Cut-off values in the reference scatter plots Fig. 6.4(a-c) of
the autofluorescence intensity ratios (F500/F635, F500/F685 and F500/F705) were used in
the determination of  true positives (TP), false positives (FP), true negatives (TN) and false
negatives (FN) using which diagnostic accuaracies were calculated, as described in the
chapter 1 (See section 1.2.5.2). Advantage of using PPV and NPV along with sensitivity and

Table 6.3  Sensitivity and specificity of SRRS in discriminating different tissue types in 20
patients and results of blind-test validation in 17 patients.  PPV and NPV values are shown
along with sensitivity and specificity respectively in paranthesis.

%&��''����	�(��	���	�

�

!�%��'���
	�

�)
������	��*������	��� �*������	�����	�+*	���	��� ����+*	���	����	��$$�

���	���,��*�-�

.���/�

����0���*�-�

.)��/�

���	���,��*�-�

.���/�

����0���*�-�

.)��/�

���	���,��*�-��

��.���/�

����0���*�-

.)��/�

,���-,���� ��������� ��������� ������� ������� ��������� ���������

,���-,���� ��������� ��������� ��� �� ������� ��������� ���������

,���-,��� �� ����� �� ����� ��� ���� �� �� ������� �������

.'
������ ��������� ��������� ��� ����� ������ ��������� ���������

1&�1���2���	�(��	���	� �

�

!�%��'���
	�

)
������	��*������	����������� �*������	�����	�+*	���	��������� +*	���	����	��$$

���	���,��* -

.���/�

����0���* -

.)��/�

���	���,��* -

.���/�

�����0���* -

��.)��/�

���	���,��* -

.���/�

����0���* -

.)��/�

,���-,���� ������� ������� ������� ���������� ���������� ������

,���-,��� ��� �� ��� �� ��� �� ��� �� �� �� ��� �����

,���-,���� ������� ������� ������� �������� ��������� ���������

.'
������ ������� ������� ������� �������� ��������� ���������

�$$(�!"���"�� 
��� ��#�$�����

/$)
�
$)
$����")
$�0���1�
��2��3�������4���
�#	�)��#����$����$�(��"���

�

 



96       Photodiagnosis of  Oral Malignancy using LIAF and DR Spectroscopy

specificity is also briefly described in this section.

 For the F500/ F635 ratio, by selecting cut-off at the mean (7.08) of normal and
hyperplastic values, a sensitivity and specificity of 89% and 97%, respectively, was obtained
to discriminate normal from hyperplastic mucosa with a PPV of 0.89 and NPV of 0.97. In the
same plot, cut-off drawn at 1.79 discriminates pre-malignant dysplastic tissues from malignant
SCC with a sensitivity of 94% and specificity of 89%, with a PPV of 0.94 and NPV of 0.89.
Using the information provided by the three reference plots, an overall sensitivity and
specificity of 89% was achieved, with a PPV and NPV of 0.75 and 0.97 respectively, in
distinguishing normal from hyperplasia. On the other hand, dysplasia could be discriminated
from hyperplasias with a sensitivity, specificity, PPV and NPV of 100%, 96%, 0.97 and 1
respectively. Table 6.3 illustrates the independent and overall sensitivities and specificities
obtained for differentiating the four different types of mucosal variations using the F500/
F635, F500/F685 and F500/F705 ratio SRRS plots, with their student t-test values (p). All
the three ratios used in differentiating various tissue categories have very low independent
student t-test values p<0.00005, authenticating the significance of using the standard
reference healthy population data values to identify hyperplastic tissues from dysplastic and
dysplastic from SCC.

It may be noted that the fluorescence measurements were confined to a circular area
of 6 mm in diameter at the selected site and the average of fifteen measurements represent
the spectra of each site. However, the biopsy samples (approximately, 2 mm in dia.) for
histopathology were taken only from a portion within the measurement area. An oral lesion
can be malignant at one site, while it can be pre-malignant at another site, a few millimeters
away. When entire lesions were illuminated with the violet laser light, intense red fluorescence
was occasionally seen emanating from different parts of the malignant lesions, indicating
that lesion intra sites differ in abnormality. This could be the reason for the lower sensitivities
and specificities reported for distinguishing dysplasias from SCC, when the average values
of 10 measurements were used for spectral representation  (Table 6.3). This urges the use
of a fluorescence imaging system for investigating larger lesions and for discriminating
early stages of oral cancer using LIAF spectral ratios, with improved diagnostic in specificity
and sensitivity, although at a higher costs.

Spectral impressions given in Table 6.1 depend on the position of the spectral ratios in
the SRRS plots.  Although the lesions from the margin areas were seen clinically as normal,
the spectral impressions based on reference scatter plots have identified these sites as
dysplastic or hyperplastic, and the spectral diagnosis matches well with histopathological
findings in most cases. Further, using these standard plots it was possible to accurately
categorize the lesions that appeared as ulcerative proliferate growth for clinicians, but
identified histopathologically as SCC.  It was noticed that in most cases, clinical examinations
are capable to identify lesions as normal or abnormal, but were unable to classify them viz.
as hyperplasia, dysplasia or SCC. In comparison, the SRRS of the three spectral ratios
showed  better sensitivities and specificities for discrimination of different mucosal variations.
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Table 6.4  Spectral ratios F500/F635, F500/F705 and F500/F685 used in the SRRS blind-
test validation with their histopathologica and visual l impressions

P# Site Histopathology Visual  Impression F500/F635 F500/F705 F500/F685 
       
1 
 

Alveolus  
Alveolus 
 

Dysplasia 
Hyperplasia 

UPG  
Normal 

1.74 
6.20 

5.90 
18.62 

4.19 
13.30 

2 Buccal  
 

Dysplasia Leukoplakia 2.80 11.43 7.12 

3 Buccal  
 

SCC Verrucous  lesion 0.04 0.14 0.12 

4 Inner lip 
Inner lip 
 

SCC 
Dysplasia 

Verrucous  lesion  
Normal 

1.70 
3.83 

6.12 
8.05 

2.64 
6.18 

5 Buccal  
Buccal 
 

SCC  
Hyperplasia 

U P G 
Normal 

1.32 
5.81 

4.01 
19.29 

3.00 
13.07 

6 Floor of mouth 
 

Dysplasia Verrucous  growth 2.40 7.00 5.64 

7 Hard palate 
 

SCC Proliferate growth 0.29 1.06 0.65 

8 Buccal 
 

Dysplasia Leukoplakia 1.90 4.97 3.22 

9 
 

Ventral tongue  
Ventral tongue 
 

SCC  
Dysplasia 

UPL 
Normal 

1.12 
2.90 

1.02 
6.34 

0.82 
5.56 

10 
 

Buccal  
Buccal  
 

Hyperplasia  
Hyperplasia 

Normal  
Normal 

5.34 
6.20 

16.65 
17.6 

14.00 
15.5 

11 Buccal  
 

Hyperplasia HL 5.80 17.62 16.30 

12 Inner lip  
 

Hyperplasia HL 5.90 21.60 18.00 

13 Gingiva 
 

Hyperplasia Ulcer 6.20 22.60 18.70 

14 Buccal  
 

Normal Normal 7.20 29.20 28.20 

15 Buccal  
 

Normal Normal 7.60 28.33 33.00 

16 Buccal  
 

Normal Normal 7.35 31.00 32.45 

17 Buccal  Normal Normal 7.32 33.00 30.23 

       

P#: Patient Number; HL: Homogeneous leukoplakia; UPG: Ulcerative proliferate growth; UPL: Ulcerative 
proliferate lesion; SCC: Squamous Cell Carcinoma. 
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Clinically, leukoplakias are treated as low/high-risk lesions, which are generally identified
histopathologically as hyperplasias, with or without mild to moderate dysplasias. In addition,
the reference scatter plots discriminated SCC sites that were misclassified clinically as
leukoplakias, in two cases (Patient #12 and 19 in Table 6.1).   Further, in some cases, even
pathological examination was not able to classify the samples correctly as SCC (Patient # 3
and 10 in Table 1). These cases were classified as highly suspicious SCC (HSSCC), but
generally confirmed as SCC, after taking into consideration the opinion of the clinician.  The
SRRS developed was also able to classify such cases correctly.

6.4.3 Validation of SRRS for Tissue Discrimination

In order to test the reliability of the SRRS, a blind-test was carried out in a different
subject group of 17 patients.  Table 4 shows the site location, histopathological and visual
impressions and the values of the three spectral ratios. For validation, the three spectral
ratios belonging 21 sites in patients were inserted in the SRRS developed (Fig. 6.3 a-c) and
the results were correlated with  histopathological findings. The sensitivity specificity values
obtained for blind-test indiscriminating different tissue types are given in Table 6.4. It can
be seen that the SRRS discriminates normal mucosa from hyperplastic, and hyperplastic
from dysplastic mucosa, with 100% sensitivity and specificity(with a PPV and NPV value of
1).  An overall sensitivity of 88% and specificity of 89% was achieved in discriminating five
SCC lesions from six dysplastic tissues, with a PPV of 0.88 and a NPV of 0.89 respectively. In
addition, the ulcerated lesion observed clinically as hyperplasia (Patient #10) was identified
correctly, in agreement with the gold standard.

Zheng et al (2002) has used scatter plots of the red-blue intensity ratio to differentiate
benign tissues (consisting of hyperplasia and inflammation) from malignant oral tissues
(comprising dysplasia, SCC and CIS) with a sensitivity and specificity of 92 and 93%,
respectively. In contrast, the SRRS scatter plots of the F500/F635, F500/F685 and F500/
F705 ratios could simultaneously differentiate mucosal variations such as hyperplasia,
dysplasia and SCC from normal with improved sensitivities and specificities.  All the three
ratios were found to provide 100% sensitivity and specificity for early discrimination of
tissue transformation from hyperplasia to dysplasia. The sensitivity and specificity given in
Table 6.3 for blind-tests were also higher than earlier reports (Gillenwater et al., 1998a;
Zheng et al., 2002; af Klitenberg et al., 1997) and were obtained without the use of ALA or
any other exogenous photosensitizer. Out of the three SRRS developed, the one based on
F500/F685 ratio gave 100% sensitivity and specificity for discrimination of various tissue
types.

6.5 Conclusions

Non-invasive in vivo LIAF diagnostic modality described in this paper provides important
spectroscopic information that helps to understand the tissue progression towards malignancy,
without the use of an exogenous photosensitizer.  The SRRS scatter plots developed shows
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improved sensitivity and specificity as compared to the clinical impressions and matches
well with the gold standard. This suggests that the methodology developed could act as an
adjunct to the clinicians for early discrimination of oral dysplasias and hyperplasias. Among
the three ratios studied, the F500/F685 ratio was found to be more suited and show great
potential as a non-invasive tool to understand tissue progression from normal to pre-malignant
and from pre-malignant to malignant with good sensitivity and specificity.  The results of
this study confirm that the distinction between the normal and diseased tissues within a
patient is difficult and could lead to false classification or low specificities, as in most of the
cases tissues surrounding the lesion show varying degrees of dysplasia.

There is a need to extend clinical trials to other sites of the oral cavity that were
excluded from this study and to explore the possibilities for detection of high risk lesions like
erythroplakia and sub-mucosal fibrosis (SMF) and to differentiate between different grades
of SCC based on tissue autofluorescence. Since the LIAF spectrum could be gathered and
analyzed in a short time (2-3 mins.), the SRRS developed could be employed as a tool for
biopsy guidance and could act as an adjunct to the surgeons for fast and precise delineation
of lesion margins during surgical interventions.





Grading of Oral Mucosa by Curve-fitting of
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7.1 Introduction

This study evaluates the advantages of correcting the recorded LIAF spectra,  oxygenated
hemoglobin (HbO2) absorption, and then analyzing the same by curve-fitting using Gaussian
spectral functions for discrimination early stages of oral cancer. Grading of oral mucosa is
carried out in thisex vivo study in fourteen surgically excised tissue samples from different
anatomical sites of oral cavity, while clinical studies were carried out  at 30 sites in 15
patients. Corrected LIAF spectra were derived by filtering out HbO2 absorption characteristics
from LIAF spectra, by division with the corresponding DR spectra. The exact peak positions
of the constituent bands and their relative contributions in the LIAF spectrum were also
determined by curve-fitting.  Withthis technique, it was possible to determine differences in
parameters like the peak center, Gaussian amplitude, Gaussian curve area and bandwidth
(FWHM) of the constituent peaks for different tissue types. The results of a comparative
evaluation of these ratios with those derived from raw LIAF spectral data, both under ex
vivo and in vivo environments, are presented.

7.2 Study Materials

7.2.1 Study Protocol and Tissues/Subjects

Surgically excised tissues from different anatomical sites of oral cavity, like the ventral
tongue, buccal mucosa, hard palate and lower alveolus, were included in the ex-vivo study.
The tissue samples were brought to the laboratory from Regional Cancer Center (RCC),
Trivandrum, immediately after surgery without fixing in any solvent. Prior to the ex vivo
LIAF and DR measurements, tissues were washed with saline solution and air dried on
tissue paper. All the measurements were initiated within 90 minutes of surgery. The size of
the excised tissues were 1-2 cm in length, 1-1.5 cm in breadth and 0.5-1 cm in thickness.
Ex vivo study consisted of 14 tissues of pathologically confirmed  normal (n=7), well
differentiated SCC (WDSCC, n=3), moderately differentiated SCC (MDSCC, n=3) and poorly
differentiated SCC (PDSCC, n=1) tissues.

The in vivo study included and 15 patients, with measurements taken from 30 suspicious
sites, having clinically low/high-risk lesions in their oral cavity. These sites were pathologically
confirmed as dysplatic (n=7), WDSCC (n=4), MDSCC (n=5) and PDSCC (n=6) lesions. The
control values recorded earlier on 35 healthyvolunteers and presented in chapter 6 were
used in this study

The control fluorescence and DR spectra relate to measurements from the oral cavity
of healthy volunteers at 14 different anatomical locations (See chapter 3). However, owing

7Grading of Oral Mucosa by Curve-fitting of Corrected
Autofluorescence Spectra
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Fig. 7.1  Average ex vivo autofluorescence from the excised tissue of a patient and the corresponding
intrinsic fluorescence spectra derived for (X=0.3), from (a) normal (b) MDSCC buccal mucosa.
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to the presence of broademissions at 635, 685 and 705 nm at the vermillion border of lip,
the dorsal and the lateral sides of tongue, as seen in cancerous lesions, these 3 sites were
excluded from the study (see chapter 6).  After classification, spectroscopic data were
correlated with the histopathological findings. Independent Student’s t-test was performed
on the Gaussian amplitude and area ratios, F500/F630 and F500/F680, to assess the statistical
significance of the fluorescence ratios in discerning different types of mucosal variations.

7.2.2 Data Processing

Prior to measurements, the background spectrum was taken and the OOI Base32
software was configured to automatically subtract the same during each measurement.
Ten sets of LIAF and DR spectral measurements were taken from each sample/lesion in the
400-720 nm spectral window and the mean value was used in data analysis. Various re-
fining models have been used by different groups to recover intrinsic autofluorescence
spectra from the recorded fluorescence spectra (Diamond et al., 2003; Muller et al., 2001).
We have used a first order approximation of intrinsic autofluorescence spectra by dividing
autofluorescence with the diffuse reflectance spectra from the same tissue site, as given by
de Veld et al (2005a):

     Fi (λ) = Fr (λ)/Rd (λ) k (λ)                                                           [7.1]

where, Fi (l) is the corrected autofluorescence from the flurophores, Fr (λ) is the recorded
autofluorescence, Rd (λ) is total diffuse reflectance and k (λ) is a variable power depending
on the tissue under investigation (See chapter 3, session 3.4.2). We have observed that the
HbO2 absorption artefacts depend on the lesion type and shows marked variations at sites
such as the tongue, gingiva, alveolus and buccal mucosa. Hence, various values between
0.20-0.45 were chosen for the variable power (k) to smoothen the absorption dips.  It was
noticed that while applying this correction, the overall fluorescence intensity gets reduced
by ca .50% for k=0.25. Figs. 7.1(a, b) represent the in vivo LIAF spectra and the derived
corrected fluorescence spectra of normal and malignant buccal mucosa for k=0.30.

7.3 Results

7.3.1 LIAF Spectral Features

7.3.1.1 Ex-vivo Studies

Ex-vivo fluorescence measurements were carried out on surgically excised tissues from
the malignant and margin areas of the oral cavity. We have grouped the oral mucosa into
four categories, as per histopathology. The first group consisted of the adjoining tissues
that were treated as normal, while the second, third and fourth categories comprised of
WDSCC, MDSCC and PDSCC, respectively, with increasing grade.  Fig. 7.2a represents the
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mean ex vivo LIAF spectra of normal and cancerous oral mucosa and Fig. 7.2b, after
normalization to the intensity of the autofluorescence peak at 500 nm. The malignant
tissues exhibit two peaks centred ca. 630 and 680 nm, and a third peak ca. 440 nm in
MDSCC and PDSCC that appears as a shoulder to the autofluorescence peak. Absorption
anomalies due to (HbO2) that appear as dips at 545 and 575 nm in the LIAF of both
malignant and normal tissues were corrected using equation (1), with the help of the mean
DR spectra recorded from the same tissue location.

 As compared to normal tissues, malignant tissues exhibit lower fluorescence intensities
at 500 nm and also a red-shift that increases with the grade of malignancy (Fig. 7.2b). The
increase in fluorescence intensity at 630 and 680 nm with increasing grades of malignancy
is plotted in Fig. 7. 3a.

7.3.1.2 Clinical  In Vivo Studies

 As seen in ex vivo tissues, the autofluorescence peak from in vivo normal mucosa
appears at 500 nm (Fig. 7.2c). But, in malignant mucosa the peaks seen at 630 and 680 nm
appeare red-shifted about 5 nm to 635 and 685 nm (Fig. 7.2d). However, for the sake of
simplicity these would continue to be designated as 630 and 680 nm peaks.  The peak
observed earlier ca. 440 nm was
absent in all grades of malignant
lesions, but, a broad peak ca. 700
nm was observed in PDSCC lesions
which was absent in ex vivo tissues.
As an be seen from Figs. 7.2d and
7.3b, intensity of peaks in the 600-
720 nm spectral region is greater
in the in vivo spectra and the
spectral intensity variation between
different grades of cancer is higher
as compared to the ex vivo spectra.

7.3.2 Curve-fit Analysis

The corrected LIAF spectra
from surgically excised tissues,
normal tissues of volunteers and
malignant tissues of patients
recorded during clinical trials were
analyzed by curve-fitting.   It was
observed that two Gaussian peaks
were enough to fit the normal tissue
spectrum, while five peaks were

Fig. 7.3  Peak intensities at 630 and 680 nm in the 500
nm-normalized LIAF spectra for normal and different grades
of oral SCC (a) ex vivo  (b) in vivo, with their standard
deviations.
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required to obtain optimal values for the correlation coefficient r2 (close to 1) and χ2 in
malignant tissues. Tables 7.1 and 7.2 show the center, amplitude, width (FWHM) and Gaussian
curve area of the deconvoluted peaks in the LIAF spectra, respectively under ex vivo and in
vivo situations, along with their r2 and χ2 values of fitting.  For in vivo clinical studies, the
categorization has been extended to 5 grades to include dysplastic and hyperplastic tissues.

7.3.2.1 Ex-vivo Studies

Fig. 7.4(a, b) shows the curve-fitted ex vivo LIAF spectrum of normal buccal tissues
and MDSCC lesions, with their deconvoluted constituent bands. Normal tissue spectra were
fitted with two peaks centered at 496.4 and 544.1 nm, while all classes of malignant tissues
required three additional peaks centered around 435, 630 and 680 nm for a good fit(r2 =
0.99).   As the tissue transforms from normal to the highest grade of malignancy PDSCC,

Table 7.1  Gaussian curve-fitted parameters of the mean intrinsic ex vivo LIAF spectra for
different tissue types.

 

Tissue Types Peak center (nm) FWHM (nm) Gaussian Area Gaussian 
Amplitude 

r2 χ2 

 
NORMAL 
 (n=7) 

 
496.4 ± 0.3 60.7 ± 3.2 12568  ± 1345 165 ± 23 0.99 

  
13.24 

  544.1 ± 1.3 116.4 ± 4.2 10684 ± 1123 73.2 ± 14.5 
 
WDSCC 
(n=3) 
 

 
435.7 ± 0.2 39.6 ± 1.8 485 ± 37 9.8 ± 1.2 

0.99 
 
 
 
 

0.21 
 
 
 
 

497.8 ± 0.6 54.2 ± 1.2 2686 ± 185 39.5 ± 2.4 
549.3 ± 1.3 96.8 ± 1.5 2820 ± 212 23.2 ± 4.3 
632.4 ± 1.1 23.1 ± 1.0 243 ± 29 8.4 ± 0.11 
680.3 ± 0.3 47.7 ± 2.2 230 ± 16 3.8 ± 0.13 

 
MDSCC 
(n=3) 
 
 
 

 
437.6 ± 0.3 37.0 ± 2.3 287 ± 42 6.2 ± 0.2 

0.99 
 
 
 
 

0.21 
 
 
 
 

498.2 ± 0.8 54.1 ± 0.8 1473 ± 153 21.7 ± 3.8 
548.6 ± 4.3 96.8 ± 1.9 1584 ± 193 13.0 ± 1.0 
630.1 ± 1.5 27.0 ± 0.7 327 ± 17 9.6 ± 0.30 
680.1 ± 0.4 37.8 ± 1.0 198 ± 18 4.16 ± 0.5 

 
PDSCC 
(n=1) 

 
444.10 52.09 182.57 2.79 

 
0.99 

 

 
0.05 

 502.78 48.99 461.68 7.51 

552.65 68.29 296.22 3.46 
628.05 25.59 413.29 12.88 

 679.18 38.86 279.9 5.75   
       
FWHM - Full width at half maximum; χ2  - Absolute minimum value of the sum of squared deviations; r2 - Correlation 
coefficient; WDSCC - Well differentiated squamous cell carcinoma; MDSCC - Moderately differentiated squamous cell 
carcinoma; PDSCC - Poorly differentiated squamous cell carcinoma. 
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Tissue Type Peak center 
(nm) 

FWHM (nm) 
 

Gaussian Area Gaussian 
Amplitude 

r2 

 
χ2 

 

NORMAL 
(n=36) 

500.7  ±  0.6 55.5  ±  1.2 33583  ±  3248 482  ±  24 
0.99 

  
9.5 

  549.0  ±  0.5 131.1  ±  0.5 32991  ±  2234 200   ±  16 
 
HYPERPLASTIC 
(n=8) 

 
501.0  ±  0.2 

 
53.7  ±  3.2 

 
20455  ±  3872 

 
305  ±  32 0.99 13.9 

549.0  ±  0.5 129.6  ±  2.3 28408  ±  1923 163  ± 17 

 
Dysplastic 
(n=7) 

 
508.0  ±  0.6 

 
65.3  ±  2.4 

 
10027  ±  1945 

 
150  ±  34 

 
0.99 

 
17.1 

587.3  ±  0.4 164.7  ±  3.5 12358  ±  2784 152  ±  14 

633.7  ±  0.1 21.1  ±  0.4 1722  ±  236 26.2  ±  4.7 

682.7  ±  0.2 55.0  ±  2.1 1185  ±  156 15.8  ±  1.2 

 
WDSCC 
(n=4) 
 

 
508.8  ±  0.3 72.5  ±  0.5 6042  ±  1278 27.1  ±  3.5  

0.99 
 
 
 
 

 
20.5 

 
 
 
 

589.5  ±  0.4 181.8  ±  1.2 2779  ±  124 66.1  ±  7.5 

634.3  ±  0.1 17.0  ±  3.3 2065  ±  237 51.6  ±  6.4 

685.3  ±  1.0 43.7  ±  0.2 1961  ±  218 17.6  ±  1.2 
 
MDSCC 
(n=5) 
 
 
 

 
507.2  ±  1.2 72.3  ±  0.1 1071   ±  105 15.5  ±  1.7  

0.99 
 
 
 
 

 
21.4 

 
 
 
 

599.6  ±  4.3 178.9  ±  3.4 2893  ±  145 17.4  ±  2.3 

634.8  ±  0.6 19.1  ±  1.3 3099  ±  164 87.6  ±  6.5 

685.8  ±  1.4 41.6  ±  0.5 2393  ±  191 26.7  ±  4.5 
 
PDSCC 
(n=6) 
 

 
510.1  ±  1.2 73. 7  ±  0.3 1132  ±  55 14.0  ±  1.8 

 
0.99 

 
 
 
 

 
31.4 

 
 
 
 

621.3  ±  5.2 194.1  ±  3.6 2654  ±  83 298  ±  34 

634.9  ±  1.1 19.1  ±  1.5 45593  ±  5425 1898  ±  233 

685.3  ±  1.3 36. 6  ±  1.7 31007  ±  6347 682  ±  49 

705.2  ±  2.3 17.4  ±  2.4 9644  ±  1056 451  ±  33 
       
FWHM - Full width at half maximum; χ2 - Absolute minimum value of the sum of squared deviations; r2 - Correlation 
coefficient; WDSCC - Well differentiated squamous cell carcinoma; MDSCC - Moderately differentiated squamous cell 
carcinoma; PDSCC - Poorly differentiated squamous cell carcinoma. 
 
 

Table 7.2  Gaussian curve-fitted parameters of the mean intrinsic in vivo LIAF spectra for
different tissue types
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the 496.4 nm peak shifts about 6 nm and the 544.1 nm peak by about 8 nm towards the red
region, whereas the 435.7 nm peak observed only in malignant tissues shifts by about 9 nm
as the grade of malignancy changes from WDSCC to PDSCC. Another notable feature was
the change in bandwidth of constituent peaks with malignancy.  During tissue transformation
from normal to PDSCC, the width (FWHM) of the 496.4 and 544.1 nm bands reduces
respectively by about 8 and 68 nm. The 435.7 nm peak that appears in malignant tissues
broadens from 39.6 to 52 nm and the 685 nm band narrows by 10 nm from 48 to 38 nm as
the grade of cancer changes from WDSCC to PDSCC.  In addition, the Gaussian curve area
under different peaks showed substantial variation with increasing grades of the malignancy.
Gaussian area of the 496.4 and 544.1 nm peaks decreased remarkably from 12568 to 461
and from 10684 to 296, respectively, during this transformation while the area under 630
and 680 nm peaks increased respectively by 70% and 22% for PDSCC tissue as compared
to WDSCC. A large variation of about 98% was observed in Gaussian amplitudes of 496.4
and 544.1 nm bands during tissue transformation from normal to PDSCC, while the amplitude
variations between WDSCC and PDSCC were 85% and 63%, respectively.

7.3.2.2 Clinical  In Vivo Studies

As observed in the case of ex vivo studies, the accurate fitting of the healthy corrected
fluorescence spectra was possible with two peaks at 500.7 and 549 nm Fig. 7.4 (c, d).
WDSCC and MDSCC spectra gave good fitting accuracy with four peaks, whereas in PDSCC
an additional fifth peak was observed at 705.2 nm. As seen in excised tissues, a red shift of
8 nm was observed in WDSCC lesions with respect to healthy mucosa, while the corresponding
shift in PDSCC lesions was 10 nm.  However, as compared to ex vivo findings, the 549 nm
peak shows significant red-shifts of  40 and 50 nm respectively for WDSCC and MDSCC
lesions and a higher shift of 72 nm for PDSCC lesions. The Gaussian curve area and amplitude
of 500.5 nm peak was found to decrease with malignancy, while at higher grades of
malignancy,  the curve-fitted area and amplitudes of the  634.3 and 685.3 nm peaks showed
an increasing trend, as observed under ex vivo conditions.

7.3.3 Raw and Curve-fitted LIAF Ratios

The fluorescence ratios F500/F630 and F500/F680 were determined from derived from
the peak-fitted amplitude, area and raw spectral intensities and its variation for three different
grades of oral cancer under ex vivo and five grades of cancer under in vivo conditions and
the values are given in Table 7.3. It can be seen that the ratios derived from in vivo corrected
fluorescence spectra follow a trend similar to that of the ex vivo ratios.  Under in vivo
conditions, a variation of 73% and 76% was observed, respectively in the raw F500/F630
and F500/F680 ratios, as the grade of malignancy changed from WDSCC to PDSCC, while
the corresponding Gaussian curve area ratios showed  a higher variation of 82% and 84%,
respectively. In comparison, the Gaussian amplitude ratio F500/F630 was found to decreased
by 86% from 0.52 to 0.074 and the F500/F680 ratio by 87%, from 1.54 to 0.20, as tissue
transformed from WDSCC to PDSCC. Fig 7.6 shows variations in mean F500/F630 and
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F500/F680 area and amplitude ratios of different abnormal tissues viz. dysplasia, WDSCC,
MDSCC and PDSCC.

7.4. Discussion

7.4.1 Comparison of Ex vivo and In vivo Spectral Features

The broad autofluorescence emission at ca. 500 nm, also known as the blue peak,
appeares due to the prescence ofendogenous flurophores, such as NADH, FAD, collagen,
elastin and amino acids with in the tissue (Drezek et al., 2001; Richards-kortum and Sevick
muraca, 1996). As reported earlier (Da Costa et al., 2003; Ramanujam, 2000; Richards-
kortum and Sevick muraca, 1996), the intensity of the blue peak is lower in malignant

Fig. 7.5  Variations of (a) F500/F630 (b) F500/F680 Gaussian amplitude and area ratios for different
abnormal tissues with their standard deviations in vivo.
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lesions as compared to normal. Further, the intensity of this peak decreases with increasing
grades of the malignancy under both ex vivo and in vivo conditions (Figs. 7.2(a, c)). In
contrast, the LIAF intensities in the red spectral region (600-710 nm) were found to increase
for abnormal tiss-ues as compared to normal tissues. In malignant tissues, besides the PpIX
emission peak at 635 nm (Li and Xie, 2005; Huang et al., 2004; de Veld et al., 2004), we
have noticed a new peak at 680 nm. However, in ex vivo malignant tissues, the 705nm peak
is not as promin-ent as under in vivo conditions, but its contribution in the overall LIAF
spectra was found to broaden the 680 nm peak.  The reason for the appearence of this
particular band and its its intensity varia-tions already discussed and expalined in chapter 6
(See section 6.4.1). During in vivo measurements, the contribution of 705 nm peak is
marked, particularly in PDSCC lesions, whereas under ex vivo conditions only a broadening
of the 685 nm peak is seen.

With respect to MDSCC lesions, PDSCC ex vivo lesions show an increase of ca. 5 times
in fluorescence intensity at 630 nm and ca. 7 times in fluorescence intensity at 680 nm (Fig.
7.3a). However, the increase in fluorescence intensity at both 680and 630 nm under in vivo
condition is ca. 2 times only. Nevertheless, the intensity increase between other grades is
more prominent at 635 nm in both ex vivo and in vivo (Fig. 7.3b). As compared to the in
vivo spectra, during ex vivo studies an additional peak was observed at 435 nm in  malignant
tissues, which could be attributed due to new flurophores created during the process of
tissue degradation. Further, under in vivo environment variations at both 630 and 680 nm
are more marked and these can be used to distinguish different tissue types.  The spectral
contrast between clinical (in vivo) and ex vivo conditions can thus be attributed to changes
in  fluorophor concentration associated with   tissue degradation.

7.4.2 Raw LIAF Intensity Ratios After Spectral Correction

Absorption features noticed in the LIAF spectra of tissues at 545 and 575 nm are
attributed to the presence of HbO2 in the cells (Subhash et al., 2006; Zonious et al., 1999;
Mourant et al., 1995). It was noticed that HbO2 absorption under in vivo is larger in the
dorsal tongue, buccal mucosa, alveolus and gingiva as compared other anatomical sites of
oral cavity (See chapter 5, session 5.3.1). Therefore, these absorption anomalies in
autofluorescence spectrum have the potential to affect the classification process, especially
at locations where hemoglobin absorption is large. It was also reported that utilization of
diffuse reflecta-nce features in the classification algorithm reduces the influence of variations
in blood content and keratinisation (Zaak et al., 2001). Therefore, these absorption anomalies
were removed from raw LIAF spectra using equation 7.1 before computation of LIAF ratios,
and the results can be visualized in Fig. 7.1.

Zheng et al (2002) had used red-to-blue fluorescence image intensity ratios (Ir/Ib) to
discriminate malignant oral cavity mucosa from normal. They reported that the mean intensity
ratio (Ir/Ib) of dysplastic tissue (1.1±0.28) is 43.6% higher than the mean value of normal
tissue (0.62±0.09).  Similar studies were carried out by Zaak et al. to discriminate malignant
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bladder tissues from benign, with lower false-positive rates (Wang et al., 1999). Scott et al
(2000) proposed the use of red to green fluorescence imaging ratios for diagnosis, with
blue light excitation, and found good contrast enhancement between control and malignant
samples. After 4h of application of 5-ALA, they observed that Ir/Ig values of normal and
dysplastic tissues show a variation of 71%.  In comparison, it was noticed that even without
the use of any photosensitizer, the raw LIAF ratios, F500/F630 and F500/680, were effective
in tissue classification (Table 7.3). The percentage variation of these ratios between normal
and cancerous lesions depends up on the grade of malignancy. The amount of decrease in
raw LIAF ratios for F500/F630 and F500/F680 different grades of SCC under ex vivo and in
vivo conditions can be notoced in Table 7.3. As the tissue grade changes from WDSCC to
PDSCC, the F500/F630 and F500/F680 ratios of in vivo tissues decreased by 73% and 76%,
respe-ctively, whereas the variations between WDSCC and MDSCC lesions were 56% and
48%, respectively.

7.4.3 Curve-fitted Ratios in Tissue Grading

7.4.3.1 Ex vivo Studies

In ex vivo normal tissues, with curve-fitting, two peaks were observed at 496.46 and
544.1 nm in the corrected autofluo-rescence spectra whereas in a typical malignant lesion
(WDSCC) five peaks are seen at 435.7, 497.8, 549.3, 632.5 and 680.3 nm. Since the
correlation coefficients of fitting were of the order of 0.99 (Table 7.1) and the residuals of
fitting were few and scattered uniformly over the fitted curve, it is to be assumed that the
peak wavelength positions identified by the curve-fitting algorithm are fairly accurate, for
all the categories. Further, an additional peak at 435.7 nm was noticed in malignant tissues,
which was found to be red-shifted at higher grades of malignancy.  Similar red-shifts were
noticed in the other peaks at 496.42 and 544.14 nm. These peak shifts could be due to
changes in fluorophore concentration with malignancy and/or due to tissue degradation.
Nevertheless, these peak shifts can also be serve as indicators of the extent and stage of
malignancy.

The fluorescence ratios (F500/F630 and F500/680) derived from 500, 630 and 680 nm
the Gaussian peak amplitude and Gaussian curve area of the  bands showed improved
sensitivities in the grading of SCC as compared to the raw spectral ratios (Table 7.3). A
variation of ca. 90% was observed in the curve-fitted F500/F630 area ratio as compared to
88% variation observed in the curve-fitted amplitude ratio during tissue transformation
from WDSCC to PDSCC.

7.4.3.2 Clinical  In  Vivo Studies

Curve-fitting of the in vivo autofluorescence emission from the oral mucosa of healthy
volunteers has shown two peaks at 500.5 and 549.5 nm that were red-shifted by about 5
nm as compared to the peaks observed in the ex vivo spectra of tissues from margin areas.
During in vivo clinical studies in a group of 15 patients, the WDSCC and MDSCC lesions
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showed four peaks on curve-fitting.  However,
the 435.7 nm peak observed in excised
malignant tissues with curve-fitting was
absent in the in vivo case.  This peak could
be attributed to some newly formed
fluorophores associated with the degradation
of surgically excised malignant tissues. In
PDSCC lesions, an additional peak at 705.2
nm was observed in vivo along with the other
four peaks observed in the lower grades of
cancer.  During tissue progression from
normal to PDSCC, the 500.5 nm peak
undergoes a red-shift of 10 nm; nevertheless,
a large shift of 72 nm was observed for the
549.5 nm peak. In addition, the Gaussian
curve area of the peaks showed substantial
variations with increasing grades of the
malignancy. For example, the Gaussian curve
area of the 500 nm peak decreased markedly
by 96% and the area of 630 and 680 nm
peaks increased by  98% and 97%,
respectively, during transformation from
WDSCC to PDSCC. The variation in the
Gaussian amplitude of the 500 nm peak with
tissue transformation from normal to PDSCC
was 98%. The Gaussian peak amplitude and
curve area ratios, F500/F630 and F500/F680,
follow the same trend as observed during ex
vivo studies and show better detection and
grading accuracy than raw LIAF ratios (Table
7.3, Fig. 7.5).

7.4.4 Pre-malignancy Detection

As mentioned earlier, the real challenge
for a diagnostic system is to detect early tissue
transformations, i.e. the ability to discriminate
pre-malignant lesions from clinically similar
hyperplasias. In this context, of the
application of curve-fitting on the mean
corrected spectra of 7 dysplastic and 8
hyperplastic lesions has shown interesting
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results.

As can be seen in Table 7.2, hyperplastic tissues have two peaks at 501.02 and 549 nm,
while dysplastic lesions have four peaks centred at  507.95, 587.26, 633.70 and 682.72 nm.
During tissue transformation from hyperplastic to dysplastic, the amplitude and area of the
500.69 nm peak decreases substantially by 37% and 19%, respectively.  Corresponding
decrease in the amplitude and area of this peak in dysplastic lesions with respect to normal
healthy mucosa is 69% and 24%, respectively. Also, a peak shift of ca. 7 nm is noticed in
the 501 nm peak for dysplastic tissue spectra with respect to hyperplastic spectra.  The
curve fitted area ratio, F500/F630, for dysplastic lesions is 268% higher than that of WDSCC
lesions, whereas the amplitude ratio is higher by 213%. Fig. 7.5 represents variation of
F500/F630 and F500/F680 amplitude and area ratios, with their standard deviations, for
the different tissue types studied.

7.4.5 Diagnostic Accuaracies

The diagnostic accuracies, ie., the sensitivity and specificity, of measurement were
determined by validation with the gold standard.  Since Gaussian amplitude and area ratios
(F500/F630 and F500/F680) are more accurate, were used scatter plots of these ratios for
grading different classes of SCC by correlation with pathological results (Fig. 7.6). The cut-
off lines separating different categories were drawn at values that correspond to the mean
ratio value of the respective groups as described in chapter 6. As the number of samples
during ex vivo studies was less,  the diagnostic accuracieswere determined only for in vivo
studies.

Table 7.4 illustrates the sensitivity, specificity, PPV and NPV determined from the
diagnostic scatter plots. The analysis has produced the same specificity and sensitivity of
100% for both the area ratios to discriminate pre-malignant dysplasia from WDSCC with a
PPV and NPV of 1.  The F500/F630 ratio have achieved a sensitivity of 80% and specificity
of 100% with a corresponding PPV and NPV values of 1 and 0.86 respectively.  Whereas, for
F500/F680 amplitude ratio the corresponding diagnostic accuracies are 100%, 100%, 1,
and 1, respectively. The F500/F630 area ratio and the F500/F680 amplitude ratios have
shown  a sensitivity and specificity of 100% to discriminate WDSCC from MDSCC with  PPV
and NPV of 1.  Conversely, the F500/F680 area ratio shows 100% sensitivity and specificity
to discriminate MDSCC from PDSCC, with NPV and PPV of 1. The unpaired Student’s t-test
value of p<0.003 for all categories reveals the level of accuracy and the statistical reliability
of the classification technique.

 In comparison, Wang et al (1999) reported a sensitivity of 81% and a specificity of
96% using  partial least-squares and artificial neural network, while Heintzleman et al
(2000) obtained a sensitivity of 90% and a specificity of 100% for distinguishing abnormal
pre-malignant and malignant lesions from normal (healthy) benign mucosa. Further, Muller
et al (2003) achieved an over all sensitivity of 96% and a specificity of 96%,  by a combination
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of tissue autofluorescence, diffuse reflectance and scattering measurements for distinguishing
abnormal (cancerous and dysplastic) from normal tissues. However, they were able to
classify dysplastic tissues from cancerous with a sensitivity of 64% and specificity of 100%
only.

7.5 Conclusions

The results of this study elucidate the potential of using corrected fluorescence
spectroscopy alongside curve-fitting to track tissue progression towards malignancy and to
grade them accordingly.  The study has shown that tissue alterations not only affect the
fluorescence spectral intensities, but also alter the spectral shapeor profile as evidenced by
the appearence of new peaks, peak shifts, and variations in curve-fitted peak area, intensity
and bandwidth. Further, by use of  curve-fitting with Gaussian spectral functions, it was
possible to locate the exact peak position, area under each peak, and amplitude of the
constituent peaks in the LIAF spectra recorded from different types of oral mucosa under ex
vivo and in vivo environments and use these parameters to distinguish different grades of
oral cancer. Even though the curve-fitted Gaussian area and amplitude ratios, F500/F630
and F500/F680, were sensitive to tissue alterations under both environments, it was seen
that under in vivo conditions the changes in these fluorescence intensity ratios were much
more robust and distinct. Moreover, the ratios determined from curve-fitted spectral
parameters showed better sensitivity and specificity to tissue transformations as compared
to the ratios derived from raw spectral data.  Among the two spectral ratios studied the

Table 7.4  Relative diagnostic accuracies of LIAF Gaussian curve area ratios, F500/F630
and F500/F680, in discriminating different tissue types in vivo
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F500/F630 Gaussian curve area ratio was found to have more diagnostic accuracy. It may
be noted that a distinction between pre-malignant dysplastic lesions and WDSCC was achieved
in this clinical trials with 100% sensitivity and 86% specificity by tracking changes in the
curve-fitted F500/F630 area and amplitude ratio.





5-ALA Induced PpIX Fluorescence in Oral
Cancer Detection In Vivo

Chapter 8
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8.1 Introduction

5-ALAor ALA, is an endogenous molecule involved in Heme synthesis, which gets
converted intracellularly into the fluorescing compound PpIX.  ALA has been studied
extensively as a photosensitizer for PDD and in PDT both in animal models (Sorensen et al.,
1999; van der Veen et al., 1996; Peng et al., 1995) and in humans (Messman et al., 2003,
2000; af Klitenberg et al., 1999). However, the temporal evolution of PpIX fluorescence
kinetics  in different anatomical sites of human oral mucosa has not been well understood.
ALA penetrates into the superficial mucosal cells when applied topically (de Rosa et al.,
2000; van den Akker et al., 2000). Topical application is generally treated to be a good route
of administration as it avoids systemic side effects and induces only local photosensitization.
The objective of the current study is to find the optimal accumulation time of 5-ALA induced
PpIX at different anatomical sites in healthy oral mucosa and in different grades of abnormal
mucosa. The assumption is that since the oral cavity contains different types of mucosa,
which differ in histology and keratin content, this could alter the penetration time of 5-ALA,
accumulation rate  in tissues and efficiency of conversion to PpIX.  A proper understanding
of the optimum accumulation time of 5-ALA in oral mucosa would definitely help to increase
the  accuracy of cancer diagnosis.  This chapter presents the results of ex vivo and in vivo
fluorescence measurements of carried out at various anatomical locations of the oral cavity
after topical administration of 5-ALA.

8.2 Materials and Methods

8.2.1 Subjects and Study Protocol

 5-ALA was selected for the study, as it is endogenous in nature and gets excreted from
the body in less than 24 hours, eliminating side effects due to skin photosensitivity (Riedl et
al., 2001; Messmann, 2000). ALA for topical application was prepared by mixing 20%bby
wt. of  5-ALA (Medac, Germany) in an oil-in water cream (Johnsons & Johnsons baby
cream).  This freshly prepared cream was applied on ex vivo tissues collected immediatley
following surgery.  Fluorescence spectral measurements were conducted using the LIFRS
system with nitrogen pumped dye laser(405 nm), at various intervals of time, viz. 90, 120,
150, 180, 210 and 240 mins., after topical application of 5-ALA in normal and malignant
tissue samples.

The in vivo uptake of 5-ALA and the accumulation of ensuing PpIX are studied at13
anatomical sites of oral cavity, in a population of 11 healthy volunteers and 15 patients.
Prior to application of 5-ALA, the oral cavity was cleaned with isotonic saline and

85-ALA Induced PpIX Fluorescence in Oral Cancer
Detection In Vivo
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autofluorescence measurements were carried out at the normal and suspicious sites selected
by the physician examining the patients.  The photosensitisation of the oral mucosa was
carried out by directing the patients and/or healthy volunteers to hold/rinse 0.4% solution
of 5-ALA for 15 min. within the oral cavity. The measurements on patients were carried out
in a dark room to avoid direct exposure to external light. Since the excitation power of the
diode laser(405 nm) was very low (142 mW/cm2), skin photosensitization or side effects
were not observed in any of the subjects. The in vivo measurements were performed at
time intervals of 90, 120, 150 and 210 mins. after topical application of 0.4% 5-ALA solution.
The optimum accumulation times for different healthy anatomical sites and abnormal tissues
were determined by tracking temporal variation in intensity of the PpIX fluorescence emission.

8.3 Results & Discussion

8.3.1 Ex vivo Studies

Fig. 8.1 shows a typical fluorescence spectra from the malignant buccalmucosa of the
oral cavity diagnosed as high-grade squamous cell carcinoma and that of an adjoining
normal tissue recorded using the LIFRS system.  With excitation at 405 nm from the nitrogen
laser pumped dye laser, the LIAF spectra shows a broad band at 500 nm and the PpIX
bands at 635 and 705nm in malignant lesions, whereas, normal tissues the PpIX peaks are
absent. It is obvious that the intensity of 5-ALA induced PpIX peaks in malignant tissues
attains a maximum intensity after 120 minutes of application, which was found to decrease
thereafter. Porphyrins are thought to be continuously created and expelled by the cancerous
tissue as metabolites. After the removal of the cancerous tissue, the porphyrin band intensities

Fig. 8.1 Relative intensity of the ex vivo fluorescence spectra of a normal and cancerous buccal  tissue
after 120 minutes and 240 minutes of application of 5-ALA cream.
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of resected tissues decrease. This could be explained by the assumption that the rate
production of porphyrins in the cancerous tissues before excision may be higher than that
of excretion (Inaguma M and Hashimoto K, 1999).

Further, during ex vivo studies, the spectrum showed high noise due to lower laser
power, which affected the signal to noise ratio of the detection system. In order to enhance
the spectral quality of the signal, a diode laser of 50 mw output power was used to replace
the nitrogen pumped dye laser (see chapter3) during the clinical studies.

8.3.2 In vivo Studies

8.3.2.1 Optimum Accumulation Time for 5-ALA Induced PpIX in Healthy Oral  Mucosa

 The uptake of 5-ALA and corresponding accumulation of PpIX at different anatomical
sites of the oral cavity  was studied by monitoring the LIF spectral changes over a period of
210 minutes after topical application of ALA. With 5-ALA application, it was seen that the
autofluorescence intensity around 500 nm decreases while the PpIX emission at 635 and
705 nm gets enhanced. An additional peak at 685 nm was observed in the LIAF spectra
(origin of this emission is discussed in the chapter 6), which helps in broadening the 705

Table 8.1 Maximum accumulation time of ALA induced PpIX in different anatomical sites
of oral cavity determined by monitoring temporal variation of the 500 nm normalized porphyrin
intensities at 635, 685 an 705 nm after topical application of 0.4% 5-ALA solution

Site Max. accumulation time 
PpIX 

Intensity 
at 635nm 

Intensity 
at 685nm 

Intensity 
at 705nm 

Alveolus 90 0.27±0.15 0.08±0.02 0.07±0.02 
Buccal Mucosa 90 0.23±012 0.08±0.03 0.07±0.01 
DST 150 2.98±0.34 1.20±0.23 0.84±0.21 
LST 150 1.56±0.22 0.49±0.10 0.43±0.09 
Ventral Tongue 90 0.39±0.06 0.11±0.02 0.10±0.03 
Hardpalate 90 0.29±0.10 0.12±0.03 0.11±0.04 
Softpalate 90 0.27±0.09 0.14±0.06 0.12±0.05 
Floor of mouth 90 0.26±0.13 0.08±0.06 0.07±0.01 
TFM 90 0.27±0.08 0.08±0.05 0.07±0.03 
Inner Lip 90 0.37±0.05 0.11±0.03 0.11±0.03 
VBL 150 0.38±0.04 0.10±0.03 0.09±0.05 
Gingiva 90 0.31±0.06 0.12±0.04 0.11±0.04 
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nm. Fig. 8.2 and Fig. 8.3 show the mean LIF spectra normalized to the intensity of the
autofluorescence 500 nm peak, at different time periods after topical application of 5-ALA
on the buccal mucosa and at the DST,  respectively, in healthy volunteers.  Changes due to
PpIX accumulation in spectral emission start showing usually  after 60 minutes of 5-ALA
application. By tracking the 5-ALA induced PpIX peak intensities the optimum time for
maximum accumulation can be determined for different sites.  Table 8.1 lists the time at
which ALA-induced PpIX accumalates maximum in different anatomical sites of oral cavity.

In anatomical locations such as masticatory mucosa (the gingiva, the hardpalate) and
all the lining mucosa (the inner lip, the softpalate, the floor of mouth, the transition to floor
mouth, the alveolus, the LST and the ventral tongue), by normalizing the LIF spectrum to
the intensity of autofluorescence band at 500nm, it is observed that maximum enhancement
in intensity of the porphyrin emissions at 635, 705 and 685 nm occurs around 90 minutes of
5-ALA application.  This could be considered as the optimum time for the accumulation of
PpIX in these types of mucosa. Also, intensities of the three peaks for these mucosa fall in
same range (Table 8.1).  However, in the case of VBL, LST and DST mucosa the maximum
enhancement was seen only after 150 minutes of 5-ALA application. The DST and the LST
sites have larger variations in the normalized spectral peak intensities as compared to all

Fig. 8.2  Temporal variation in the normalized variation of LIF spectra from the buccal mucosa of the
healthy volunteers before and after topical application of 0.4% 5-ALA solution for 15 minutes.
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Fig. 8.3  Temporal variation in the normalized LIF spectra from the DST mucosa of the healthy
volunteers before and after topical application of 0.4% 5-ALA solution for 15 minutes.

other anatomical sites; they are also unique due to higher accumulation time of PpIX.
However, for VBL sites the accumulation time is same as that of VBL and LST, but the
intensity variation is similar to those of other sites. These results indicate that for all anatomical
locations, excluding DST, LST and VBL, the normalized intensities are interchangeable for
diagnostic purposes using 5-ALA induced porphyrin fluorescence. After this optimal
accumulation time,  alll three intensities found to be decrease  depends on the tissue type.
In buccal mucosa these decrease are very small with time, whereas  the corresponding
decrease in DRS are much faster.

It’s known that PpIX selectively accumulates in the abnormal tissues due to the reduced
activity levels of the enzymes in the heme biosynthetic pathway (see chapter 2 and 6).  The
accumulation and expulsion of PpIX within normal cells can be explained on the basis of
synthesis pathway as follows:

In every metabolic pathway there is at least one reaction that, in the cell, is far from
equilibrium because of the relatively low activity of the enzyme that catalyzes it. The rate of
this reaction is not limited by substrate availability, but only by the activity of this enzyme.
The reaction is therefore said to be enzyme-limited, and because its rate limits the rate of
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the whole reaction sequence, the step is called the rate-limiting step in the pathway. In this
context, the various biochemical steps in the heme cycle are rate limiting, particularly the
last three steps. When 5-ALA is given in excess exogenously, the activity of the enzymes
gets limited, because of high exogenous input of the substrate, and resulting accumulation

Fig. 8.5  Temporal variation of LIF spectra normalized to the autofluorescence at 500 nm for (a) SCC
[n=5] (b) dysplasia [n=5]  and  (c) hyperplasia [n=6] of group I mucosa for different time periods
after the topical application 0.4% solution of 5-ALA for 15 minutes.
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of PpIX and its precursors. However in healthy cells, this accumulation is no longer permanent
and slowly gets washed out by conversion to PpIX and then to heme with time.

Eventhough the epithelium is stratified throughout the oral cavity, the mucous membrane
differs in morphology at different sites. This definitely affects the diffusion of 5-ALA into the

Fig. 8.6  Temporal variation of LIF spectra normalized to the autofluorescence at 500 nm for (a) SCC
[n=7] (b) dysplasia [n=2] and (c) hyperplasia [n=3] of group II mucosa for different time periods
after the topical application 0.4% solution of 5-ALA for 15 minutes.
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cells during topical application. Particularly, in the case of DST and LST, the papillary structure
of the mucosa, which allow the deposition of ALA solution increases the accumulation time
leading to larger PpIX intensities. Similar results were observed in a model study on nude
mouse skin  using 10% (w/w) 5-ALA and ALA hexyl esters (ALAHE) (van den Akker et al.,
2000) wherein the 635 intensity increased to its maximum with increasing administration
time. Further, it was noticed that with increase in  administration time the optimum
accumulation time was also increased. However, in flat non-papillary structures associated
with other lining types mucosa the deposition possibility is very feeble.

The superficial layer of the epidermis, reduces the diffusion rate of 5-ALA  across the
stratum corneum (van den Akker et al., 2000). Therefore, the thicker lingual structure and
superficial keratin layer of DST and LST sites results in slower uptake. On the other hand,
VBL, which is the transitional zone between the lip skin and the mucous membrane of the
lip is covered by a moderately thick keratinized epithelium with a rather thick stratum
corneum. The presence of these two layers together slows down the uptake of the 5-ALA as
compared to inner lip or other lining mucosa.  For all healthy anatomical sites, the intensity
of PpIX emission decreases with time showing the temporal elimination of 5-ALA from the
body. Fig. 8.4 shows the temporal variation in the mean normalized intensities at 635, 685
and 705nm at different time periods for buccal and DST, LST, soft palate  respectively after
application of 5-ALA.

8.3.2.2 Optimum Accumulation Time for PpIX in Diseased Mucosa and Diagnosis based
on 5-ALA Induced PpIX Fluorescence

The anatomical sites are categorized into two groups; one with an optimum accumulation
time of 90 mins. (group I), which represents average of the all the anatomical sites except
the DST, LST and VBL and two, that with an accumulation time of 150 mins. (group II)
representing the average of the three sites viz. DST, LST and VBL.

Table 8.2 Variation in 5-AlA induced PpIX intensities at 635, 685 and 705 nm with tissue
alterations at optimum accumulation time  (%variation from lower grade is shown in
parenthesis)

Type NFI Healthy Hyperplasia Dysplasia SCC 

Group I 
635 0.29 0.55(89.6) 1.85(236) 3.76(103) 
685 0.1 0.18(80) 0.59(227) 0.95(61) 
705 0.09 0.17(89) 0.5(194) 0.99(98) 

Group II 
635 0.76 0.7(‐8) 1.45(107) 3.9(169) 
685 0.59 0.26(‐56) 0.51(96) 0.89(75) 
705 0.45 0.22(‐51) 0.42(91) 0.94(124) 
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The group I of the patient population involves diverse grade lesions of the alveolus, the
buccal and the FM mucosa, whereas, group II consists of  LST and DST mucosa.  As seen
in the case of  healthy mucosa, in group I tissues maximum  accumulation of PpIX in
abnormal tissue types was observed at 90 mins. Further, after 90 minutes of application,
SCC tissues garner 5-ALA induced PpIX to the maximum, and this accumulation is reflected
in the peak intensities of 635, 685 and 705 nm as shown in Fig. 8.5 (a-c).  Similarly, in the
case of group II diseased mucosa, peak accumulation time for different tissue grades was
observed at 150 min., as shown in Fig. 8.6(a-c).

In normal tissues, the superficial stratum corneum layer is the main barrier against the
diffusion of 5-ALA (van den Akker et al., 2000). The stratum corneum consists of keratin
layers (corneocytes) embedded in a lipid matrix. There are two ways for diffusion through
the stratum corneum; across the corneocytes (trancellular) or via lipid matrix (intercellular)
(Landmann, 1988; Menton and Eisen, 1971). The latter route is believed to be the principal
pathway and thus, the major barrier for permeation (Williams and Barry, 1992; Suhonen et
al., 1999). Since pre-malignant and malignant lesions usually associate with hyperkeratosis,
higher optimum time periods could be expected in these lesions. However, similar optimal
times observed in the pre-malignant and malignant lesions could be explained as due to the
cutaneous stratum corneum.  Eventhough thicker hyperkeratic layer limits the diffusion, at
the same time, the disorder produced in the lipids within the intercellular space permits the
diffusion through stratum corneum. After reaching the optimal accumulation period in both
groups I and II, the PpIX intensity shows a decreasing or constant trend indicating the
clearance of the 5-ALA induced PpIX from the system. Figs. 8.7 (a-c) and Figs. 8.8 (a-c)
represent the temporal variation of PpIX intensities in different tissue types.

During the optimal period of 90 minutes in group I tissues, the enhancement in average
normalized intensity at 635 nm with respect to the autofluorescence intensity was 126.4%
in healthy volunteers, whereas in lesions diagnosed as hyperplastic, dysplastic and SCC, the
corresponding variations were 223%, 254% and 203%, respectively. Similar trend was
observed at the other  two peaks at 685 nm and 705 nm.  Thus, with ALA application, PpIX
emission at 635, 685 and 705 nm gets enhanced both in abnormal and normal mucosa and
higher % variations in intensities indicate higher accumulation of ALA in the abnormal
tissues.

Conversely, for the group II mucosa, the intensity variations with respect to
autofluorescence emission at the optimal time are 285%, 105%, 367% and 220% for
healthy, hyperplasia, dysplasia and SCC, respectively. It may be noted that in this case,
contrary to group I, normal mucosa shows higher intensity variations comparable with or
even higher than that of benign and abnormal mucosa. This problem arises mainly due to
the presence of PpIX like emission  in healthy tissues due to bacterial presence. The intensity
enhancements could be much larger if constituents of group II, particularly DST and LST,
are considered separately.
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Fig. 8.9   Histogram showing variation in average normalized porphyrin fluorescence intensities at
635, 685 and 705 nm  (a) group I and  (b) group II,  at optimal accumulation time after application
of 5-ALA for 15 minutes.

Intrestingly, this intensity variation of PpIX in group I tissues (Fig. 8.9 a) can be utilized
in diagnosis and grading of tissues. Although the intensity of the three peaks observed
varies with tissue alteration towards malignancy, the changes are more prominent in the
case of F635. Zeng et al (2002) has used the red-blue intensity ratio to differentiate different
grades oral tissues using an endoscopic imaging system after topical application of 0.4%
solution of 5-ALA. The malignant lesions (includes CIS and SCC) show the maximum variation
of 294%, while pre-malignant dysplasia and benign hyperplasia/inflammatory mucosa show
variations of 200% and 100%, respectively from normal values in 4  hours of ALA application.
In contrast, the corresponding variations are very much higher at 1196%, 537% and 89.6%
respectively in this study.

Thus, by tracking the intensity of these three peaks it is possible to discriminate malignant,
pre-malignant, benign from normal tissues. Thus, with this technique one could differentiate
different grades of tissue without any comparison with the normal tissues of the same
patient and avoid the possibility of misclassification due to wrong selection of the control
site. Table 8.2 lists the relative normalized intensities of the F635, F685 and F705 nm peaks,
with their % variation with respect to the control values  at the optimum accumulation
time.
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For group II, the intensities of the major emission bands at F635, F685 and F705 were
found to increase in abnormal tissues. In this  group also, the intensity variations at F635
were prominent, with SCC and dysplasia showing variations of 413 % and 91% respectively.
As against the inceasing trend seen in group I mucosa, there is a decreasing trend during
transition from normal to hyperplastic in group II (Table. 8.2). In other words, group II
tissues that were pathologically identified as hyperplastic were indistinguishable from normal
by obesrvation of fluorescence intensity variations.

8.4 Conclusions

Optimum accumulation time was determined for 5-ALA induced PpIX in different
anatomical sites of the oral cavity in healthy population and in different grades of abnormal
oral ex vivo and in vivo tissues by tracking the emssion peak intensities F635, F685 and
F705  in the LIF spectra normalized to the  intensity of autofluorescence peak at 500 nm.
These normalized PpIX fluorescence intensities were found to maximize within 90 to 150
minutes of administration depending on the anatomical location, both in healthy and abnormal
in vivo tissues. In group I, which involves all anatomical sites excepting the DST, LST and
VBL, the intensities F635, F685 and F705 show an increasing trend during tissue
transformation from healthy to SCC.  Among the three peak intensities studied, the F635
was found to be more sensitive to tissue characteristics. In the group II mucosa consisting
of DST, LST and VBL, the normalized intensities of the three peaks increased according to
the grade of abnormal tissue. In this group, however, there was decreasing trend in these
intensities during transformation to hyperplasia. This trend reversal in healthy tissues lead
to a  misclassification of  normal tissues as benign hyperplasia, abnormal dysplasia or even
as SCC, particularly in the case of DST and LST where these emissions are more prominent
than in VBL. This also would also increase the number of false positives and tends to
decrease the specificity of the diagnostic technique.  Thus, the results of this pilot study
suggest that, direct visualization of in vivo fluorescence at the optimum accumulation time,
after topical application of 5-ALA, improves the capability for early detection and grading of
oral cancer. The knowledge of the optimum accumulation time and high tissue selectivity of
PpIX in abnormal tissues offers opportunities for therapeutic approach using PDT in future.
Towards discrimination of cancers affecting the DST, LST and VBL, other methodologies
such as those based on RSS or DRS could be utilized with better accuracies. In the following
chapter, the results of using DRS to detect tongue cancer are presented.



Diffuse Reflectance Spectral Features: An
Adjunct to Tongue Cancer Diagnosis by
Autofluorescence

Chapter 9
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9.1 Introduction

Autofluorescence spectroscopy is a non-invasive optical tool for early detection of oral
cavity cancer at various anatomical sites and has shown its potential to discriminate different
tissue types using SRRS (See Chapter 6). However,  certain anatomical sites such as DST,
LST and VBL were excluded from this study due to the ambiguity associated with the
presence of similar spectral features in normal and abnormal tissues (Fig. 6.1). This study
is an extension of the results presented in chapters 6 and 7 to develop a criterion for early
detection of cancer affecting DST sites. Efforts are made initially to develop a site-specific
SRRS for these sites using the three spectral intensity ratios. Toward this, a separate reference
standard (SRRS) was developed for the DST, where a  large number of the lesions were
observed in clinical trials after buccal mucosa.  This reference database involves 29 DST
sites from 15 patients and 36 DST sites from healthy volunteers. But, it was seen that none
of the these three scatter plots could discriminate different grades of dorsal tongue malignancy
as in the case of buccal and other anatomical sites owing to the overlap of different grades
that resulted in very poor diagnostic accuracies. This particular flaw in cancer diagnosis
involving  DST fluorescence is overcome by using DRS spectral features of tissue. In other
words, this chapter explores the applicability of site-specific diffuse reflectance spectral
intensity ratio (R545/R575) of the oxygenated haemoglobin bands to classify different dorsal
tongue mucosa, where LIAF has poor reliability.

9.2 Materials and Methods

Spectral data from the DST recorded earlier from 35 healthy volunteers are used as
control (See chapter 6). Clinical trials were conducted in 13 patients at 24 DST lesions with
differing grades of malignancy. LIAF and DR spectral data acquisition and analysis were
carried out as described before (section 3.3) using the LIFRS system . Study protocol and
subject handling were the same as explained in the section 6.1.

9.3 Results and discussion

9.3.1 Fluorescence SRRS for DST Tissue Grading

Fig. 9.1 represents the normalized LIAF spectra recorded from different anatomical
sites of oral cavity. The porphyrin like emission are quite prominent in the DST healthy
tissues as compared to LST and VBL. These emissions are from the bacterial colonization,
within the lingual papillary structure of the DST tissues, as discribed  earlier (See chapter
6). In such histological structures the changes for deposition and retention of food particles

9Diffuse Reflectance Spectral Features: An Adjunct
to Tongue Cancer Diagnosis by Autofluorescence
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is enormous, making the ground fertile for bacterial colonization (de Veld et al., 2003).  Fig.
9.2 represents different grades of dorsal tongue tissues viz. healthy, hyperplastic, dysplastic
and SCC. Surprisingly, it was seen that the porphyrin like emission peaks in the red region
at 635, 685 and 705 nm for the healthy tissues are more prominent than those observed in
the case of SCC. However, the emissions from abnormal tissues were found to vary according
to the grade of the tissue abnormality, as observed at buccal and other sites of oral cavity
(Fig. 6.3).

Earlier studies have shown LIAF spectral intensity ratios to be highly sensitive and
specific to discriminate different mucosal variations and to screen early stages of tissue
progression towards malignancy for all the anatomical sites other than the dorsal tongue,
the lateral tongue and the vermillion border of lip (See Chapter 6). As described in the
section 6.3.3, SRRS scatter plots for DST sites were drawn using the three spectral intensity
ratios F500/F635, F500/F685 and F500/F705 from 24 sites in 13 patients, comprising of
hyperplasia, dysplasia and SCC. To avoid the erroneous diagnosis  the mean ratios from the
DSt sites of  21 healthy volunteers were used as normal for comparison. The average

Fig. 9.1 Mean LIAF spectra from different anatomical sites of oral cavity normalized to the
autofluorescence intensity at 500 nm. Each averaged spectra shown represent the mean of 15 mea-
surements in 35 volunteers.
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fluroscence intensity ratios (F500/F635, F500/F705 and F500/F685) determined from the
autofluorescenec spectra of study population along with the results of histology, visual
impression and spectral impression for each ratios studied are shown in Table 9.1.

Fig. 9.3(a-c) shows the standard reference scatter plots for the three autofluorescence
intensity ratios, which discriminates normal, hyperplastic, dysplastic and malignant dorsal
tissues from one another.  Discrimination lines were drawn between the normal and
hyperplastic, hyperplastic and dysplastic, dysplastic and malignant at values that correspond
to the average ratio values of the respective groups. For example, in the case of healthy
tissues, the average F500/F635, F500/F685 and F500/F705 ratio values were 1.48, 3.24
and 4.8, respectively. The cut-off lines for discriminating the normal from hyperplastic were
drawn at values corresponding to the mean of the normal ratios and those from the
hyperplastic mucosa at 3.95, 7.87 and 13.95, respectively in patients.

Fig. 9.2 Mean LIAF spectra from different grades of dorsal tongue tissues normalized to the
autofluorescence intensity at 500 nm. Healthy spectra is the average of 36 volunteers, hyperplastic
spectra is average of 4, dyspastic spectra is the average of 7, and SCC spectra is average of 13  lesions.
Each spectrum shown is the average of 15 measurements.
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Table 9.1 Comparison of sensitivities and specificities of  different LIAF and DR ratios in
discriminating different tissue types of DST in vivo. Corresponding PPV and NPV values are
shown in paranthesis, respectively.

The sensitivity and specificity were assessed by validation with the gold standard. Cut-off
values in the reference scatter plots Fig. 9.3(a-c) of the autofluorescence intensity ratios
(F500/F635, F500/F685 and F500/F705) were used in the determination of  the dagnostic
accuracies viz. sensitivity, specificity, PPV and NPV. Table 9.1 lists the diagnostic accuracies
in discriminating normal tissues from hyperplastic, hyperplastic from dysplastic and dysplastic
from SCC lesions for all the 23 dorsal sites in 13 patients.  For the F500/F635 ratio a
sensitivity of 100% and specificity of 75% was obtained to discriminate, by selecting cut-off
at the mean (4.85) of dysplastic and hyperplastic values with a  PPV and NPV of 0.80 and
1.0 respectively. In the same plot, cut-off line drawn at 2.61 discriminates pre-malignant
dysplastic tissues from malignant SCC with a sensitivity of 77% and specificity of 86%, with
NPV of 0.91 and 0.67 respectively.  Using the information provided by the three SRRS plots,
an overall sensitivity of 95%  and specificity of 75% with a PPV of 0.85 and NPV of 0.92 was
achieved in distinguishing dysplastic from hyperplasia, whereas dysplasias could be
discriminated from SCC with a  overall sensitivity of 67% and specificity of 77%, with a PPV
of 0.84 and 0.56 respectively. Nevertheless,  these figures are  lower than the diagnostic
accuracies attained for other anatomical sites using LIAF-SRRS (See chapter 6).

It is to be noted that in all the three discrimination scatter plots most of the normal
tissue values were occupying the position meant for SCC, which means all the true negatives
were wrongly identified as true positives. This indicates the incapability of the SRRS technique
to differentiate normal oral mucosa from abnormal.  In the past, many researchers (Betz et
al., 1999; Dhingra et al., 1998, 1996; Gillenwater et al., 1998) reported very low specificities
with high sensitivities to detect abnormal tissue sites in the oral cavity using blue light for
excitation  of endogenous porphyrin fluorescence. These lower specificities reported might

Diagnostic 
Accuracies 
 

Ratios Normal  Vs 
Hyperplasia  

Hyperplasia Vs 
Dysplasia  

Dysplasia  Vs 
SCC 

Sensitivity (%) 
(PPV) 

F500/F635 - 100 (0.80) 77 (0.91) 
F500/F685 - 100 (0.88) 69 (0.90) 

 F500/F705 - 86 (0.86) 54 (0.70) 
R545/R575 75 (1.00) 86 (0.86) 85 (0.92) 

Specificity (%) 
(NPV) 

F500/F635 - 75 (1.00) 86 (0.67) 
F500/F685 - 75 (1.00) 86 (0.60) 

 F500/F705 - 75 (0.75) 58 (0.40) 
R545/R575 100 (0.97) 75 (0.75) 86 (0.75) 
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Fig. 9.3  Site-specific spectral ratio reference standard (SRRS) developed using the fluorescence
intensity ratios (a) F500/F635 (b) F500/F685  (c) F500/F705 from the dorsal tongue in 21 healthy
population and from 24 sites in 13 patients.
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be due to the inclusion of tongue tissues in their algorithms, where the possibility of false
positives is too high to affect the overall diagnostic capability of the fluorescence technique.

9.3.2 DRS-SRRS in Tissue Grading of DST

 In order to  overcome the flaws associated with LIAF  in DST tissue grading,  DR
spectral spectral features of these tissue were studied.  Fig. 9.4 shows the site-specific
SRRS scatter plot of the oxygenated hemoglobin (R545/R575) ratio derived from DRS for
discriminating hyperplastic, dysplastic and malignant tissues of the DST in the same set of
13 patients studied earlier using autofluorescence (Fig. 9.3a-c). Discrimination lines are
drawn between the normal and hyperplasic, hyperplastic and dysplastic, dysplastic and
SCC, at values that correspond to the average ratio value of the respective groups, as
described in Chapter 5 (See section 5.3.4).

For example, the cut-off line discriminating the normal from hyperplastic was drawn at
0.789 that corresponds to the mean of healthy volunteer R545/R575 ratio (0.78) and the
hyperplastic mucosa ratio (0.816) of patients. Similarly, the other two cut-off lines
discriminating hyperplasia with dysplasia and dysplasia with SCC were drawn at their

Fig. 9.4  Site-specific DR spectral ratio (R545/R575) scatter plot developed for discriminating different
grades of DST tissues  in vivo. The data shown relate to 24 DST sites in 13 patients and DST sites in35
healthy volunteers.
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respective mean values and each ratio was assigned a spectral impression based on their
position in the scatter plot (see section 5.3.4).

 Contrary to LIAF scatter plots (Fig. 9.3a-c), the R545/R575 ratio for normal tissues in
Fig 9.4 occupies their designated area without any displacement to other areas   and the
ratio values were found to increase according to the progression of tissues towards
malignancy. The classification sensitivity, specificity, PPV and NPV for discriminating each of
these categories were determined based on the discrimination threshold values, by validation
with the gold standard as before (Table 9.1).

The sensitivity and specificity for discrimination of hyperplastic DST tissues from normal
were  75% and  100%, respectively, with a positive predictive value of 1.00 and negative
predictive value of 0.97 using DRS technique.  However, for discriminating pre-cancerous
(dysplastic) DST mucosa from hyperplastic tissues, a sensitivity of 86% and specificity of
75% was achieved, with a positive predictive value of 0.86 and a negative predictive value
of 0.75. On the other hand, dysplastic lesions were distinguishable from SCC with a sensitivity
of 85% and specificity of 86%, with a corresponding PPV of 0.92 and NPV of 0.75.

The average DRS ratio R545/R575 determined from the DR spectra and their spectral
impression is given Table 9.2 along with  the three LIAF spectral ratios (F500/F635, F500/
F685 and F500/F705) with  corresponding histology and  visual impression of each site.
Spectral impressions given in Table 9.2 for each site are based on the spectral ratios of
scatter plots shown in (Fig 9.3 and Fig 9.4).  Visuallly,  it is not possible to differentiate
between various tissue types what a clinician can do is to discriminate normal from abnormal
mucosa. But, results of the present study show that in some lesions, paticularly sites around
the lesions  which are histologicaly proven hyperplasia (Patient # 6, 11 and 10, in Table 9.2)
and dysplasia (Patient #3), get misclassifiied by the clinician as normal.  This  shows that
abnormal tissues need not necessarily  present visual impresson to a clinician eventhough
abnormality may be present in it microscopically. Further, it was noticed that  DRS scatter
plot accurately categorizes most of these sites as abnormal. In one case (Patient #10), the
tissue which was  identified clinically as homogenous leukoplakia was found to be SCC on
histological analysis and also with the spectral impression based on the R545/R575 ratio
SRRS and also with F500/F635, F500/F685 and F500/F705 ratio SRRS.

As can be seen from Table 9.2, among the LIAF scatter plots developed, F500/F705
scatter plot had the maximum number of misclassifications  (8 out 24), while F500/F635
scatter plot produced the best classification (4 out of 24).  In comparison, the R545/R575
SRRS produced a classification accuaracy 6 out of 24.  However, in the DRS scatter plot
(Fig. 9.4), it is seen that in only 1out of 38 cases there were misclassifications between
normal and hyperplasia.  This shows that DRS R545/R575 ratio scatter plot provides good
potential to discriminate between normal and hyperplastic tissues.  Whereas, LIAF ratio
scatterplots (Fig 9.3a-c) have comparitively lesser ability to discriminate these tissue types,
since most of the normal values were seen occupied in the region designated for SCC.
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Thus, spectral approach using DRS appear to be an  indispensable adjunct to LIAF in
tongue cancer detection.

9.4 Conclusion

The results of the comparitive study between LIAF and DRShave shown that cancers
affecting the tongue are always difficult to diagnose and be graded using tissue
autofluorescence owing to the presence of porphyrin like fluorescence in normal tissues.
Eventhough LIAF-SRRS developed can distingush between different abnormal tissues, the
misclassification of  normal tissues as SCC  shows its frailty. This predicament in DST tissue
grading using LIAF-SRRS was resolved to a great extent using the SRRS of oxygenated
hemoglobin ratio (R545/R575) in an in vivo clinical experiment.   Further, from the avilable
results, it can be concluded that  DRS-SRRS can differentiate different  DST tissue typesin
particular hyperplastic from normal  with a sensitivity of  75% and specificity of and 100%
respectively.  Nonetheless, owing to the limited number of patients studied, the sensitivities
and specificities shown may not be representative; however it shows the authenticity and
potential of DRS ratio in discriminating tongue cancer.
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Chapter 10





 This final chapter critiques the entire study and compares the diagnostic accuracies of
LIAF and DR modalities with results of different international groups working in this field. It
also summarizes the advantages of these techniques and their limitations, major issues to
be taken into consideration with regard to the application of these optical methodologies in
oral cancer diagnosis and tissue grading.  Future perspectives and directions for research
and development in optical techniques for non-invasive detection oral pre-cancer are
presented in the light of the present work.

Oral cancer is one of the most common cancers in India.  Early diagnosis and treatment
of cancer, helps in reducing mortality rates and in improving the quality of life of patients.
More than 85% of cancers, like those affecting the oral cavity and cervix, are of epithelial
origin. The vast majority of these epithelial cancers are preceded by cancerous changes
that affect both the surface epithelium and deeper stroma. Biochemical and morphological
changes associated with pre-cancer perturb tissue absorption, scattering and fluorescence
properties. Therefore, optical spectroscopy is most suited for probing pre-cancerous changes
in epithelial tissues (Chapter 1).

When light impinges on tissue, it is elastically scattered, following which absorption
and fluorescence can occur, before the light leaves the tissue surface. Pre-cancers are
accompanied by local metabolic and architectural changes in the nuclear-to-cytoplasmic
ratio of cells, and changes in chromatin texture that affect the elastic scattering properties
of tissue. Pre-cancers are characterized by increased metabolic activity that affects
mitochondrial flurophores like NADH, FAD and selective accumulation of the PpIX and its
pre-cursors thereby changing the autofluorescence spectral characteristics of the mucosa
(Chapter 2).

Several point monitoring and imaging systems have been developed and some of these
have turned into commercial products. A portable and compact laser-induced fluorescence
and reflectance spectroscopy (LIFRS) system has been developed as part of this work for
point monitoring of cancers affecting the mucosal tissues of the oral cavity and other
superficial epithelial tissues. The LIFRS system uses a diode laser emitting at 405 nm for
excitation of fluorescence and a tungsten halogen lamp for diffuse reflectance measurements
from the oral cavity tissues. Optical radiation is taken out and guided to the tissues using
optical fibers. The fiber-optic probe LIFRS system can easily be sterilized and is useful for
measurements under normal room light. Tissue AF, DR and ALA-induced PpIX fluorescence
spectra were recorded on a miniature fiber optic spectrometer, controlled by a laptop computer
(Chapter 3).

10Conclusions  and  Future Perspectives
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Extensive ex vivo spectral measurements were carried out in surgically excised tissue
samples before the LIFRS system was tested on human beings. Clearance from the Ethics
Committee of the Regional Cancer Center, Trivandrum was obtained prior to initiation of
clinical trials. During these clinical trials, tissue autofluorescence and fluorescence induced
by topical application of 5-ALA were measured along with the diffuse reflectance spectra
from different types of the oral lesions, within the lesion margin or apparently normal
tissues of patients.  Tissue biopsies were taken from the measurement sites for pathological
confirmation of diagnosis. Fluorescence characteristics of healthy volunteers measured from
the various anatomical sites of the oral cavity were utilized as control during data analysis.

Fluorescence diagnostics has been attracting a great deal of interest both in the research
and clinical levels. It may be noted that field cancerization is a real problem and that oral
carcinogenesis is regarded as a field effect and the surrounding mucosa is not genetically
normal. Other hurdle is that most of the patients who participated in our study had smoking,
chewing or alcohol consumption habits that could affect the adjoining and contra lateral
tissue structure. To overcome this problem a clinical study in 36 healthy volunteers and 37
patients was conducted to develop a spectral reference standard to discriminate oral malignant
squamous cell carcinoma (SCC) from dysplasia and hyperplasia using the spectral data of
healthy population as control.  The results of this study confirm that the distinction between
the normal and diseased tissues within a patient is visually/clinically difficult and could lead
to false classification or low specificities, as the tissues surrounding the lesion show varying
degrees of dysplasia or atypia, in most of the cases.

It was observed that the fluorescence intensity of the 635, 685 and 705 nm bands in
the autofluorescence spectra normalized to the 500nm peak has great value in the grading
of oral cancer.  LIAF studies in all anatomical mucosal sites of oral cavity, excluding DST,
LST, VBT, have shown that these normalized fluorescence intensities increase with increasing
grades of malignancy. The enhancement in these autofluorescence peak intensities, in
particular at 635 nm, seen in the normalized fluorescence spectra was found to be most
sensitive for detection of early tissue transformations and grading of oral mucosal malignancy.

LIAF intensity ratios F500/F635, F500/F685 and F500/F705 measured from different
anatomical locations of the oral cavity have shown that usage of site specific ratios of
healthy volunteers as control, instead of apparently normal tissues of patient, could improve
the sensitivity and specificity in grading of oral SCC. Also, it was seen that all the 11 anatomical
sites of the oral cavity, except DST, LST and VBT, have similar spectral features that led us
to infer that the  intensity ratios from these three sites are interchangeable. In this study,
using spectral data from 40 sites of 37 patients and 36x11 sites of 36 healthy population,
three spectral ratio reference standard (SRRS) scatter plots that correspond to F500/F635,
F500/705 and F500/F685 ratios were created to discriminate malignant SCC from pre-
malignant dysplasia, dysplasia from benign hyperplasia and hyperplasia from healthy tissues.
The SRRS scatter plots developed shows improved sensitivity and specificity as compared
to the clinical impressions and matches well with the gold standard. Among these three
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SRRS plots, the F500/F685 SRRS appears more suited to identify tissue progression from
normal to pre-malignant and malignant. Also, the blind-test conducted in a population of 17
patients confirmed the reliability of the SRRS criteria in discerning different tissue categories
with good sensitivity and specificity. The advantage of using ratios over peak intensity
method is that it eliminates errors in the system due to changes in excitation energy/
incident light levels, spectral response of the detection system, etc. (Chapter 6).

Dips were noticed in the autofluorescence spectra of tissues owing to the absorption
from oxygenated hemoglobin.  These absorption effects in the autofluorescence were filtered
out or corrected with help of diffuse reflectance spectra from the same site. During tissue
progression towards malignancy, the autofluorescence peak was seen red-shifted in the
abnormal tissue and to locate the exact peak position of the constituent bands and their
relative contributions in the overall spectra, the intrinsic LIAF spectrum was curve-fitted
using Gaussian spectral functions. The ratios derived from curve-fitted Gaussian band
intensities and areas showed higher contrast between different grades of tissues, as compared
to raw LIAF ratios both under ex vivo and clinical environments (Chapter 7).

Measurements carried out in combination with the administration of fluorescent markers

Table 10.1  A comparison of the diagnostic accuracy of the present study using fluorescence
spectral criteria with that of different research groups to distinguish in vivo hyperplasia
(benign) from pre-malignant dysplasia

 

Research Group Spectroscopy/ Methodology Study  site, 
population 

Sensitivity (%) Specificity (%) 

de Veld et al., 2005 

 
LIAF and DRS, PCA with 
various classifiers 
 

Oral, 115 lesions 77 76 

Nordstrom et al., 2001 
DRS and UV excited 
fluorescence, Multivariate 
algorithm  

Cervical, 120 
lesions 

77 76 

Rupananda et al., 2008 
(Present  study, 
 Chapter- 6) 

 
LIAFS, Spectral ratio reference 
standard (SRRS) using scatter 
plots 
 

Oral, 61 lesions 100 96 

(Present study, 
 Chapter-7) 

Curve-fitted Gaussian area 
and intensity ratios of 
corrected LIAF spectra using 
DR spectra 
 

Oral, 30 lesions 94 100 

 
LIAFS – Laser Induced Autofluorescence Spectroscopy  
ESS – Elastic Scattering Spectroscopy 
DRS – Diffuse Reflectance Spectroscopy 
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or pre-cursors of fluorescent markers is also a practical and promising tool for tissue
characterization.  The uptake of 5-ALA by oral tissues was studied by monitoring the LIAF
spectral variations over a three  period. Towards this, the spectra of ALA induced porphyrin
peaks were measured after topical application of 0.4% ALA solution in 11 healthy volunteers
and in malignant and apparently normal (marginal) tissues of 15 patients.

The complex anatomy of oral cavity with differences in histology, keratin content and
surface features, makes it distinctive from other organs. Eventhough, the type of epithelium
is stratified throughout; the mucous membrane of the oral cavity is different for different
sites.  The mucosal lining of the buccal, the soft palate, the floor of mouth and the inner lip
are non-keratinized, while those of lateral and dorsal tongue are keratinized. On the other
hand, the gingival and the hard palate masticatory mucosa consist of a superficial keratin
layer along with densely packed collagen fiber network beneath. These factors would jointly
or severally be responsible for the observed changes in penetration or accumulation time of
5-ALA for different anatomical sites of the oral cavity. The knowledge of the optimum time
for accumulation of ALA induced PpIX at different anatomical sites.would go a long way in
improving the detection accuarcy.

The fluorescence intensities at 635, 685 and 705 nm measured from the LIAF spectra,
normalized to the autofluorescence peak at 500 nm, studied and compared with the
corresponding autofluorescence spectral data from the same set of patients (Chapter 8).
The future directions in this field are promising particularly from the prospect of using
endogenous sensitizers  as compared to  different exogenous contrast agents for cancer
diagnosis. A proper understanding of accumulation rate of PpIX will also permit one to
decide on the optimal time for therapeutic approaches like PDT.

The ratio (R545/R575) of the oxygenated hemoglobin absorption peaks at 542 and 577
nm present in the diffuse reflectance spectra is proposed for the first time to  grade different
stages of oral cancer, both under ex vivo and clinical conditions (Chapter 4 & 5). A sensitivity
of 100% and specificity of 86% were achieved for discriminating pre-malignant tissues
from benign tissues.   Based on the results of autofluorescence studies presented, it can be
presumed that the LIAF-SRRS criteria have low specificity in detecting abnormalities of
three oral anatomical sites viz. DDT, LST and VBL, due to the presence of porphyrin peaks
in healthy tissues.   However, from the available results, it is seen that the DRS methodology
using oxygenated HbO2 has the potential to diagnose pre-cancer of the tongue (Chapter 9)
with relatively better accuracies.

Majority of studies were undertaken to distinguish normal (a group of healthy and
benign) from abnormal (a group of dysplastic and malignant) tissues (Volynskaya et al.,
2008; Zhu et al., 2006; Muller et al., 2003; Mourant et al., 1996) or dysplastic from malignant
lesions (de Veld et al., 2005; Muller et al., 2003; Mourant et al., 1996) or normal from
malignant lesions (Anjan dhar et al., 2006; Muller et al., 2003; Bigio et al., 2000) or cancerous
and high grade dysplasia from low grade, benign and normal (Park et al., 2008). The real



                                         Conclusions and Future Perspectives      155

challenge for a diagnostic system lies in its ability to track malignancy in the premature
stages, i.e. to distinguish hyperplastic (benign) from dysplastic (pre-malignant) lesions. As
a consequence, the relevant question is not to be whether the suspicious tissue or lesion is
normal or abnormal, because it has already been established as abnormal from its appearance
by the clinician.  The relevant question here should instead be whether the visible tissue
alterations are of a benign or a pre-malignant nature, and the modality used would facilitate
detection of the cancer in its incipient stage. Further, this is the most relevant question in
the classification of visible lesions, the answer to which is crucial for treatment planning.

Consequently, detection of dysplasia is the critical element in determining therapy; but
is extremely challenging. Many novel optical techniques are  developed to address this
problem. Some of these modalities show great promise as stand-alone techniques but, only
few have solved this pivotal challenge to the point of clinical adoption to discriminate
hyperplastic (benign) from dysplastic with good enough sensitivity and specificity.  Tables
10.1 and 10.2  give a comparison of the diagnostic accuracies of the fluorescence and
diffuse reflectance studies presented in this thesis with the results obtained by other groups
for distinguishing hyperplastic from dysplastic tissues in vivo.

Since scanning of the entire oral cavity with a fiber-optic probe is impractical, in practice,
the measurement probe is usually targetted at lesions that have already been found suspicious
by visual inspection, and this tends to give good figures for diagnostic accuracies. However,
in the current study, although the sites from the margin areas were often seen clinically as
normal, both LIAF and DRS were able to identify them correctly as hyperplasia or dysplasia
and these findings were well substantiated by histological reports.  Further, in some cases,
clinically misclassified leukoplakias were shown as SCC, which were again confirmed histo-
logically as SCC.  Results indicate that these techniques have immense potential to provide
quantitative information about tissue transformation during experimental drug therapy and
in the investigation of disease progression prior to the appearence of visible changes,
suggesting the potential for these techniques to be used as complementary to clinical
assessment.

In order to check which methodology is superior for discrimination of hyperplasia versus
dysplasia ROC- curve analysis was performed on the three LIAF intensity ratios and DR
oxygenated hemoglobin ratio using SPSS (Version 10) software.  This software automatically
calculates the sensitivity and specificity of given input ratio values and plots the ROC curves,
with sensitivity values against the values of 1-specificity.  We compared the area under
different curves (AUC) to check the efficacy of different methodologies without being
constricted to single values of sensitivity and specificity, which largely depend on the threshold
or cut-off values chosen (Metz, 1978). For both LIAF and DRS, the classification of these
lesions were successful with very good values of ROC-AUC. Figs 10.1 (a-d) show ROC-curve
plotted using sensitivity and specificity values obtained for  LIAF ratios F500/F635, F500/
F685, and F500/F705 (See chapter 6) and DR HbO2 ratio R545/R575 (See chapter 5) to
discriminate different grades oral mucosa.  Discrimination of different tissue types are possible
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Table 10.2  Comparison of the diagnostic accuracies of the present study with ESS/DRS
spectral criteria of different international groups to distinguish in vivo hyperplasia (benign)
from pre-malignant dysplasia
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with ROC-AUC in the range 0.9-1. However, for the relevant clinical challenge, of discriminating
hyperplastic from dysplastic lesions using F500/F635 and F500/F685 LIAF ratios  ROC-AUC
values were 1, while for the F500/F705 ratio it was a  less at 0.986.   In another study, using
a different combination of normalization methods and classifiers de veld et al (2005) has
obtained ROC-AUC <0.65 to differentiate hyperplastic tissues from dysplastic tissues for
different excitation wavelengths, which are well below the values achieved in this study
using LIAF spectral ratios. In the same study, by applying the same procedure to DRS
spectra they have achieved a better ROC-AUC in the range 0.70-0.77. In comparison, the

Fig. 10.1  ROC curve and  area  for  four different intensity ratios (a) F500/F635 (b) F500/F685 (c)
F500/F705 (d) R545/R575,  for classifying hyperplastic from dysplastic tissues. (a-c) represent the
mean in vivo  LIAF ratio values from all sites of 43 patients except DST, LST and VBL (See chapter 6)
whereas (d) relate to the mean in vivo DR ratio from all the sites studied in 29 patients (See chapter 5).
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DR ratio R545/R575 has produced a ROC-AUC value of 0.952 to discriminate hyperplastic
from dysplastic tissues.  Therefore is  the AUC value shown by the R545/R575 ratio is of
great significance since the variation in the HbO2

 ratio values with tissue transformation are
often occur in the last two decimals and the good ROC-AUC value od 0.952 shows the
adequacy of the DRS-SRRS developed.  However, the results of the ROC curve analysis
shows that LIAF-SRRS is a better diagnostic technique as compared to DRS-SRRS.

In conclusion, it is evident that the LIFRS system developed has the capability to
sequentially measure autofluorescence and diffuse reflectance spectra from target tissues
and  be utilized as a non-invasive tool for oral cancer diagnosis. This study has clearly
shown that the methodology developed could act as an auxiliary adjunct to the clinicians in
tissue differentiation and facilitate speedy diagnosis at the clinic to arrive at appropriate
follow-up decisions, ensuing in treatment or surgery. Further, application of this this point
monitoring system is extendable for detection of other epithelial cancers of the cervix or
skin and has the potential to aid in demarcating malignant lesions during surgical
interventions.  It can also be adapted to detect superficial tumors of internal organs by
coupling to an endoscope.  Neverthless, the diffuse reflectance ratio technique by virtue of
its low cost, high sensitivity and specificity could turn out to be a viable alternative for in
vivo cancer screening. Thus, it can be concluded that findings of the current study
demonstrate that information provided by non-invasive DR, LIAF and LIPSIF
spectroscopyalong with suitable analytical methods has immense potential to diagnose oral
cancer in its early stages.

Eventhough,  there is no thumb rule regarding study population, the basic constraint of
this study was with respect to the patient population, especially as lesions were divided into
different categories for classification. Another limitation associated with point monitoring is
that it takes a few minutes to scan the entire lesion surface and to identify pre-malignant
changes. This can be overcome with the use of multi-spectral imaging systems based on
intensified CCD (ICCD) or EMCCD cameras that can gather fluorescence/reflectance images
of the suspicious sites at specified wavelengths regions with use of proper interference
filters or liquid crystal tunable filters in a fast and sensitive manner. The lateral spread of
malignancy as well as early tissue transformations could be assessed from fluorescence
image intensities at 635, 685  and 705 nm, or from the F500/F635, F500/F685 and F500/
F705 image ratios or with the use of the diffuse reflectance image ratio (R545/R575) with
white light illumination. Such imaging systems could be operated even by low-skilled persons
for tissue grading and would be very useful in the community extension centers for mass
screening of suspicious lesions.
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