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Foreword

In spite of much research efforts, oral cancer still afflicts many people all over
the world. Furthermore, little progress has been made in improving treatment
and patient’s outcome. This book on oral cancer for which Prashanth Panta is
responsible, both as Editor and Author of several Chapters contains a most
welcome overview on the subject. In view of his track record in Dental
Surgery, Dr. Panta is well qualified for this task and the result meets the
required standards. All aspects of oral cancer are covered, both the usual ones
such as progression of precancer, epidemiology, imaging and histopathology
but also new developments are included: colposcopy, spectroscopy, and other
modern analytic methods. A Chapter on diagnostic delays in oral cancer
emphasizes the benefit that may be obtained by timely diagnosis and treat-
ment and a Chapter on saliva based diagnosis of oral cancer describes an
approach that probably will be useful both in screening as well as follow-up,
allowing early detection of primary or recurrent tumor.

Both the Editor as well as the contributors are to be complimented with the
result of their efforts.

Nijmegen, Netherlands Pieter Slootweg, MD, DMD, PhD
Nijmegen, June 2017



Preface

Why Oral Cancer Detection Is Challenging?

More than 90% of all oral cancers are oral squamous cell carcinomas (OSCCs)
that arise from oral epithelium. Although OSCCs are superficial cancers,
highly accessible to clinicians, they are often discovered late (stage III-1V)!
Interestingly, OSCCs develop within an established group of conditions
referred to as “Oral Potentially Malignant Disorders” (OPMDs), of which
“leukoplakia” and “oral submucous fibrosis” are common candidates.
OPMDs are particularly noticed in the south Asian countries, due to the
extensive, unregulated, use of tobacco and areca nut products. Moreover,
OPMDs present as wide lesions, covering a large surface area (several centi-
meters wide) and exhibit varying degrees of clinical evolution ranging from
“dysplasia” to “invasive cancer.” This necessitates thorough screening with
different chairside strategies. Additionally, OSCC exhibits “field canceriza-
tion,” which is characterized by a lateral spread to areas distant from the
originally affected oral mucosa.

The challenge of early detection revolves around the discovery of acces-
sible and reliable signatures indicative of native tissue. Biomarkers in OSCC
include optical features like “loss of fluorescence,” characteristic Raman
spectra, classic intrapapillary capillary loop (IPCL) feature like “destructive
vessel” pattern, or a signature protein or RNA in saliva, which have all shown
sufficient accuracy of detection. The ultimate purpose of early detection is
immediate referral for treatment initiation, thereby minimizing harm from
extensive surgery, radiation, and chemotherapy, the current modalities of
treatment.

How Emerging Technology Simplifies Detection?

OSCC is of particular interest because they are epithelial malignancies. They
are therefore easily accessible, and application of technology is possible
through hand-held contact probes or through point-of-care testing of signa-
ture biomarkers within “representative and closely adherent” body fluids like
saliva.

vii
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Preface

Developments in the frontier areas of optical imaging, if harnessed, are
capable of uncovering subclinical malignant lesions. Imaging methods like
white-light-based fluorescence imaging and narrow band imaging have
shown success in numerous preclinical and clinical studies. Advanced optical
techniques like “optical coherence tomography” (OCT) are capable of pro-
viding excellent visualization of the oral epithelium, comparable to “micro-
tome sectioning” in standard histology. Furthermore, the incorporation of
additional functional features like “microcirculation mapping” along with
multimodal approaches can make it an even more powerful instrument to
probe suspicious oral lesions. Other modern analytical methods like Raman
spectroscopy have also shown good results for OSCC detection on saliva and
blood, particularly in combination with nanotechnology. Saliva-based bio-
marker discovery strategies (proteomics, transcriptomics, metabolomics)
have identified over one hundred signatures, some relevant even to stage I
lesions. Furthermore, with the emergence of nanotechnology these approaches
may be simplified. The electrical methods like “bioimpedance test” which
works on variations in conductivity and impedance of cancerous tissue, and
occult biophysical methods like “sensitive crystallization test” which works
on subtler biochemical changes in blood are also interesting approaches, but
need a more deeper scientific investigation.

The Future of the Field!

Intense research commitment in the discussed areas can potentiate early
detection of oral cancer. In the near future, “clinician’s decision making” will
become easier pertaining to “selection of representative biopsy site” in large
suspicious OPMDs, and in the “accurate determination of margin status” for
existing OSCC. In the long run it may be even possible to arrive at a rapid
diagnosis of epithelial malignancies, even without the need for tissue biopsy,
because biopsy itself expedites metastasis by increasing the scope for entry of
tumor cells into systemic circulation. Moreover, with epithelial malignancies
like OSCC, there is a great opportunity to explore using different strategies,
unlike deep-tissue malignancies (seated beneath the epithelium), which are
inaccessible at early stages. Overall, this book will take you through a jour-
ney from basic background of oral cancer to methods and technologies avail-
able for early detection, with a focus on the future.

Since most of the oral cancers are OSCCs, these terms have been used
interchangeably in some contexts.

Hyderabad, India Prashanth Panta
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Introduction to Oral Cancer

Prashanth Panta and Dimitrios Andreadis

Abstract

Oral cancer is the 6th most common type of
human cancer with a 5-year survival rate
approximately 50%, and its formation occurs
in multiple steps. In the majority of cases, a
well-established, preventable risk factor is
involved. Several potentially malignant disor-
ders precede oral cancer, each of them showing
a well-defined clinical presentation. Spotting
such precursor lesions should be no challenge
to experienced clinicians. The 2017 World
Health Organization (WHO) classification sys-
tem on “oral potentially malignant disorders”
is also presented here. Potentially malignant
disorders encompass habit associated condi-
tions, immune-mediated and inflammatory
disorders, and also conditions that may arise
due to solar radiation like actinic cheilitis and
also genetic disorders like dyskeratosis con-
genita. Like in other cancer models, studies
have focused on oral cancer stem cell popula-
tion as the cancer-initiating cells and hidden
culprits. Besides tobacco and alcohol, viruses
(HPV), nutritional deficiencies, mechanical
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trauma and galvanic phenomenon, candidal
infection, and inherited mutations are now
established etiological or synergistic factors
that cannot be underestimated in the genesis
and progress of oral cancer. This chapter deals
with common risk factors and oral potentially
malignant disorders.

1.1 Introduction

Oral cancer (OC) is the sixth common malig-
nancy worldwide, but in India, the scenario is
much worse, OC figuring as a leading cause of
cancer [1]. Nearly 90% of OC cases are oral
squamous cell carcinoma (OSCC), and most of
them occur in individuals beyond 40 years,
although recently trend is slightly different with
more cases recorded among younger individuals
[2]. The most common sites for OSCC are lat-
eral border of the tongue, buccal mucosa, gin-
giva, and floor of the mouth. OSCC is often
associated with well-defined risk factors. OSCC
burdens millions of people worldwide and is
mainly associated with tobacco, alcohol and
areca nut, human papilloma virus, nutritional
deficiency, mechanical trauma, and also infec-
tion with Candida spp. The majority of cases
arise because tobacco and alcohol are compli-
mentary. OC evolves from several precursor
conditions and often is associated with a delete-
rious habit. Oral cancer may also arise from

© Springer International Publishing AG, part of Springer Nature 2019 1
P. Panta (ed.), Oral Cancer Detection, https://doi.org/10.1007/978-3-319-61255-3_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-61255-3_1&domain=pdf
mailto:maithreya.prashanth@gmail.com

P. Panta and D. Andreadis

preexisting inflammatory conditions (e.g., oral
lichen planus) and sometimes in a distinct set of
genetic disorders.

1.2 Risk Factors

1.2.1 Tobacco, Alcohol, and Areca
Alkaloids

Tobacco is a major environmental risk factor for
OC. It contains many powerful carcinogens like
N-nitrosamines, polycyclic aromatic hydrocar-
bons, nitrosoproline, heavy metals—polonium,
benzene, and carbon monoxide and hydrogen
cyanide in smoke phase and numerous metabo-
lites [3]. There are over 4000 chemical com-
pounds, and each puff contains 10'° damaging
free radicals [3, 4]. Among the many, 62 com-
pounds have shown sufficient carcinogenicity
[3]. Although many OC patients are often smok-
ers, in India and other Asian countries, tobacco
in chewable form is equally common. Smokers
diagnosed with oral cancer are at risk to develop
a secondary tumor if they continue smoking, but
if they give up, there will be a marked reduction
of the risk of a second cancer. In a Swedish case
control study, a dose of 11-20 cigarettes/day
was identified as a strong risk factor [5]. The
risk factor with marijuana smokers is not yet
established. Cigarette smoke contains com-
pounds that contribute to alterations in a spec-
trum of genes involved in oxidative metabolism,
xenobiotic pathways, cell adhesion and the mis-
match repair system, etc. [6]. The effects of
tobacco are principally mediated through free
radicals. In normal cells the mismatch repair
(MMR) system contributes largely to the cor-
rection of mutations, but in smokers there is a
covalent modification (hypermethylation) of
their gene promoters resulting in loss of expres-
sion, leading to cancer [7]. Smokeless tobacco
is often combined with areca nut, and some-
times areca nut is taken separately, both being
independent risk factors for oral cancer [8].
Electronic cigarettes are a safe substitute to
tobacco cigarettes [4]. In nonsmokers, the most
common site is the tongue.

The use of alcohol strengthens the effect of
smoking (synergistic effect). Hard liquor, wine,
and beer are common liquor forms mediating this
effect. Both salivary and circulatory concentra-
tions of alcohol are almost the same [9]. Intake of
alcohol increases the effect of carcinogens by: (1)
dehydrating the oral mucosa, (2) increasing
mucosal permeability through alteration of phys-
icochemical properties of the cell membrane
(membrane fluidity and shape), and (3) causing
dysfunction of the liver and impairment of min-
eral metabolism (retinoids, zinc, etc.) [9]. The
effect of ethanol on oral tissues is dose dependent
with 100 g/day showing a strong relative risk [9].
The mutations caused by smoking and tobacco
are fundamentally mediated through reactive
oxygen and nitrogen species (ROS, NOS) [2, 10].
Mitochondrial electron transport is a major pro-
ducer of ROS. Alcohol is acted by alcohol dehy-
drogenase and converted to acetaldehyde (AcH),
a powerful carcinogen. Acetaldehydes are further
activated by acetaldehyde dehydrogenase (ADH)
and converted to acetate [10]. Mutations in the
ADH enzyme family can also result in accumula-
tion of AcH, which can induce point mutations
and also gross chromosomal aberrations. Alcohol
may also induce epigenetic alterations like
histone deacetylation and methylation at differ-
ent residues making gene promoters active or
inactive [10].

The use of areca nut is common to Asia. It
contains many alkaloids mainly arecoline (0.2%),
guavacoline, and polyphenols (>11%) which
increase collagen production leading to fibrosis
[11]. Betel nut and pan chewing also cause
chronic inflammatory changes. Catechin and tan-
nins in betel nut have synergistic roles making
collagen more resistant to break down by colla-
genase. High levels of copper in betel nut (~13
parts per million) [12] lead to increased salivary
copper levels which upregulates lysyl oxidase
expression, a collagen cross-linker that decreases
its degradation. Lysyl oxidase supports the for-
mation of aldehydes from lysine residues. Copper
in the betel nut quid is due to the use of copper
sulfate-rich Bordeaux mixture, a fungicide
sprayed during cultivation of areca plants.
Transforming growth factor beta (TGF-8) is an
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important chemical mediator activated by areca
products (arecoline) that mediate collagen
deposition [11]. Areca nut is rich in polyphenols
and their role cannot be neglected. Areca nut use
is associated with oral submucous fibrosis.

1.2.2 Age and Nutritional
Deficiency

OSCC normally occurs at more advanced age, in
fourth to fifth decades. Patients under 40 years
with OSCC are usually nonsmokers and nonalco-
holics [11, 12]. It takes many years for genetic
changes to accumulate. Also with age the immu-
nological surveillance systems and repair mecha-
nisms decline. In younger patients, the tongue is
a frequently involved location [13]. Younger
patients with tongue squamous cell carcinoma
(TSCC) have reported with worse nodal status
and significant perineural invasion [14]. In
patients who receive bone marrow transplanta-
tion or with inherited cancer disorders like xero-
derma pigmentosum and Fanconi’s anemia,
OSCC may also occur at a young age, even less
than 20 years.

Minerals and vitamins are essential micronu-
trients, and their deficiency is an intrinsic factor
in cancer development and a preventable cause.
Deficiencies in niacin and antioxidants result in
DNA breaks, and correction of their levels
reduced the incidence of oral cancer [15]. Vitamin
C, A, and E may help in tissue integrity, epithelial
maturation, and protection from toxic exogenous
or endogenous products and exhibit a significant
depletion in many OC patients, which could be
not only be a cause but also the result of OC [16,
17]. Vitamin C intake in natural and supple-
mented form was shown to have an inverse asso-
ciation with the overall incidence of head and
neck and OC cases [18-20]. References concern-
ing vitamin A and oral cancer are numerous, and
a large body of evidence supports the protective
role of vitamin A; depletion in retinol is a com-
mon finding in OC patients [17]. Vitamin A and
beta-carotene dietary enrichment decreased OC
risk in animal models. Vitamin A supplementa-
tion also leads to regression of oral leukoplakia, a

potentially malignant disorder. Other trace ele-
ments of relevance in cancer include iron and
selenium.

1.2.3 Viruses

Viruses are important players in many malignan-
cies. Although they cannot be referred as direct
contributors, as in cervical carcinoma, they defi-
nitely are players in the genesis of OSCC. The
viral hypothesis was initiated mainly for the fol-
lowing reasons: viruses can transform cells
in vitro, viral genome is present in tumor cells,
and viruses induce cancer in experimental
models.

Human Papilloma Virus (HPV) is a DNA virus
and its subtypes: 16, 18, 6, 11, are frequently found
in oropharyngeal mucosa. According to a meta-
analysis, approximately 26% of head and neck
squamous cell carcinoma (HNSCC) contain HPV
genome [2, 21]. OSCC and oropharyngeal squa-
mous cell carcinoma (OPSCC) biopsies in patients
without a history of smoking and/or alcohol abuse
were positive for HPV in many cases indicating
their possible role in pathogenesis. The association
between oropharyngeal cancer and HPV varies
considerably (0-100%), also varying with geo-
graphic locations [22]. The prevalence of HPV
16/18 in oral and oropharyngeal dysplasia is 3
times more than in normal biopsies, as pointed out
in a recent meta-analysis (1985-2010) [21]. In a
meta-analysis  (1982-1997) by Miller and
Johnstone, HPV prevalence was 22.2% in benign
leukoplakia, 26.2% in dysplasia and carcinoma
insitu  (intra-epithelial neoplasia) and 46.5%
(almost 2 fold) in OSCC [23]. HPV was identified
in 80.6% of koilocytic dysplasia, a form of oral epi-
thelial dysplasia [24]. In this lesion, the light
microscopic features (koilocytes etc) were suffi-
cient to predict HPV with an accuracy of 80%.
HPV-16 prevalence is specific to certain oral sites
such as base of tongue, tonsillar and laryngeal
SCCs. HPV can be broadly divided based on their
pathological ability into low-risk and high-risk
type. The low risk ones cause oral warts or papil-
lomas, and the high risk ones (HPV 16/18) cause
malignancy. It is also suggested that HPV is
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sexually acquired (oro-genital contact) [25], which
may be the reason for the recent rise in OC cases.
HPV is a common inhabitant of the cervical
mucosa and well-established risk factor for cervi-
cal carcinoma. HPV positivity (particularly HPV
16) is frequently seen in married white patients,
belonging to high socio-economic order (50000$
annual income), without history of smoking or
alcoholism [2, 26]. Also sero-positivity of herpes
simplex virus (HSV-1,-2) modifies OC risk associ-
ated with tobacco, alcohol and HPV subtypes. The
simultaneous presence of HSV-1 and HPV 16
DNA has been reported. HSV-1 may be a cofactor
to cigarette smoking and HPV infection. It is
believed to ‘hit and run’ in the early event.
Literature is scarce on the link between Epstein
barr virus (EBV) and oral cancer, but EBV is more
frequently detected in oral lichen planus, an OC
precursor. Studies have identified a significant cor-
relation between EBV-DNA and OSCC, but its
contribution in carcinogenesis is unsolved. The
identification of virus in OSCC specimens is also
limited to the technique employed. Standard
method for HPV identification is PCR based detec-
tion of E6 mRNA in frozen specimens; another
surrogate marker is the overexpression of
pl6INK4A protein, a cyclin dependent kinase
(CDK) inhibitor protein [27]. HPV positivity is an
important prognostic factor for survival; such
patients had a better 3 year survival rates after
adjusting for age, race, tumor and nodal status,
tobacco exposure and treatment application [28].

HPYV oncoproteins (E6 and E7) exhibit inter-
action with the two most important tumor sup-
pressor genes: tumor protein p53 (7P53) and
Retinoblastoma (RB), and telomerase, critical
tumor suppressors and cause oral epithelial cell
immortalization. E6 causes degradation of TP53,
and E7 inactivates retinoblastoma pathway [27].
The activation of these genes and the detection of
their relevant products are the gold standard for
characterization of HPV-driven head and neck
cancer, nowadays.

1.2.4 Trauma and Inflammation

Trauma or irritation to oral mucosa is a neglected
but common potential risk factor. Denture irrita-

tion, irregular teeth, faulty restorations, and
chronic cheek biting cause trauma that results in
inflammation and tissue regeneration processes.
OSCC was also reported in a patient with mental
disorder who indulged in injuring himself using a
toothpick [29]. Also mechanical trauma and gal-
vanic phenomena arising from close contact of
mucosa with prosthesis may implicate in oral
carcinogenesis of certain cases [30]. Evidence is
missing whether this occurs directly or via
lichenoid dysplasia. The contribution of trauma
to malignancy is linked through inflammation
and may be intensified by smoking and alcohol
consumption [31]. Some patients even develop
OSCC in the complete absence of alcohol and
smoking, simply from mechanical trauma [32,
33]. We have noticed many patients, who admit-
ted themselves with sharp teeth associated with
nodular lesions and non-healing ulcers on the
tongue, floor of the mouth, and maxillary retro-
molar area, which proved to be carcinomas.
Clinical judgment whether or not to biopsy such
lesions is critical and dependent totally on the cli-
nician’s experience. As a guideline clinicians
usually wait for 2-3 weeks to see if there is heal-
ing after removal of the presumed traumatic
agent. There is only little evidence on mecha-
nisms involved in OC arising from trauma, and
therefore, this represents a potential area for
research. Mechanical trauma needs more atten-
tion and is a definitive cause for OC [33]. Chronic
mucosal trauma is not an entity in itself but
showed significant cancerous potential. This
entity is a chronic inflammatory condition; a
large body of evidence favors it as a cause of oral
cancer.

1.2.5 Mouthwash and Toothpaste

The link between mouthwash/toothpaste with
oral cancer is not strong, although there is some
evidence. Interviews conducted in patients with
oral cancer and healthy controls identified mouth-
wash as a possible culprit [34]. The incidence of
alcohol-containing mouthwash was higher among
OSCC individuals than healthy individuals. Many
authors have shown Viadent products (toothpaste
and mouthwash) containing sanguinaria extract
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to have a strong association with leukoplakia-like
lesions of the maxillary vestibule [35, 36]. In the
Indian market, similar products are still sold,
some even containing tobacco.

1.2.6 Candida

Changes in microbiome as a cause of neoplasia
were disregarded by many authors for several
years. Later a role for these was shown in many
cancers. Helicobacter pylori is implicated in gas-
tric carcinoma; in a similar way, there is some
evidence on the role of Candida spp. in the emer-
gence of malignancy. Candida albicans disrupts
epithelial cadherin (E-cadherin) adherens junc-
tions between epithelial cells [37]. Candida was
shown to exhibit some promoter effect during
neoplasia [37-39]. Candida is normally a com-
mensal and colonization is limited by the host
immune system. Both keratinocyte features and
Candida type happen to influence Candida colo-
nization and adherence [40]. The carcinogenic
compounds produced by Candida include nitro-
samines; N-nitrosobenzylmethylamine (NBMA)
can induce mutations. Alcohol consumption can
increase the carcinogenic potential of Candida
albicans as Candida albicans produces aldehyde
from ethanol through alcohol dehydrogenase iso-
enzyme which may play some role in oral carci-
nogenesis [41].

1.2.7 Solar Radiation

Solar radiation is a major risk factor for lip squa-
mous cell carcinoma. It is responsible for a group
of potentially malignant lip lesion actinic kerato-
sis of the lip (actinic cheilitis), which may prog-
ress into squamous cell carcinoma. SCC of the
lip is less aggressive and shows a favorable prog-
nosis. The ultraviolet component in solar radia-
tion primarily targets nucleic acids; in this way it
is responsible for cancerous transformation of lip
mucosa. The passage of ultraviolet radiation to
the earth has also increased with time due to
growing industry, and the ultraviolent band in
particular is to be blamed in lip cancer, especially
in the absence of tobacco habit. Outdoor occupa-

tion and lacking sunscreen protection in these
patients strengthen the role of solar radiation in
OSCC.

1.3  Oral Potentially Malignant

Disorders (OPMD)

According to the recent (2017) World Health
Organization (WHO) Classification of Head and
Neck Tumors, “OPMDs are clinical presentations
that carry a risk of cancer development in the oral
cavity, whether in a clinically definable precursor
lesion or in clinically normal oral mucosa” [42,
43]. This revised term eliminated confusion as all
precancerous lesions and conditions are essen-
tially the same in one sense, being precursors to
oral cancer. Oral cancer can arise at these loca-
tions. Oral potentially malignant disorders
(OPMD) refer to the entire spectrum of epithelial
disorders (major category) associated with
tobacco (but not limited to it), or connective tis-
sue or general disorders (genetic defects) associ-
ated with some potential or susceptibility for
OSCC. The word ‘potentially’ was applied as
these disorders as they do not always lead to can-
cer, but are ‘potentially cancerous’. The word
‘disorder’ refers to a disturbance of tissue in
terms of genetics and microscopic modifications
leading to clinical altered appearance compared
to normal counterparts. The link between OSCC
and certain disorders is undisputed. The rate of
malignant transformation is higher when poten-
tially cancerous disorders (PMDs) involve the
tongue. For PMDs regular follow-up at least at
2—-6-month intervals is advisable, but this
approach cannot be generalized and depends on
the type of lesion [42]. Although transformation
in some lesions is still debatable, for many lesions
a large body of evidence highlights the risk of
transformation. However more recently in 2017,
in the fourth edition of the WHO, a large number
of modifications were made [43]. Common
OPMDs, as in the fourth edition, include leuko-
plakia, erythroleukoplakia, erythroplakia, oral
submucous fibrosis, actinic keratosis of the lip,
smokeless tobacco keratosis, palatal lesions asso-
ciated with reverse smoking, chronic candidiasis,
lichen planus and discoid lupus erythematosus,
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syphilitic glossitis, and dyskeratosis congenita.
We have grouped them based on etiology into:

. Habit associated conditions

. Inflammatory, immune-mediated lesions
. Lesions secondary to solar radiation

. Infections

. Rare inherited disorders [44, 45]

DN AW N =

Habit-associated conditions and inflammatory
and immune-mediated lesions are very common in
clinical and community settings. DNA damage can
occur following exposure to ultraviolet band in
solar radiation. Lesions associated with solar radia-
tion and inherited disorders represent a minor group
of disorders with small risk of transformation.

1.4  Group l: Habit-Associated
conditions (Major Category)
1.4.1 Leukoplakia

Leukoplakia is a clinical term and is a non-
scrapable white plaque which cannot be defined
as any other lesion or OPMD. In fact tobacco use
and alcohol consumption are associated with
many cases of leukoplakia. It is an exclusion diag-
nosis, made after ruling out the presence of simi-
lar white lesions of known origin. It is the most
common OPMD of the oral cavity, involving any
site. Broadly, leukoplakias are homogenous or
nonhomogenous including speckled, erythroleu-
koplakia, verrucous, and proliferative as well.
Idiopathic leukoplakia (nontobacco-induced leu-
koplakia) described in some reports is a rare, less
examined, and less recognized entity. Among all
subtypes, homogenous leukoplakia is the most
common. Although, generally the transformation
risk of leukoplakia globally is approximately
1-2%, some meta-analyses indicate a higher risk.
The determinants of malignant transformation are
nonhomogeneous appearance of leukoplakia,
large size of lesion (>200mm?), presence of dys-
plasia, involvement of the lateral and ventral
tongue, age, and female gender [46]. There are
various forms of leukoplakia, each associated
with a different rate of malignant transformation.

Malignant transformation is also site specific and
differs widely, with buccal lesions possessing low
risk (3.53%) and tongue lesions possessing a high
risk (22.4%) [47]. Leukoplakia involving the buc-
cal mucosa and lip is more benign (Fig. 1.1). The
tongue and floor of the mouth are two high-risk
locations for leukoplakia (Fig. 1.2), exhibiting
highest dysplasia and aneuploidy status [48].
Generally, nonhomogenous type of leukoplakia
shows a higher risk of transformation. In speckled
leukoplakia, the site with erythematous (red)
component needs to be biopsied (Fig. 1.3) [49]. In
addition lesions with increased thickness or a ver-
rucous surface may contain epithelial changes
including severe dysplasia and need total exci-
sion. Leukoplakia with Candida (Fig. 1.4) has a
more cancerous potential as these organisms pro-
duce carcinogenic nitrosamines and related prod-
ucts. Candidal strains with high nitrosation
potential were isolated from advanced cancerous
lesions, and Candida was referred as a promoter
of oral epithelial neoplasia [41].

Proliferative verrucous leukoplakia (PVL) is a
rare, hyperkeratotic, and proliferative variant
associated with the highest malignant transfor-
mation rate of over 70% (Fig. 1.5) [50]. It is fre-
quently seen among elderly women, common
sites being the tongue, alveolar ridge, and buccal
mucosa [50]. It occurs both in smokers and non-
smokers. The female to male ratio is 4:1, and at
times it occurs bilaterally. Its histological find-
ings can range from hyperkeratosis without dys-
plasia to conventional squamous cell carcinoma,
each of the foci existing at a different grade [50].
It is a multifocal condition and field canceriza-
tion is a striking feature [51]. Recently criteria
for PVL were set by with a broad coverage of
features such as site, verrucous nature, extension,
recurrence in a treated site, wide histological
variation being the major criteria, and large size
(>3 cm) occurrence in a nonsmoking patient and
disease duration greater than 5 years being the
minor criteria [50]. Three major criteria (two
major plus one minor) confirm PVL. In PVL,
multiple malignancies can occur at uncommon
locations, due to its multifocal nature. Ideally,
PVL patients should be followed up at least once
in 6 months [51]. PVL can be managed through
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Fig. 1.2 Leukoplakia involving tongue and floor of mouth are high risk variants to be managed with caution
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Fig. 1.4 Candidal
leukoplakia presenting
as a non-scrapable white
lesion masquerading as
speckled leukoplakia (a,
b), responded quickly to
local antifungal therapy
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Fig. 1.5 Proliferative verrucous leukoplakia presents as a
wide lesion with thick white, and red elements

wide excision and carbon dioxide lasers.
Leukoplakia may sometimes present as a multi-
focal disease, which may reveal multiple areas of
malignancy (microscopically) due to the field
cancerization phenomenon [52]. Multiple field
mapping biopsies are of value in such cases.

1.4.2 Oral Submucous Fibrosis

Oral submucous fibrosis (OSF) is a chronic,
insidious, precancerous disorder affecting the
oral cavity, pharynx, and esophagus. It is highly
prevalent in India and Southeast Asia and also
seen among young individuals [53]. This condi-
tion presents with fibroelastic changes in the
lamina propria and shows epithelial atrophy.
Fibroelastic changes lead to stiffness of mucosa
and reduced mouth opening. The only risk factor
associated with OSF is areca nut (Areca catechu),
also known as betel nut. OSF is slow, a chronic
process developing several years after the initia-
tion of this habit. The risk of developing OSF
increases steadily with increasing frequency of
the chewing habit and increasing duration
(~4 years) [54]. At the initial stage, there is a
burning sensation which is aggravated on con-
sumption of spicy foods, and there is mild blanch-
ing of oral mucosa. In the advanced stage, there is
a burning sensation even in the absence of stimuli
(no aggravating factors), moderate to severe
blanching, and restricted tongue movements due
to fibrotic bands (Fig. 1.6). As time passes, the

Fig. 1.6 Pale blanched oral mucosa in oral submucous
fibrosis

fibrotic bands become thicker, and ulcers and
erosions may appear. Other features of OSF
include increased salivation, altered taste sensa-
tion, dryness of the mouth, impaired hearing,
change in voice, and difficulty in swallowing.
Once OSF develops, there is neither regression
nor any effective treatment.

An altered collagen deposition and degrada-
tion cycle and fibroblast life cycle are central to
this pathology. These changes are a direct result
of various chemical components in areca nut.
Areca nut contains copper as mentioned earlier,
which is partly responsible for OSF. Assessment
of copper concentration in saliva and histological
grade of OSF yielded a significant association,
and a threefold increase in saliva copper concen-
trations was found in OSF individuals [55].
Copper levels were estimated using rhodamine
stain, where color intensity and number of copper
granules showed marked increase in biopsies
obtained from OSF patients [55].

Many studies were conducted evaluating the
role of copper and zinc in the pathogenesis of
OSF [56]. An elevated copper/zinc ratio is a fre-
quent observation. Hematological investigations
in OSF patients usually reveal iron deficiency
anemia [55]. Changes in the level of antioxidants,
superoxide dismutase, glutathione peroxidase,
and vitamin A and E were frequent observations
[55]. Histological features of OSF include epithe-
lial atrophy, deep rete pegs, degeneration of basal
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cells, hyalinization of connective tissue, and
inflammatory cell infiltration. Individual suscep-
tibility to OSF varies considerably. This wide
variation after the same degree of exposure to
areca nut products is most likely due to genetic
factors. Six collagen and collagen-connected
gene polymorphisms (collagen 1A1, collagen
1A2, collagenase-1, lysyl oxidase, transforming
growth factor-1, cystatin C) and polymorphisms
in glutathione S-transferases (e.g., glutathione
S-transferase theta 1 (GSTTI1), glutathione
S-transferase mu 1 (GSTM1)), and cytochrome
P450 xenobiotic genes increase susceptibility to
OSF [57-59].

Follow-up studies have highlighted advanced
cases to be associated with malignant transfor-
mation. Malignant transformation rate of OSF is
approximately 2-8% [60]. Arecoline is a princi-
pal etiological factor in this process as it increases
oxidative damage to DNA causing double-strand
breaks and nitrosation [61]. To further compli-
cate this, local fibrosis restricts oxygenation to
oral tissues leading to epithelial hypoxia, another
roadway to malignancy. The hypothesis connect-
ing hypoxia and malignant transformation was
strengthened by the proportional thickness of
fibrosis and dysplasia. Hypoxia induces produc-
tion of hypoxia-inducible factor 1 alpha (HIF-1a),
which was already proven as a cancer marker in
malignancies [62, 63]. SCC developed in OSF is
more often seen in young individuals, who show
better tumor grade and a lower risk for nodal
involvement (good prognosis) [64]. Malignancy
risk may be higher in individuals who take betel
nut, tobacco, and slaked lime (Fig. 1.7).

1.4.3 Erythroplakia

Erythroplakia or “erythroplasia of Queyrat” is a
fiery velvety red patch that cannot be character-
ized as any other lesion. It is a diagnosis of exclu-
sion and considered as the most dangerous oral
potentially malignant disorder. Its red appearance
is due to atrophic-neoplastic epithelium and
reduced keratinization [65]. Thin epithelium and
the absence of keratinization allow visibility of
underlying microvasculature imparting a red hue.

Fig. 1.7 Oral squamous cell carcinoma arising in a back-
ground of oral submucous fibrosis

The prevalence rate of erythroplakia is very low
(0.02-0.83%). Lesions mostly are less than
1.5 cm in diameter [66]. Preferred sites are the
soft palate, the retromolar area, the buccal
mucosa, the tongue, and the floor of the mouth.
Commonly, elder people are involved in their
fifth to seventh decades [67]. Males and females
are at equal risk. The exact pathogenesis is not
clearly understood, but the two strongest risk fac-
tors include smoking and alcoholism [66].
Histologically, the lesions showed severe dyspla-
sia in association with invasive carcinoma in 51%
cases [68]. It is recommended to use carbon
dioxide laser to excise them, but larger lesions
are associated with higher recurrence rate [69].

1.4.4 Palatal Lesions Associated
with Reverse Smoking

Reverse smoking is smoking with the burning
end of the cigarette kept in the mouth. This habit
is commonly seen in females, in the Indian sub-
continent, especially in the Coastal Andhra popu-
lation [70]. Palatal changes occur mainly due to
heat, but the role of the smoke itself cannot be
disregarded. The palatal changes seen in reverse
smokers include hyperpigmentation (smoker’s
melanosis), depigmentation, excrescences, and
ulceration. Temperature is an important regulator
of tyrosinase activity and melanin production;
therefore hyperpigmentation is the most common
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finding in reverse smokers [71]. Well-defined
potentially malignant disorders like leukoplakia
and erythroplakia occur in reverse smokers [72].
Malignancy in reverse smokers was reported to
coincide with gland distribution of oral mucosa
(middle or posterior half of the hard palate but
not in soft palate or anterior halve) [73]. In an
interview-based cross-sectional study [74],
reverse smoking was identified as a major deter-
minant of palatal cancer with all patients with
palatal cancer revealing the habit of reverse
smoking, and reverse smoking of chutta
(Indianized homemade cigar prepared from
folded tobacco leaf) was associated with more
lesions than conventional smoking.

1.5 Group lI: Inflammatory,
Immune-Mediated Lesions
1.5.1 Oral Lichen Planus

Oral lichen planus (OLP) is an immune-mediated
disorder. It is common in the general population
with an average prevalence rate of 0.5-2% and is
seen chiefly among females between the third
and sixth decades [75]. Wickham first described
the reticulated and striated lesions, and the histo-
logical features were elucidated by Darier.
Cutaneous lesions are seen in 10—15% of patients
with OLP. Oral lesions in lichen planus may
occur weeks to months, before they become man-
ifest at other sites [76]. OLP involves the buccal
mucosa, lateral border of the tongue, and gingiva
often presenting with bilateral lesions. Lichen
planus is caused by a cell-mediated immune
mechanism leading to basal cell degeneration.
Factors to blame in OLP include stress, female
hormones, diabetes, hepatitis C infection, etc.
[77, 78]. The frequency of certain major histo-
compatibility complex haplotypes (both higher
and lower incidence) was found to show signifi-
cant association with OLP in different popula-
tions [79]. The clinical course includes periods of
remissions and acute exacerbations. In general,
OLP contains both red and white elements. The
major clinical variants include reticular, papular,
plaque, bullous, erosive and erythematous, and

ulcerative. In the reticular variant, fine white lines
in a network pattern referred as “Wickham striae”
are seen bilaterally mostly on the buccal mucosa.
However, the reticular component is pathogno-
monic to all forms of LP and is essential to make
a tentative diagnosis of lichen planus. The reticu-
lar form is the most common, milder form, not
associated with malignant transformation, and
the erosive form is more painful and precancer-
ous (Fig. 1.8) [76, 77, 80]. In the erosive form,
the degree of apoptosis in the epithelium is
higher, and in the reticular form, the degree of
apoptosis in the subepithelial inflammatory infil-
trate is higher [81]. The epithelial thickness in
both forms is thinner than in healthy oral mucosa.
The clinical manifestations are proportional to
the degree of subepithelial inflammation. An
increase in inflammatory infiltrate (more lym-
phocytes) usually results in a higher destruction
of basal epithelium making the epithelium ero-
sive and ulcerative. Inflammation also triggers
epithelial hyperkeratosis. An inflammatory gradi-
ent is observed in and around OLP, and a mild
erythematous reaction is noticed at the periphery
when there is hyperkeratosis. OLP is histologi-
cally characterized by a subepithelial band of
inflammatory infiltrate (T lymphocytes and mac-
rophages), liquefaction degeneration of basal
cells and saw-toothed rete pegs, and intraepithe-
lial T-cell migration [76]. The mechanism under-
lying LP is “autoreactivity of T lymphocytes to
antigens on basal cells.” OLP is chiefly a CD8*/
CD4* disturbance. Mast cell degranulation and
upregulation of matrix metalloproteinases occur
adjacent to basal epithelial layers. Mast cell
degranulation is a non-specific event, which
releases many chemical compounds ranging
from inflammatory mediators (tumor necrosis
factor alpha (TNF-o)) to proteases (chymase,
tryptase) which damage the basal cells and base-
ment membrane [82, 83]. The end result is degen-
eration of basal cells and apoptosis together with
disorganization of the basal membrane zone.
Lesions (cutaneous) are pruritic, and both oral
and cutaneous lesions heal with pigmentation
(post-inflammatory pigmentation). A few patients
with LP may have lesions not only in gingiva but
also in esophageal [84, 85] and genital region
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Fig. 1.8 Erosive lichen
planus is a red -white
bilateral lesion
surrounded by a
network of white lines
referred as wickham’s
straie, often associated
with burning sensation

(vulvovaginal-gingival syndrome, peno-gingival
syndrome) [86, 87]. They present with erosive
and erythematous lesions. OLP may be also asso-
ciated with diabetes and hypertension syndromes
and sometimes associated with alopecia and nail
changes [82].

It is debatable whether cases of lichen planus
proceeding to cancer were genuine LP cases or
just lichenoid dysplasia. “Keratotic plaque-like”
and “erosive” or the atrophic subtypes of OLP
have the highest malignant potential (1.1-6.7%)
[88-91]. Hence it is necessary to examine and
evaluate and reevaluate OLP cases on a routine
basis. The incidence ratio of OSCC arising in
OLP was found to be high among patients with
hepatitis C virus (HCV) infection, so it is impor-
tant to screen for HCV and to rule out malig-
nancy; a biopsy may be necessary [78]. OLP
responds quickly to systemic and topical cortico-
steroids, e.g., clobetasol propionate 0.05% or
other immunomodulators (tacrolimus) depending
on disease severity. All patients need to be

informed about its malignant potential. One sys-
tematic review reported female gender and old
age as two risk factors connected with malignant
transformation [92]. Although some studies iden-
tified genetic profile of OLP to be similar to
benign lesions, ideally we can consider OLP to
have some potency for malignancy [93]. The
clinical evolution of proliferative verrucous leu-
koplakia from LP has also been reported [94].
Authors have also hypothesized green tea con-
sumption as a strategy in the prevention of trans-
forming OLP [83].

1.5.2 Discoid Lupus Erythematosus

Discoid oral lesions are part of lupus erythemato-
sus (LE), a well-known connective tissue disor-
der. LE localized to the skin or mucosa is
considered as the discoid form, and when involve-
ment is more generalized, it is considered as sys-
temic LE [95]. The oral discoid lesions range
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from 0.5 to 2 cm and chiefly involve the labial
mucosa, buccal mucosa, gingiva, and vermilion,
characteristically among females [96]. The dis-
coid lupus oral lesions present as circumscribed,
elevated white lesion surrounded by a red halo. A
radiating pattern similar to a lichenoid reaction is
seen but in a diverging sunray or brush border
form. Sometimes these lesions may also show a
leukoplakia-like transformation (leukoplakia-
like stage) or mimic lichen planus [97]. Discoid
oral lesions are often seen in combination with
skin lesions. Histological features include acan-
thosis, hyperkeratosis and keratin plugging, lig-
uefaction of basal layers, and thickening of the
basement membrane.

The pathogenic mechanism underlying LE is
defective T-cell-macrophage signaling-killing
and autoantibody production. Squamous cell car-
cinoma arising in oral lesions is uncommon but
occasionally reported [98]. The reason for malig-
nancy in these cases is attributed by some authors
to the nature of the disorder itself, but some attri-
bute it to drugs like cyclophosphamide taken in
LE [99]. Malignancies common with systemic
LE are non-Hodgkin lymphoma, squamous cell
carcinomas of the sun-exposed skin, and vulvo-
vaginal, lung, and hepatobiliary malignancies
[100, 101].

1.6  Group lll: Lesions Secondary
to Solar Radiation
1.6.1 Actinic Keratosis

Actinic keratosis (AK) is a potentially malignant
disorder of the lips frequently seen in individuals
belonging to geographic locations with heavy
exposure to solar radiation [102]. It is seen
mainly in males (> 40 years), with a fair com-
plexion, and presents as diffuse erosive keratotic
plaques involving the vermilion border [103,
104]. The use of sunscreen and limiting exposure
to sunlight are general preventive measures. It is
more common among agricultural workers and
fishermen (outdoor occupation) who are fre-
quently exposed to ultraviolet (UV) radiation
[103]. UV radiation in the range of 100-400

nanometers is pathogenic and filtered by the
upper atmospheric layers [103]. In the UV spec-
trum, the band connected to the genesis of AK is
UV-B radiation. UV-B is harmful as it causes
covalent bonding of cytosine bases and can lead
to P53 depletion, the protein product of an impor-
tant tumor suppressor gene [102]. Melanin seems
to have a protective role in the development of
AK, as most of the patients are white complex-
ioned or suffer from albinism. Also, the vermilion
border is thin and lacks significant keratin and
melanin content thus making it more susceptible
for UV-B effects.

AK can present as white non-ulcerated lesion,
as erosions or ulcers, or as an admixture of white
and erosive pattern and with unclear separation
between skin and vermilion border [104]. The
keratotic flakes are a hallmark feature and usually
progress to thickening, which indurate and ulcer-
ate. Histologically they show keratinization, high
mitotic activity, drop-shaped rete pegs, baso-
philic change in connective tissue, and intact
basement membrane together with elastosis of
the underlying stroma [104]. Medical manage-
ment includes the use of topical 5-fluorouracil or
imiquimod and other approaches like photody-
namic therapy using methyl ester of aminolevu-
linic acid, vermilionectomy, CO, laser, and
cryosurgery [105]. Follow up is critical in cases
of actinic keratosis.

1.7  Group IV: Infections

1.7.1 Oral Syphilis

Syphilis is a highly infectious condition caused
by the organism Treponema pallidum. It can be
divided into primary, secondary, latent, and ter-
tiary forms, whereas congenital syphilis is a form
that occurs as a result of mother-to-child transfer
via the placental barrier. In oral mucosa, ulcer
named chancre (single or multiple) can be
observed, accompanied by lymphadenitis con-
sisting the characteristic feature of primary syph-
ilis, and occur at the site of penetration of
organism. Secondary form is characterized by
maculopapular areas, mucous patches, or papules



14

P. Panta and D. Andreadis

called condylomata lata, in the tertiary syphilis, a
granulomatous inflammatory lesion known as
gumma (nodular or ulcerative destructive lesion)
and glossitis as lobulated (interstitial) or atrophic
(loss of dorsal tongue papillae). These lesions are
abundant with the infective organisms and highly
infective but heal spontaneously. In an extensive
PubMed survey on oral syphilis cases between
1950 and 2011 by Leuci and colleagues, 23
reports were identified that described 34 patients.
Thirty-five were classified as primary, 56% were
primary, and 9% were tertiary forms and
presented into a variety of forms which include
ulcers, mucosal patches, keratosis, pseudomem-
branous lesions, and rarely gummas [106].
Among the oral manifestations, the characteris-
tic, atrophic, and syphilitic glossitis has been
classified as an oral potentially malignant disor-
der. The manifestations depend on time, site of
infection (skin or mucous membranes), and the
immune status of the individual. The strength of
the delayed hypersensitivity response is also piv-
otal for defense against syphilis mediated by the
CD4* cell population. And in the immunosup-
pressed individuals, massive levels of T. pallidum
may be also found in the internal organs. Major
studies on delayed immunity basis of syphilis
arise from the study in rabbits [106, 107]. More
recently the pathological profiling of secondary
syphilis cohort identified intense expression of
immune-inflammatory and vascular proteins,
namely, intercellular adhesion molecule 1
(ICAM-1), vascular endothelial growth factor
(VEGF), and CD34 [108].

In 1994, Michalek et al. identified 350 cases
of (OSCC and Kaposi sarcoma) combined in a
cohort of 16,420 people diagnosed with syphilis
during a 15-year window. Although no conclu-
sions were made, a suspicion was drawn between
cancer and syphilis [109]. In the following year,
Dickenson et al. identified in a cohort of 63
OSCC patients 5 patients (8%) who reacted pos-
itively for syphilis antibodies [ 109]. Interestingly,
syphilitic oral lesions were also misdiagnosed
for oral cancer in some patients [107]. Taking
into account all the available evidence, OSCC
arising in a patient with syphilitic glossitis is
extremely rare but possible. Serological screen-

ing for syphilis is warranted for all patients with
OSCC [110].

1.7.2 Chronic Candidiasis

Oral and esophageal carcinoma was reported in
chronic candidal lesions in autoimmune
polyendocrinopathy-candidiasis-ectodermal dys-
trophy (APECED) and primary immunodeficien-
cies [37, 38]. Chronic mucocutaneous candidiasis
is an important feature and may be the first
manifestation of APECED with a high predilec-
tion for early onset OSCC, even multiple OSCC
were noticed in a few cases [37]. The
T-lymphocyte defect underlying this syndrome
favors the colonization of Candida spp., followed
by mucositis and malignant transformation [39].
Antifungal therapy and regular surveillance in
these patients are valuable. In studies, the degree
of dysplasia in OSCC also correlated to the
amount of Candida albicans in terms of colony-
forming units per ml (i.e., oral yeast carriage)
[40]. The presence of fungal hyphae may serve as
one of the indicators to predict malignant risk in
OPMDs.

1.8  Group IV: Rare Inherited

Disorders (Minor Category)

Although inherited disorders are rare (<5% of
OSCC) and represent only a miscellaneous group
of oral potentially cancerous disorders, they con-
tribute heavily to our understanding of the mech-
anisms in cancer. “Inherited disorders” include
both genetic diseases and also inherited disorders
associated with cancer syndromes. In conditions
like “inherited cancer syndromes,” individuals
are born with an inherited defect in one gene
copy and develop cancer after the second hit.

1.8.1 Dyskeratosis Congenita (DC)

It was originally described as a form of ectoder-
mal dysplasia involving the skin, nails, and
mucous membrane [111]. The main oral change
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of concern with DC includes oral leukoplakia.
Other features include skin hyperpigmentation in
lacy networks, dystrophic nails, bone marrow
failure, and pancytopenia. Oral leukoplakia,
hyperpigmentation, and dystrophic nails form the
classic triad of DC. Literature also reports a high
incidence of caries, hypodontia, periodontitis,
intraoral pigmentation, blunt roots, and taur-
odontism (decreased tooth root/crown ratio) in
this population. Since its identification in 1900,
more than 500 DC cases were reported with a
cumulative cancer incidence of 40% by the age of
40. Among them OSCC is more common, fol-
lowed by skin and anorectal cancer [112]. Tongue
cancer risk in these patients is increased over
1000-fold. DC patients have short and dysfunc-
tional telomeres, and it is therefore a telomere
disorder. In DC the features of bone marrow fail-
ure and pancytopenia are attributed to a depletion
of stem cells due to shortening to telomeres. DC
is the first telomere disorder described in the lit-
erature and a powerful model system to under-
stand HNSCC cancer. All patient-derived induced
pluripotent stem cells harbor the same telomeric
features and biochemical changes; changes also
correlated with disease severity [113]. The
X-linked form of DC mutations is in dyskerin
(DSK 1); in the autosomal dominant form, muta-
tions lie in telomerase reverse transcriptase
(TERT) or telomerase RNA component (TERC),
and in the autosomal recessive type, the gene fre-
quently involved is telomerase Cajal body pro-
tein 1 (TCABI). DC is genetically variable, also
associated with other mutations including TRF1-
interacting nuclear factor 2 (TINF2) (severe dis-
ease phenotype); nucleolar protein family A,
member 3 (NOP10); nucleolar protein family A,
member 2 (NHP2); and regulator of telomere
elongation helicase 1 (RTELI) (correlates with
severe phenotype and multisystem failure) [114].
Till date, numerous DC-associated mutations
have been identified and each gene codes for a
component of the telomere. Bleomycin is the line
of treatment for oral leukoplakia associated with
DC. Inherited disorders like DC are excellent
models to explore our understanding of OSCC,
as defective telomeres are essential basis to the
genesis of both OSCC and DC.

1.9 Oral Squamous Cell

Carcinoma

Oral squamous cell carcinoma (OSCC) is gener-
ally more prevalent in men than women. The
clinical features can range from a completely
asymptomatic white patch to a red-white speck-
led lesion associated with a burning sensation but
usually consist of ulcerated lesions with raised
margins, solid in palpation or nodular exophytic
masses occasionally combined with ulceration.
OSCC involves the buccal mucosa, tongue, gin-
giva and alveolus, soft palate, and retromolar area
(Fig. 1.9). Ulcers with induration or mucosal
nodularity (rigid to touch) are common clinical
presentations and important signs of malignancy.
Late lesions can also present as necrotic lesions
showing gross destruction. Some patients also
demonstrate hemorrhage and oral bleeding. Pain
is a feature (30% cases) of advanced lesions
located on the tongue and floor of the mouth [115,
116]. Pain is normally a feature of lesions with
endophytic growth pattern. Base of tongue lesions
is also associated with dysphagia, ear pain, and
neck nodes [117]. The 5-year survival rate is
30-60%, and patients are normally at stage III or
stage IV at the time of diagnosis [115]. Survival
is lowest when the tongue and floor of the mouth
are involved; lip lesions show better outcome.
The role of trauma in the pathogenesis of OSCC
is not fully understood, but ‘chronic traumatic
ulcer’ at the lateral tongue can be considered as a
potential OPMD! [33] (Fig. 1.10). Majority of
OSCCs are conventional OSCCs or verrucous
carcinomas, but other less common entities (15%
cases) are also reported [118]. They include acan-
tholytic SCC, spindle-cell carcinoma, adenosqua-
mous carcinoma, basaloid SCC and papillary
SCC, and adenosquamous, lymphoepithelial,
acantholytic, and carcinoma cuniculatum [119].
However, the most common presentation is con-
ventional squamous cell carcinoma.

Verrucous carcinoma is a warty and verrucous
variant of squamous cell carcinoma (Fig. 1.11). It
was identified in the 1940s, described by
Ackerman as a variant of OSCC (Ackerman’s
tumor). It is seen in tobacco chewers, smokers,
and areca nut users [120]. Verrucous carcinoma
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Fig. 1.9 Oral squamous cell carcinoma (OSCC) subsites
include tongue, buccal mucosa, floor of mouth, alveolus,
retromolar area and soft palate. SCC involving the tongue
(panel a) is often indurated and associated with restricted
tongue movements. Among all the subsites SCC involv-
ing the tongue and floor of the mouth (panel b) are consid-
ered to have significantly poor outcomes. SCC involving
the alveolus are associated with tooth mobility (panel c)
which in some contexts can be the first clinical indicator

(VC) is pebbly and papillary, painless, and exo-
phytic with a cauliflower morphology [121]. Its
surface has many invaginations, growth is slow,
and metastasis is not seen by definition.
Histologically, it presents with deep epithelial
clefts and well-differentiated squamous epithe-

and complaint of the patient, or at times present localized
to the posterior retromolar area presenting with a perfora-
tion (panel d), which can be missed out during careless
examination. SCC involving the soft palate region (panel
e) is diagnostically (due to poor illumination and shadow-
ing of palate) and therapeutically challenging. Sloughy
necrotic presentations (panel f) are often associated with
significant halitosis concerns

lium with bulbous rete peg organization. There is
a low mitotic rate, and “parakeratin plugging” is
a hallmark of verrucous carcinoma. The base-
ment membrane is intact, and heavy inflamma-
tory reaction is seen in the adjacent connective
tissue. Sometimes minute foci of conventional
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Fig. 1.10 Oral squamous cell carcinoma sequelae arising
from trauma is a relatively common but under reported
phenomena in the clinical setting, also less understood in
terms of biology. Tissue inflammation is the route cause of
this and enameloplasty is a mandatory step for sharp
molars which often traumatize the lateral borders of
tongue. Panel (a) shows a painful nodule in a women in
the seventh decade with no history of tobacco usage. The
lesion showed no surface alterations such as ulceration,
but there is a keratotic area at the lesion periphery associ-

Fig. 1.11 Verrucous
carcinoma is L
characterized by a
papillary and warty
surface, occurring
especially in the
gingival mucosa region
and tongue. It is a
proliferative variant,
histologically limited to
the epithelium with least
potential for metastasis

squamous cell carcinoma may also be found his-
tologically. It is frequently seen in the elderly, in
their sixth to seventh decades [121]. A significant
male prediction was noted, and the most common
sites include the buccal mucosa, gingival-alveolar
ridge, palate, and retromolar trigone area. It is
predominantly exophytic and often thick and
white. The lesions involving the alveolar ridge
are sometimes fixed to the periosteum. It is fre-
quently seen in tobacco chewers and bleeding is
rare. Verrucous lesions can be multicentric, and
each lesion can exist at a different stage [122].
Two biopsies are at times necessary to rule out
invasive malignancy. The genomic signature (low
mutation rate in 7P53, NOTCH1, CDKNZ2A, etc.)

ated with sharply cusped molars. The patient had histo-
logically proven SCC and survived less than 1 year from
diagnosis. Panel (b) shows a traumatic ulcer on tongue
(with sloppy edges) which has a risk of transformation if
there is constant trauma. Trauma to the tongue is far more
significant when it comes to malignant transformation
compared to trauma in other oral sites like buccal mucosa;
the biological attributes of this phenomena is unexplored
and a worthy investigation

and line of treatment also differ considerably
from routine OSCC [123, 124]. Variation in anti-
oxidant enzyme levels was found to be more
severe in OSCC than VC [125]. It is also impor-
tant to differentiate a VC from verruciform xan-
thoma, which is a benign disorder, showing foam
cells in the connective tissue [126]. Verrucous
hyperplasia (VH) is closely related to VC [125].
It shows male predilection and favors middle-
aged individuals, involving the buccal mucosa,
tongue, and palate [127, 128]. The local applica-
tion of tobacco, lime, and areca nut was identified
as the etiology [128]. Histologically they may
present with moderate dysplasia. The downward
displacement of the epithelium into the submu-
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cosa rules out VH [127]. The 5-year malignant
transformation rate was as high as 10% [128].
Immunostaining with TP53 antibody also did not
show a significant demarcation between VC and
VH [129]. Clear demarcations between VH and
VC cannot be firmly made.

1.9.1 Basic Histological

Observations

Dysplasia and carcinoma in situ are two stages
that most of OSCCs must transcend during their
evolutionary process. Dysplasia is a potentially
malignant change, a finding that can be spotted

Tobacco

Areca nut
Alcoholism
Nutritional deficiency
Trauma

Viruses (HPV-16-18)
Sunlight (UV-B)
Inherent genetics

many years |

under a microscope, and a marker of cancerous
potential. OSCCs emerge in existing dysplasia.
Following this event, there is proliferation of
dysplastic squamous cells and breach in the
basement membrane. Disruption of the base-
ment membrane (invasion) represents an impor-
tant stage in the evolution of OSCC, and this is
responsible for metastasis (Fig. 1.12). The major
difference between OSCC and verrucous carci-
noma is in their potential for invasion and metas-
tasis; the latter has lower invasive/metastatic
ability and better prognosis. The reactive
changes in the epithelium of a beginning lesion
include hyperkeratosis, benign hyperplasia, and
acanthosis.

early changeI

window

early detection |

N Y

late changes

Normal oral
epithelium

Dysplasia

Carcinoma
In situ

Fig. 1.12 Evolution of oral cancer. The risk factors
include: tobacco; viruses like human papilloma virus
(HPV-16/-18), fungi like Candida and bacteria like
Treponema pallidum; mechanical trauma due to sharp
tooth, and less recognized triggers like sunlight contain-
ing UV-B (which causes actinic keratosis predisposing
the lip to squamous cell carcinoma), and inherited

telomeric genetic disorders. Nutritional factors have also
been proposed in the genesis of oral cancer, and alcohol
often acts synergistically with tobacco. It takes several
years for the genetic changes to accumulate from the stage
of OPMD, and the abnormal architectural changes and
cytological features occur only after accumulation of a
number of genetic hits
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1.9.1.1 Dysplasia

Dysplasia precedes OSCC and can be considered
as the first histological stage (change) with an
increased risk of progression to malignancy. “Oral
dysplasia is a potentially cancerous forerunner of
OSCC” found in some cases of leukoplakia and
mainly in erythroplakia. Common cellular and
architectural changes that constitute dysplasia
include abnormal variation in nuclear size/shape,
cell size/shape, increased nuclear-cytoplasmic
ratio, atypical mitotic figures, increased number/
size of nucleoli, nuclear hyperchromatism, irregu-
lar stratification of epithelium, loss of basal cells’
polarization, drop-shaped rete ridges, frequent
and abnormally superficial mitotic figures, pre-
mature keratinization in single cells, keratin pearls
within rete ridges, and loss of epithelial cohesion
[43]. Oral epithelial dysplasia is subdivided into
three grades depending on the width of affected
epithelium: mild dysplasia refers to changes in
basal-parabasal layers, moderate dysplasia corre-
sponds to changes from basal layer to middle lay-
ers, and severe dysplasia is dysplasia spanning
from basal layer to upper layers. Interestingly, a
subset of dysplasias with HPV infection reveal
epithelial karyorrhexis and apoptosis [130].

1.9.1.2 Carcinoma In Situ

Carcinoma in situ (CIS) is a histological term. It is
a “precancerous intraepithelial carcinoma.” At
this stage, the lesion is not invasive, but cellular
atypia involves the entire thickness of the epithe-
lium. It is an intermediate stage in the evolution of
oral carcinoma. As the atypical cells do not yet
infiltrate connective tissue, metastasis does not
occur. Histologically, it has many variants and the
proliferating center is located in the basal layer
[131]. In a preliminary study by Waldron and
Shafer, the presentations of CIS were variable;
many were white (45.1%), some were red, and
few were red-white [132]. Based on their study,
CIS can present as leukoplakia, erythroplakia, or
erythroleukoplakia. The high-risk sites include
tongue and floor of mouth. Oral pigmented CIS
has also been reported [133]. Such lesions are
poorly demarcated and display uneven pigmenta-
tion, mimicking malignant melanoma and other
melanotic conditions of the oral cavity [134].

1.9.2 Grading and Staging of OSCC

The invasive nature of squamous cell carcinoma
can be evaluated both at the histological level
using pattern of tumor invasion front and degree
of tumor differentiation (poor, moderate, or well
differentiated) and using clinical tumor node
and metastasis (TNM) staging. Histological
grading is prone to subjectivity and is not yet
introduced for traditional treatment planning. In
the past, Broder, Jackobsson, Anneroth, and
Hansen have proposed classifications for squa-
mous cell carcinoma. Anneroth’s is a multifacto-
rial classification scoring system with the
parameters: degree of keratinization, nuclear
polymorphism, and mitosis, which represents
cellular features; mode of invasion (pattern),
which reflects tumor aggressiveness; and lym-
phocytic infiltration which reflects host response.
Broder’s system is a simple descriptive system
where tumors are graded as well-differentiated
(grade 1), moderately differentiated (grade II),
and poorly differentiated (grade III) or anaplas-
tic or pleomorphic when it shows >75% undif-
ferentiated cells [134, 135]. All histological
features must be visualized in the same micro-
scopic field. The American Joint Committee on
Cancer (AJCC) designated staging by the TNM
staging system, a clinical method of assessment.
Prognostic evaluation for OSCC can be based on
TNM staging [135].

1.10 Field Cancerization
and Cancer Stem Cell
Hypothesis

The entire oral epithelium needs to be considered
as one compartment, as mutations even may occur
at locations far away from the original site of
malignancy. The incidence of multiple primary
tumors and recurrent tumors, hinted at the occur-
rence of large field changes; the entire oral epithe-
lium behaving as one unit. To explain such field
changes (cancerization), Slaughter et al., who
studied histological changes surrounding OSCC,
introduced the “field cancerization model”
(Fig 1.13) [136].
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Epithelium

Primary
tumor

Fig. 1.13 A graphic model of field cancerization.
Migration of (micrometastasis) of tumor initiating trans-
formed stem cell progeny through saliva and epithelium
has been proposed, but is less probable. The possibility of

Although carcinogens in tobacco create severe
changes in one area, the surrounding regions may
also transform simultaneously. Oral mucosal field
cancerization is possible due to the wide exposure
of oral mucosa to a range of carcinogens (>5000) in
tobacco [137]. Genetic transformation is slow, and
early genetic changes cannot be demonstrated
using simple histological methods. The first
changes to occur in oral cancer are usually positive
for TP53 mutations. Field cancerization is alterna-
tively believed to occur through “micrometastasis”
via “saliva” or “intraepithelial migration” of a trans-
formed stem cell progeny. The “micrometastasis
model” of field cancerization seems less probable,
and cancerization at different locations may occur
directly due to carcinogens as independent events
[136]. Saliva is more likely a carrier of carcinogens
in smoke than a mediator of micrometastasis.

Most tumors are clonal in origin. Therefore
only the long-time residents of the epithelium,
most likely the stem cells, have the ability to

Adjacent
tissue

large field changes in oral cancer is more likely due to the
simultaneous exposure of epithelium to the high-risk car-
cinogens in tobacco, transported in saliva

accumulate the number of necessary genetic hits
that will result in cancer formation. A tumor
should be regarded as an organ with various cell
types devoted to play specific roles. A vast body
of literature highlighted genetic changes to occur
first in stem cells. During the initial phase, a stem
cell acquires a genetic alteration (i.e., on p53
locus) that is transferred to its daughter cells
forming a patch. The first changes to occur are
usually positive for T7P53 mutations. A clone is a
unit that is genetically homogenous. In the sec-
ond phase, there is clonal expansion to form a
field. As time passes, the stem cells diverge, and
alterations occur to form subclones with many
genetic alterations. At the next phase (clonal
expansion), the patch converts into an expanding
field as a result of accumulation of genetic altera-
tions. These fields vary in size and may remain
undetected or appear as leukoplakia/erythropla-
kia. Ultimately, a dominant clone prevails and
develops into carcinoma. Unfortunately, this
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clonal population may appear benign on routine
histopathology and thus escape identification.

Early genetic events include loss of heterozygos-
ity (LOH) involving 9p, 3p, and 17p as the most
common alterations and late genetic events occur-
ring at 1lq, 13q, etc., during progression to
OSCC. Unfortunately, this clonal population
appears benign on routine histopathology and hence
escapes identification. Due to field cancerization,
there is 20-fold increased risk of developing a sec-
ond tumor in a location close to the primary tumor
[138]. OC is widespread and even contralateral;
mirror image biopsies have shown significant
genetic changes [139].

Transformed stem cell progeny

AntiaticN

Small stem -cell compartment

‘ Bulky non-stem cell compartment

n>

</ Senescent cell compartment
Fig. 1.14 Hierarchy of Oral cancer stem cells (a). Oral
cancer follows the stem cell cancer hypothesis and only a
small group of cells bear the true potential for progression,
which have stem cell features (oral cancer stem (OSC)
cells). Poor prognosis and relapse are due to these cells
capable of self-renewal showing high resistance to chemo-
therapy and radiotherapy (conventional treatment) (b). As
each stem cell divides by asymmetric division it forms two
cells, non-stem cancer cells (represented in blue), and
another stem cell (represented in red color) which is capa-

1.10.1 Oral Cancer Stem Cells

Data confirm the existence of a small group of
cells, a distinct stem cell population referred as
cancer stem cells (CSCs), which are the hidden
culprits in malignancy. This area is well explored
in OSCC. Poor prognosis and relapse are believed
to be due to these stem cells, capable of self-
renewal (Fig. 1.14). As these cells are slowly
dividing, they are more resistant to chemo- or
radiotherapy (conventional treatment). Poor
5-year survival (<50%) in OC following conven-
tional treatment is attributed to these potential
tumor initiating cells [140]. For this reason
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ble of self-renewal; they display high expression of stem-
ness regulators. The stem cells have mechanisms that keep
them immortal (immortal cell line), whereas the transit
amplifying cells differentiate and after a few generations
follow the senescence cascade and do not exhibit resistant
to therapy (senescent cell compartment). Introduction of
non-stem cancer cells into immunocompromised mice
even at high numbers do not induce tumor formation,
whereas introduction of only a few hundred cancer stem
cells can cause significant tumor formation (c)
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several nanotechnologists are targeting this cell
population to refine cancer management. As stem
cell divides, two cells are formed, the tumori-
genic cell and non-tumorigenic cell (stem cell).
Immunodeficient mice models are used to assess
the tumorigenic potential of stem cells. Head and
neck CSCs are (CD44) positive cells, constitut-
ing approximately 10% of the total tumor cell
population [141]. When florescence-assisted cell
sorting (FACS) sorted (5 x 10%) CD44* cancer
cells and (5 x 10°) CD44- cancer cells were
injected, the former initiated tumors, explaining
their role in tumor formation [141]. CD44 is a
cell surface glycoprotein and its expression indi-
cates tumor progression and metastasis. Other
markers of CSCs in OSCC include CD24, CD?29,
CD133, aldehyde dehydrogenase 1 (ALDH-1), B
lymphoma Mo-MLV insertion region 1 homolog
(BMI1), octamer-binding transcription factor
4(Oct3/4), and sex-determining region Y-box 2
(Sox2) [142]. Another group of cells positive for
both CD24* and CD44" was shown to be more
representative of the putative oral CSC compart-
ment [142, 143]. The CD24+ and CD44* cells are
more proliferative and invasive both in vitro in
collagen gels and in vivo inducing tumors in
nude mice models, also displaying high resis-
tance to chemotherapy [142, 143]. Single mark-
ers are not strong indicators of stemness, and
high expression of metabolic (high ALDH
expression) and cell surface markers (CD44,
CD24, CD133) can be considered. Mutations in
stem cell population may be particularly linked
to overall malignant transformation.

Conclusion

Among the OPMDs, leukoplakia, erythropla-
kia, oral submucous fibrosis, and lichen pla-
nus (immediate precursors) are the most
prevalent and should alert clinicians. Tobacco
(smoke and smokeless form) is the primary
risk factor associated with OSCC, as it alters a
large field of oral epithelium at the genetic and
molecular level. Each region of altered epithe-
lium may represent a different evolutionary
stage, and clinicians should consider OPMDs
and OSCC as two ends of the same problem.
Clinicians must take an active role, screening

high-risk oral sites for potential lesions.
Patient delay in reporting and clinician’s lack
of judgment to act on early precursor lesions
are the main source of diagnostic delay. Habit
discontinuation through proper counseling at
the right time is the most powerful method in
the prevention of oral cancer.
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Abstract

Exposure to tobacco in smoke or chewable
form, in isolation or in association with other
risk factors (i.e., alcohol or areca nut), disturbs
the balanced expression of numerous genes and
leads to loss of coordination of their down-
stream signaling pathways, finally leading to
oral cancer. Initially changes like mild dysplasia
and benign hyperplasia are reversible, but con-
tinuous exposure to carcinogens leads to accu-
mulation of mutations in multiple genes
involved in cell proliferation, differentiation,
apoptosis, telomere maintenance, invasion, and
angiogenesis, resulting in abnormal cell behav-
ior and cell immortalization. Gains and losses
occur on many chromosomal arms, and a well-
characterized mutational landscape is associ-
ated with oral cancer. This chapter discusses the
wide spectrum of genetic and epigenetic events
that take place in oncogenes and tumor suppres-
sor genes with special reference to oncogenic
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miRs (miR-21, miR-31, miR-146a, miR-134,
miR-184, miR-7, miR-127, miR-518c-5p),
tumor suppressor miRs (miR-200 family, miR-
101, miR-26a/b, miR-29a, miR-27b, miR-137,
miR-125a, miR-29a, miR-491-5p, miR-124,
miR-125, miR-218, miR-99a, miR-375), and
long noncoding RNA (HOTAIR, FOXCUT,
MALATI, UCAI1, TUGI, CCAT2, FTHIP3,
H19, HIFCAR/MIRHG) that influence onco-
genic signaling pathways and enable acquisition
of cancer hallmarks.

2.1 Introduction

Oral cancer, the sixth most common malignancy
worldwide with an estimated annual incidence of
over 300,000 cases and a mortality rate of 48%,
presents predominantly as oral squamous cell
carcinoma (OSCC) [1, 2]. The aetiology of
OSCC is multifactorial with interaction of a num-
ber of risk factors and host susceptibility. Tobacco
consumption is the single most important risk
factor implicated in OSCC development.
Additionally, alcohol, viral infection, nutritional
deficiency, dental hygiene, and socioeconomic
and genetic factors are also recognized to con-
tribute to OSCC development. Despite advances
in prevention and treatment, the 5-year survival
rate of OSCC remains low due to recurrence,
chemoresistance, and lack of suitable markers for
early detection [3]. An in-depth understanding of
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the molecular pathogenesis is therefore necessary
to aid diagnosis and develop preventive and ther-
apeutic strategies.

2.2  Genetic Signature of Oral

Cancer

With the advent of genome-wide next-generation
sequencing, the mutation profile of OSCC has
been extensively elaborated [4-9]. As many as
130 coding mutations per tumor were observed
using whole exome sequencing [4]. As compared
to other cancers, OSCCs acquire a greater num-
ber of mutations, probably due to the wide range
of chemical carcinogens in tobacco. Human pap-
illomavirus (HPV)-positive tumors harbor fewer
mutations than HPV-negative tumors. In HPV-
positive OSCCs, TP53 inactivation is the most
common alteration [4].

Two types of genomic instability underlie the
major pathways for oral cancer development and/
or progression. The tumor suppressor pathway
for aneuploid cancer is characterized by chromo-
somal instability that activates oncogenes and
inactivates tumor suppressor genes (TSGs). In
contrast, the mutator pathway for (pseudo)dip-
loid cancer is associated with instability of mic-
rosatellites, which are simple, repetitive
sequences in DNA. Interaction between the two
pathways is recognized to be critical to the devel-
opment of OSCC.

“Microsatellites” are DNA stretches of 1-5
nucleotides repeated 5-100 times ubiquitously
in the genome. Microsatellites are at high risk
for slippage by DNA polymerase during replica-
tion, a problem that is counteracted by the mis-
match repair (MMR) system. Defects in the
MMR program occur in oral cancer leading to
gain or loss of these repeat units. Microsatellite
instability in more than two to three regions may
be considered important for cancer progression.
This is one mechanism of genomic stability in
oral cancer. Chromosomal instability includes
gross chromosomal changes such as “loss of het-
erozygosity” (LOH) or “aneuploidy” (i.e.,
abnormal chromosomal number). LOH refers to
a chromosomal event that includes the loss of an

entire gene and surrounding chromosomal ele-
ments. LOH is a very common chromosomal
aberration seen in oral cancer and usually
involves a tumor suppressor gene leading to loss
of control over cell proliferation. Several karyo-
types were described in oral cancer, ranging
from losses (9p, 3p, 17p, 13q, 8p, etc.) to gains
(99, 3q, 7p 5p, 8q 1l1q, etc.) on chromosomal
arms [10] [Table 2.1]. Alterations are more com-
mon on chromosomes 9, 3, 8, 13, and 17.
Tobacco smoke is also an established aneu-
ploidogen. Remarkably, aneuploidy is known to
occur in oral cancer and potentially malignant
disorders of the tongue [162].

Multiplex ligation-dependent probe amplifica-
tion (MLPA) analyses of 133 cancer-related
genes on a panel of primary oral tumor samples
and its corresponding resection margins (macro-
scopically tumor-free tissue) identified frequent
copy number gains in genes located on chromo-
somal arms 3q, 6p, 8q, 11q, 16p, 16q, 17p, 17q,
and 19q and copy number losses of genes fre-
quently on chromosomal arms 2q, 3p, 4q, 59, 8p,
9p, 11q, and 18q. Losses included ERBB4,
CTNNBI, NFKBI1, IL2, IL12B, TUSC3,
CDKN2A, and CASPI, while gains of MME,
BCL6, VEGF, PTK2, PTP4A3, RNF139,
CCND1, FGF3, CTTN, MVP, CDHI1, BRCALI,
CDKN2D, BAX, as well as exon 4 of TP53 were
recorded. Loss of TUSC3 gene may serve as a
reliable indicator of malignancy [163].

“Single nucleotide polymorphisms” (SNPs)
are genetic alterations that increase the suscepti-
bility to diseases including cancer. SNPs involv-
ing many genes in carcinogen detoxification and
folate metabolism, DNA repair (ataxia telangiec-
tasia mutated (ATM)), inflammation, cell cycle
control and proliferation, immune function, and
invasion are known to alter the susceptibility to
oral cancer in certain populations [116, 164—
166]. In a meta-analysis of SNP research in oral
cancer, nine potential SNPs were identified with
associated risk of oral cancer [165]. Four SNPs of
the fibroblast growth factor receptor 4 (FGFR4)
genomic region FGFR4 (rs2011077, rs351855,
rs7708357, and rs1966265) were examined in
955 patients with OSCC and 1191 controls.
While the rs351855 GA genotype and a
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combination of the GA and AA genotypes
showed a 1.431-fold and 1.335-fold higher risk
of OSCC, FGFR4 rs351855 polymorphism with
a homozygous A/A genotype had a lower risk of
advanced stage OSCC. Additionally, patients
with the FGFR4 1s351855/rs1966265 A-A haplo-
type and betel quid chewers with the A-A haplo-
type exhibited a higher risk of OSCC. Moreover,
an additional integrated in silico analysis pro-
posed that rs351855 G allele variant to the A
allele exhibited a relatively low energy of the
transmembrane region. The FGFR4 rs351855
may have a role in susceptibility to OSCC [167].

Several recent studies have revealed the genetic
signature for oral cancer susceptibility. Of a total of
264 chromosomal loci found to be associated with
oral cancer by candidate gene studies, genome-
wide association studies (GWAS), and next-gener-
ation sequencing (NGS)-based approaches, 28 loci
were validated to be linked to oral cancer. These
include 14q32.33 (AKT1), 5q22.2 (APC), 11g22.3
(ATM), 2qg33.1 (CASPS), 11ql13.3 (CCND1),
16g22.1 (CDH1), 9p21.3 (CDKN2A), 1g31.1
(COX-2), 7pll.2 (EGFR), 22ql13.2 (EP300),
49352 (FAT1), 4q31.3 (FBXW7), 4pl6.3
(FGFR3), 1p13.3 (GSTMI-GSTT1), 11ql13.2
(GSTP1), 11pl15.5 (H-RAS), 3p25.3 (hOGG1),
1g32.1 (IL-10), 4q13.3 (IL-8), 12p12.1 (KRAS),
12q15 (MDM2), 12ql13.12 (MLL2), 9q34.3
(NOTCH1), 17p13.1 (p53), 3926.32 (PIK3CA),
10g23.31 (PTEN), 13ql4.2 (RBI), and 5ql4.2
(XRCC4) [11]. Another GWAS identified two new
regions, 2p23.3 (rs6547741, GPN1) and 9q34.12
(rs928674, LAMC3), with susceptibility for oral
cancer that was stronger for HPV-positive com-
pared to HPV-negative cases [123]. Genome-wide
haplotype association analysis between 112 OSCC
patients from the GEO database and 245 normal
samples from the HapMap project identified
SERPINBY, SERPINE2, GAK, and HSP90B1 as
novel risk genes for OSCC [168].

Molecular Mechanisms
of OSCC Development
and Progression

2.3

The development of OSCC is a multistage pro-
cess that involves the progressive transition of the

normal oral epithelium through dysplastic lesions
to invasive carcinomas. These steps are charac-
terized by the sequential accumulation of genetic
alterations in proto-oncogenes, tumor suppressor
genes (TSGs), and stability genes as well as in
genes that influence cellular functions such as
cell cycle, DNA repair, apoptosis, cell adhesion,
angiogenesis, and signal transduction that even-
tually lead to the development and progression of
OSCC. Gain of function mutations or copy num-
ber alterations involving proto-oncogenes and/or
loss of function mutations involving TSGs lead to
genomic instability tipping the balance toward
tumorigenesis (Fig. 2.1). In addition to muta-
tions, epigenetic changes have also been impli-
cated in neoplastic transformation.

2.3.1 Proto-oncogenes
“Proto-oncogenes” are genes that encode pro-
teins involved in cell growth and differentiation.
Point mutations, chromosomal translocations,
DNA rearrangements, and gene amplification
cause proto-oncogene activation and neoplastic
transformation. Gain of function or increase in
copy number of oncogenes located at 1q, 3q, 5p,
79, 89, 9q, 11q, 12p, 14q, and 15q has been docu-
mented in OSCC. Overexpression, amplification,
and point mutations of several oncogenes have
been associated with aggressive tumor behavior
and bad prognosis in OSCC. Established proto-
oncogenes in OSCC include growth factor recep-
tors (e.g., epidermal growth factor receptor),
intracellular messengers (e.g., RAS), transcrip-
tion factors (c-MYC and cyclin D1), etc. Typical
examples of proto-oncogenes are discussed here,
while the rest are described in the relevant con-
textual pathways.

2.3.1.1 Growth Factor Receptors

Epidermal growth factor receptor (EGFR or
HERI1), one of the intensively studied trans-
membrane receptors, plays a critical role in dif-
ferentiation and proliferation [169]. Epidermal
growth factor (EGF), a known ligand for this
receptor, activates EGFR leading to the phos-
phorylation of several key substrates that trigger
downstream PI3K/Akt, MAPK, JAK/STAT, and
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KRAS-BRAF-MEK-ERK signaling pathways
[58-60] that promote acquisition of cancer hall-
marks [61-63, 169]. “EGFR activation is there-
fore a primary cell surface signal in several
cancers.”

Amplification of 7pl1.2, the chromosomal
locus of EGFR, and mutations are commonly
observed in head and neck squamous cell carci-
noma (HNSCC) cases [169]. EGFR overexpres-
sion is considered a dominant component
underlying the malignant phenotype in OSCC
(Fig. 2.2a, b). Malignant oral keratinocytes dem-
onstrated nearly 5-50-fold increase in the expres-
sion of EGFR, and the levels increase with OSCC
progression. In OSCC, mutational inactivation of

Scenario 1

Proto-oncogenes

Fig. 2.1 Tumor suppressor and oncogenic molecules
constitute a large group of proteins and noncoding RNAs
(microRNA, long non-coding RNA, Piwi-interacting
RNA and circular RNA) that carefully balance cell cycle,
apoptosis, survival and other normal and healthy cell
features. In oral cancer scheme, this subtle balance is lost,

the EGFR extracellular domain leads to apopto-
sis evasion, uncontrolled proliferation, and tumor
progression [64]. The mutant receptor is active
even in the absence of EGF resulting in aberrant
activation of PI3K/Akt/mTOR pathway that
induces the transcription factor nuclear factor
kappaB (NF-kB) which has several downstream
affects.

In a long-term prospective randomized trial,
high EGFR expression and gene copy number
were identified in OSCC developed within oral
leukoplakia [61]. EGFR is also a target for can-
cer therapies (e.g., anti-EGFR antibodies).
Recently, curcumin the bioactive polyphenolic
component of turmeric was also shown to inhibit

either through loss of function in tumor suppressors
(scenario 1) and/or gain of function in oncogenes
(scenario 2), as a result there is tipping in the cell cycle
balance and cells tend to hyperproliferative, evade apop-
tosis, become more motile and invasive, leading to malig-
nant transformation and progression
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Scenario 2

Tumor suppressor genes

f GAIN OF CANCER HALLMARKs

|

Fig. 2.1 (continued)

proliferation of OSCC by downregulating phos-
phorylation of EGF-induced phosphorylation of
EGFR.

Other receptors significantly upregulated
in OSCC include insulin-like growth factor 1
receptor (IGFIR), glucose transporter 1 (GLUT-
1), nerve growth factor receptor (NGFR), and
fibroblast growth factor receptor (FGFR) and
its isoforms (FGFR-1, FGFR-2) [64, 170].

Recently, GLUT 1 expression immunostaining
in brush biopsy samples of precancerous lesions
was shown as an additional tool in the diagnosis
of malignant transformation of the oral mucosa
with sufficient overall accuracy [171]. Higher
immunostaining scores for GLUT-1 indicated
a high-grade stage and poor prognosis. NGFR-
positive cells display high tumor growth rate and
invasive and metastatic phenotype associated
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Fig. 2.2 A step-wise genetic model of immortalization
and malignant transformation of oral keratinocyte. The
growth characteristics of a parental (OKF6) and derived
oral keratinocytes (cyclin D1 overexpression (OKF6-D1)),
ectopically expressed dominant negative p53 (OKF6-
dnp53), combinations of cyclin D1, dnp53 and EGFR
(OKF6-D1/dnp53), OKF6-D1/dnp53/EGFR and combi-
nation of all OKF6-D1/dnp53/EGFR plus EGF are shown
(a). Cyclin D1 alone and in combination with dominant
negative p53 (dnp53) was ectopically expressed in normal
human oral keratinocytes. Cyclin D1 overexpression and
p53 inactivation led to immortalization (threefold increase

with increased expression of endothelial cell-
specific molecule-1 (ESM-1) [172]. Aberrant
expression of FGFR-2, FGFR-3, and its growth
factor (FGF-2) has been linked to OPMDs trans-
forming into OSCC [173] and serves as a bio-
marker of malignant transformation. Increased
expression of FGFR-2 and FGFR-3 has been
reported in oral dysplasia and early invasive
carcinoma.

in life-span). The replicative life span was assessed by cal-
culating the PDs of each cell line. Replicative life span of
oral keratinocytes additionally overexpressing EGFR and
c-myc. Growth characteristics of OKF6-D1/dnp53,
OKF6-D1/dnp53/EGFR, OKF6-D1/dnp53/EGFR  plus
EGF, and OKF6-D1/dnp53/EGFR/c-myc cells (b). The
replicative life span was assessed by calculating the PD
values. Reprinted with permission from Goessel et al.
Creating oral squamous cancer cells: a cellular model of
oral-esophageal carcinogenesis. Proc Natl Acad Sci U S
A. 2005; 102:15599-604.“copyright (2005) National
Academy of Sciences”

2.3.1.2 Rat Sarcoma Viral Oncogene
(RAS)

Abnormalities of the RAS oncogene including
mutations, LOH, and amplification have been
reported in OSCCs from India and Southeast
Asian countries, in contrast to low prevalence of
these mutations in Western countries. High-
frequency mutations in codons 12 and 61 of
H-ras oncogene were detected in Indian OSCC
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patients, particularly among tobacco chewers
[95]. RAS assumes two conformations, on when
bound to GTP and off when bound to GDP, and is
controlled by guanine exchange factors. RAS
signaling transcriptionally upregulates growth
factors (TGF-a), growth factor receptors, and
integrins that promote proliferation. RAS pro-
teins not only inhibit the operation of TGF-f by
reducing its cognate receptor expression but also
upregulate cyclin D1/CDK-4 and CDK-6 leading
to phosphorylation of CDKs, release of E2F tran-
scription factor from RB, and cell cycle progres-
sion. This can result in replicative stress, genome
instability, mutations, and chromosomal aberra-
tions that contribute to tumorigenesis. Gingival
carcinoma biopsies exhibited higher expression
of H-RAS and a strong correlation between
H-Ras expression and COX-2 expression [96].
PI3K/Akt and MAPK are two downstream effec-
tor pathways connected to changing RAS levels
and may be potential therapeutic targets for onco-
genesis driven by RAS [97].

2.3.1.3 MYC

The MYC genes encode transcription factors (c-,
N-, and L-MYC) that frequently heterodimerize
with myc-associated factor X (MAX) to form a
nucleo-phosphoprotein complex to regulate a
large number of genes, participating in global
chromatin organization. MYC transcription
factors are among the most potent oncoproteins
that integrate environmental signals to modulate
cell proliferation, growth, apoptosis, and other
functions. MYC interacts with a wide range of
oncogenes and TSGs and is activated by WNT
pathway, SHH, and EGF. ¢c-MYC upregulates
cyclins, ribosomal RNA, and proteins and down-
regulates p21 and Bcl-2, leading to cell renewal,
immortality (Fig. 2.2b), and reduction in apopto-
sis [65]. Amplification is the main mechanism
behind overexpression (80%) of c-MYC in OSCC
[66]. c-MYC expression was also identified in the
early stages of oral neoplasia (keratosis and oral
potentially malignant disorders (OPMDs)) and
advanced lip carcinoma and was associated with
poor prognosis in OSCC [67]. c-MYC status
resulted in unfavorable therapeutic outcome fol-
lowing chemotherapy with methotrexate [67].

2.3.2 Tumor Suppressor Genes

Loss of function mutations in TSGs is very com-
mon in oral cancer, and generally both copies are
inactivated, in a two-hit fashion. Frequent loss of
TSGs located at 1p, 3p, 4p, 5q, 8p, 10p, 11q, 13q,
17p, and 18q has been documented in OSCC
[Table 2.1]. Genetic alterations such as LOH and/
or mutations lead to inactivation of TSGs in oral
cancers. Loss of heterozygosity (LOH) at chro-
mosomes 3pl4, 4q, 5q, 6p, 6q, 7q, 8p, Ip, 9q,
10q, 11q, 13q14.2, 14q, 17q, 18q, 20q, 21q, and
22q has been reported in oral cancer. Certain
chromosomal sites are especially susceptible to
mutations. These are known as fragile sites and
their frequency is increased by tobacco chewing
and smoking.

The main TSG candidates in OSCC include
TP53, retinoblastoma (RB), CDK inhibitors,
fragile histidine triad (FHIT), adenomatous pol-
yposis coli (APC), von Hippel-Lindau (VHL)
syndrome, NOTCH-I, etc. Accumulation of
deleted in oral cancer-1 (doc-1) has been pro-
posed as a novel tumor suppressor gene in oral
cancer development.

TSGs are inactivated by promoter methyla-
tion, point mutations, chromosomal rearrange-
ments, or deletions (LOH). Promoter methylation
is an established mechanism of TSG loss of func-
tion [64, 87]. Loss of function of TSGs is nor-
mally carried by covalent modification such as
DNA methylation on their gene promoters.

2.3.2.1 Tumor Protein p53 (TP53)

TP53 codes for a transcription factor “tumor pro-
tein p53,” which participates in transcription-
mediated activation of apoptosis, G1-S cell cycle
arrest, inhibition of angiogenesis, DNA repair,
and genetic stability. TP53 activates more than
100 downstream genes, including miR-34 and
p21. The activated p21 binds to CDK2 and this
complex acts as a stop signal arresting cell divi-
sion. Loss of TP53 occurs by mutation or LOH
encompassing 17p13, its cytogenetic locus. Point
mutations lead to structurally altered proteins
incapable of their regular functions, and deletion
leads to a reduced level or loss of P53
expression.
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Mutations in p53 are the single most frequent
genetic alterations in OSCC. Hotspots for p53
mutations are predominantly in codons 141, 175,
179, 205, 220, 237, 245-248, 268, 272, 273,
278-281, and 290. Mutations in p53 are mostly
G-A transitions in Japan and Switzerland, G-T
transversions in the UK and USA, and transi-
tions in India. Mutations in p53 are rare in devel-
oping countries like Sri Lanka, India, and Papua
New Guinea but most common in Western coun-
tries [142].

TP53 is also shown to be frequently mutated
in the presence of HPV in OSCC cell lines [47].
Inverse correlation between P53 and HPV status
in HNSCC tissue specimens was observed
through genome sequencing [4]. In a recent
whole exome analysis by Stransky et al., TP53
mutations were reported in 65% cases of
HNSCC which included oral cancers [4].
Disrupted TP53 is also associated with reduced
survival following surgical treatment in HNSCC
[143]. Intra-arterial chemotherapy with 5-fluo-
rourcil and carboplatin exerted therapeutic effect
by reducing the expression of mutant P53 (Fig.
2.2a,b) [144].

2.3.2.2 Retinoblastoma (RB1)

Losses involving the retinoblastoma gene (RBI)
on 13ql4 occur in a large fraction of OSCC
cases [124]. LOH encompassing this region is
also associated with increased nodal metastasis
and high recurrence. Deletion of the RB gene
has been reported in OSCC with consequent loss
in functional Rb pathway and accumulation of
mutated TSG pl6NK4a. RBI that codes for
retinoblastoma-associated protein is inactivated
by HPV E7 protein [125]. Phosphorylation of
RB by CDKs releases E2F that transactivates
genes involved in cell cycle progression such as
cyclins and proliferating cell nuclear antigen
(PCNA) [125].

2.3.2.3 Fragile Histidine Triad (FHIT)

The FHIT gene located on 3p is a genome care-
taker that is highly sensitive to environmental
carcinogens like tobacco. While small regional
losses occur in mild dysplasia, whole arm losses
were noted in high-grade dysplasia and in OSCC

[30]. FHIT gene expression was reported to be
lost in 65% of patients with leukoplakias and
erythroplakias [31]. Abnormal transcripts harbor-
ing common deletion patterns at exon 5 of FHIT
were detected in oral precancerous and cancerous
lesions. Loss of FHIT expression is an indicator
of poor prognosis, but good susceptibility was
shown to postoperative radiotherapy [32].

2.3.2.4 Von Hippel-Lindau (VHL)
Disease

Von Hippel-Lindau (VHL) disease located at 3p
plays a central role in the cellular response to
hypoxia. During normoxic conditions, hypoxia-
inducible factor-1 alpha (HIF-la) is hydroxyl-
ated at specific proline residues followed by
binding to and degradation by VHL. However,
under hypoxic conditions, VHL is unable to bind
to HIF-1a. Consequently, HIF-1a forms a het-
erodimer with HIF-1a, translocates to the
nucleus, and transactivates several hypoxia-
sensitive genes such as vascular endothelial
growth factor (VEGF). Loss of VHL contributes
to epithelial-mesenchymal transition in OSCC
and was also associated with poor tumor grade,
poor prognosis, and lymph node metastasis [35].
A loss of VHL may also increase glucose uptake
by OSCC cells, which is facilitated by GLUT1
transporter [36].

2.3.2.5 Adenomatous Polyposis Coli
(APC)
The adenomatous polyposis coli (APC) gene
located on 5q21-22 inhibits the Wingless-type
(WNT) signaling pathway, LOH, or mutations in
APC, stabilizes the transcription factor f-catenin
which translocates to the nucleus, and together
with T-cell factor (TCF) mediates the transcrip-
tion of several oncogenes including c-MYC and
cyclin D1. Mutations in APC although most com-
mon in colorectal carcinoma (80%) were also
noticed in OPMD and oral cancer (25%) [47-53].
Mutations in APC were identified in quid users,
oral submucous fibrosis undergoing progression,
and OSCC [49, 50]. LOH encompassing APC
was shown in leukoplakia and OSCC [51].
Mutations were recently identified in several
other genes implicated in maintenance of nuclear
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polarity (spectrin repeat-containing nuclear enve-
lope protein 1(SYNET), spectrin repeat-containing
nuclear envelope protein 2(SYNE?2)), squamous
differentiation (regulating synaptic membrane exo-
cytosis 2 (RIMS?2), piccolo presynaptic cytomatrix
protein (PCLQO)), apoptosis (caspase 8 (CASPS),
DEAD-box helicase 3, X-linked (DDX3X)), and
histone methyltransferases (PR/SET domain 9
with histone methyltransferase activity (PRDM9),
enhancer of zeste 2 polycomb repressive complex
2 subunit (EZH2), and more recently CCAAT/
enhancer-binding protein alpha (CEBPA) and FES
proto-oncogene (FES)) [4]. The complete list of
tumor suppressor genes is unending, but the men-
tioned genes constitute a major fraction of TSGs in
OSCC.

2.3.3 Epigenetic Alterations in Oral
Cancer

The term “epigenetics” refers to heritable changes
in gene expression without changes in the DNA
sequence [174]. Epigenetic modifications includ-
ing DNA methylation, histone modifications, and
changes in noncoding RNA (ncRNA) play a piv-
otal role in the development and progression of
OSCC [175]. Aberrant promoter hypermethyl-
ation can prevent binding of transcription factors
to DNA leading to silencing of TSGs involved in
regulating cell proliferation. On the other hand,
global hypomethylation can activate proto-
oncogenes causing genomic instability. Post-
translational histone modifications (acetylation,
deacetylation, methylation) can either increase or
block binding of transcription factors to the pro-
moter by inducing conformational changes in
DNA structure. The ncRNA regulates gene
expression at the posttranscriptional level by
degrading or repressing the mRNA transcript to
inhibit translation [94].

DNA methylation, a heritable modification of
the DNA, is regulated by DNA methyltransfer-
ases (DNMT). Global DNA hypomethylation
contributes to OSCC development through mul-
tiple mechanisms [94]. While hypomethylation
of DNA at repetitive sequences such as LINE-1
and Alu sequences leads to chromosomal insta-

bility, promoter hypomethylation of proto-
oncogenes results in their reactivation.
Additionally, hypomethylation of naturally meth-
ylated silent, imprinted bialleles can contribute to
loss of imprinting. Hypermethylation on pro-
moter regions of TSGs results in gene silencing
and promotes tumor development [176]. In oral
cancer, a change in the methylation patterns of
DNA was frequently observed [87]. Tobacco and
alcohol are two common environmental factors
that mediate aberrant methylation.
Hypermethylation of TSG promoters is the most
frequently characterized epigenetic alteration in
OSCC. Genes involved in cell cycle regulation
(pl6, pl5, and pl4), cell-cell adhesion
(E-cadherin), Wnt signaling pathway (APC,
WIF1, RUNX3), DNA repair  MGMT, hMLH1),
and apoptosis (apoptosis-associated death-
associated protein kinase (DAPK)), as well as
p73, PTEN, and Ras association family [RASSF]
1A, are the most commonly hypermethylated
genes in OSCC. Hypermethylation of these TSGs
causes inactivation and transcriptional gene
silencing promoting malignant transformation of
oral keratinocytes.

Epigenetic alterations can also occur through
histone modifications catalyzed by histone acet-
yltransferases (HATs) and histone methyltrans-
ferases (HMTs) that transcriptionally activate
DNA resulting in increased expression of genes
that promote tumor development, while histone
deacetyltransferases (HDACs) and histone
demethylases (HDMs) cause silencing of many
TSGs. Overexpression of histone deacetylase-1,
a predominant epigenetic reprogramming protein
implicated in silencing various growth regulatory
pathways and proapoptotic programs, was
observed in OSCC.

24 Noncoding RNAs: Novel

Players in Oral Cancer

For a long time, proteins were considered as the
only pivots of tumor evolution. Although unbe-
lievable, less than 3% of the genome codes for
proteins, and nearly 75% of the genome is tran-
scribed to RNAs that have no coding potential.
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Recent attention has therefore shifted from pro-
teins to these noncoding RNAs (ncRNAs), to
microRNAs (miRs), and more recently to long
noncoding RNAs (IncRNAs). Based on size and
the arbitrary 200 nucleotides cutoff, ncRNAs are
classified into small ncRNAs, which include the
microRNAs and Piwi-interacting RNAs (piR-
NAs), and the longer ncRNAs that include long
noncoding RNAs (IncRNAs) and circular RNAs
(circRNA) [177, 178].

2.4.1 MicroRNAs

MicroRNAs (miRs) are small, 18-25 nucleo-
tides long, noncoding RNAs found ubiqui-
tously in the genome but predominantly in the
intergenic and intronic regions [177, 178].
Each miR can act on hundreds of genes or mes-
senger RNAs to maintain key biological pro-
cesses such as proliferation, apoptosis, and
differentiation [88]. It is now accepted that
nearly 30% of all genes are regulated by vari-
ous miRs [179]. As they operate on diverse
physiological mechanisms, their dysregulation
influences overall cellular functions and forms
subtle links in the intricate events in oncogenic
transformation.

Alteration in the expression of several miRs
was documented in OSCC that correlated with
nodal status and metastasis [126]. miRs regulate
important signaling pathways involved in tumori-
genesis by targeting oncogenes and TSGs. For
example, 14 TSGs are targets of miR-21, and 21
oncogenes are targets of miR-16. Many onco-
genes (CCNDI, MYC, HRAS, KRAS, CDK-4,
CDK-6, high-mobility group AT-hook 2
(HMGA?2)) and TSGs (TP53, PTEN, etc.) are
acted upon by multiple miRs [126]. While some
miRs regulate P13K/Akt/NF-kB signaling, oth-
ers are known to inhibit telomerase or induce
EMT and angiogenesis. Several studies have
revealed that miRs function either as tumor pro-
moters or suppressors in OSCC and play a pivotal
role in various cellular processes such as cell
growth, differentiation, migration, and cell death.
Most importantly, altered expression of miRs
correlates with clinicopathological variables and

has diagnostic and prognostic value in OSCC
[180].

2.4.2 Oncogenic MicroRNAs

Several miRs are significantly upregulated in
OSCC. In a study on tongue squamous cell carci-
noma (TSCC), among a panel of 156 miRNAs
examined, 24 miRs showed a threefold increase
in expression [94]. Among them, miR-21, miR-
31, miR-146a, miR-134, miR-184, miR-7, miR-
127, and miR-518c-5p have been highlighted in
the context of OSCC [81].

2.4.2.1 miR-21

miR-21 is one of the most frequently upregu-
lated and researched oncogenic miRs in oral
cancer. It downregulates several tumor suppres-
sor genes (e.g., PTEN, BCL-2, dickkopf-2 (DKK-
2), etc.) and has been implicated in migration,
invasion, proliferation, and apoptosis [147]. The
predominantly high expression of miR-21 in
stromal myofibroblasts correlated with poor
prognosis in OSCC [147]. Recently, hypoxic
environment was shown to stimulate the tumor
cells to generate miR-21-rich exosomes which
induced a pro-metastatic behavior in the nor-
moxic cells, emphasizing progression of OSCC
through exosome interactions [148]. miR-21 was
also shown to enhance Snail and vimentin
expression and reduced expression of E-cadherin
[148]. Inhibiting miR-21 using anti-miR-21 oli-
gonucleotides was shown to induce apoptosis
and inhibited invasion and survival in cancer cell
lines [149]. Overexpression of miR-21 was also
identified among a signature panel of miRs in
leukoplakias with risk of malignant transforma-
tion [150]. In a study on 60 TSCC specimens,
miR-21 overexpression was shown to have a ten-
dency toward poor prognosis [151]. It was also
identified among a small panel of upregulated
miRs in an integrated analysis and microarray
expression profiling [152]. Advanced tumor
stage, keratinization state, and high expression
of miR-21 were shown as indicators of poor
prognosis for oral cancer patients in a study on
17 OSCC tissue specimens [153]. In a study on
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100 OSCC specimens, higher expression of
miR-21 was related to perineural invasion and
worse prognosis [154]. Expression of miR-21
was also shown to be linked to keratinization in
tumors [153]. A strong repression of reversion-
inducing cysteine-rich protein with Kazal motifs
(RECK), an inhibitor of MMPs, was noticed in
miR-21 cell lines [153, 155]. Recently, miR-21
was also used as a noninvasive biomarker to dis-
criminate between TSCC and normal controls
in oral cytology samples [25].

2.4.2.2 miR-31

The expression of miR-31, a frequently upregu-
lated miR in OPMDs and OSCC, correlated with
VEGEF expression [81, 82]. miR-31 was shown to
facilitate immortalization in OSCC cells in col-
laboration with TERT [81]. The functional effects
of miR-31 are mediated via regulation of fibro-
blast growth factor (FGF-3) and Rho-A leading
to proliferation and migration [83]. In a chemi-
cally induced carcinogenesis model, miR-31
emerged as the earliest detectable salivary miR
[84]. Mechanistic studies also showed that miR-
31 inhibited the expression of AT-rich interactive
domain 1A (ARIDI1A), a tumor suppressor that
inactivates Nanog/OCT4/Sox2 stemness factors
as well as epithelial cell adhesion molecule
(EpCAM) [82]. Tumors with high miR-31 and
Nanog/OCT4/Sox2/EpCAM expression together
with low expression of ARIDIA exhibited the
worst survival [82]. In a study on 20 saliva sam-
ples and 46 OPMD tissue specimens, miR-31
was found to be significantly upregulated. Based
on available evidence, miR-31 may be a potential
marker for detection of high-risk OPMD [181].

2.4.2.3 miR-146a

Exogenous expression of miR-146a has been
shown to increase proliferation in many cell types
[88]. In a meta-analysis, a polymorphism
(rs2910164) in miR-146a was shown to increase
HNSCC risk [182, 183]. miR-146a is upregu-
lated by the NF-kB pathway following activation
by Toll-like receptor (TLR), tumor necrosis fac-
tor a receptor (TNFR), interleukin 1 receptor
(IL1R), and receptor activator of NF-kB (RANK)
[88]. The by-product of this pathway NF-kB is

critical in the development of OSCC. High
expression of TLR4 causes upregulation of AKT
phosphorylation and NF-«B activation and there-
fore increases tumor cell proliferation. The “miR-
146a-NF-xB” loop 1is suspected to link
inflammation with oral cancer [88].

2.4.2.4 miR-134

miR-134 is oncogenic in OSCC and works by
influencing tumor suppressor protein WW
domain-containing oxidoreductase (WWOX) that
interacts with other binding partners to regulate
apoptosis, proliferation, and cell signaling [131].
The cytogenetic locus 16q23.2 of WWOX is a
fragile chromosomal region lost in a variety of
cancers [131]. Reduction in WWOX-mRNA was
also noticed in OSCC and leukoplakia [131-
133]. Tumor induction in WWOX knockout mice
provides evidence for the putative tumor suppres-
sor role. High expression of miR-134 is an inde-
pendent predictor of poor survival in OSCC
[131]. Polymorphic variants (rs11545028) of
WWOX have also been linked to increased sus-
ceptibility to oral cancer in a screening of WWOX
variants in a large cohort study comprising 761
male patients with oral cancer and 1199 male
cancer-free individuals [132]. In 23 leukoplakias,
35% cases demonstrated changes in WWOX
including altered mRNA transcription and/or
reduced Wwox protein expression [133]. The
expression of WWOX also showed significant
downregulation in 19 adenoid cystic carcinomas
in comparison with 25 mucoepidermoid carcino-
mas [134]. In another report on salivary gland
malignancies, 17 of 28 neoplasms (55%) showed
reduction in WWOX RNA [135]. The status of
WWOX may be also important for chemothera-
peutic resistance to methotrexate. TSCC cell
lines with relatively low amount of WWOX have
displayed resistance to methotrexate and tran-
siently overexpressed WWOX sensitized SCC
cells to apoptosis [136].

2.4.2.5 miR-144

The upregulation of miR-144 was consistently
identified among the 46 differentially expressed
miR panels in a cohort of 29 OSCC specimens
subjected to microarray study, and further
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validated on 61 OSCC specimens through
RT-qPCR. miR-144 was shown to be significantly
elevated in nodal invasion positive tumors.
Functional pathway analysis identified the tumor
suppressor PTEN as a target of miR-144 [54]. In a
meta-analysis of microarray datasets from 28
tumor studies, miR-144 was identified as a puta-
tive oncogene [145]. In a report by Zhang et al.,
paired box gene 4 (PAX4) was shown as a driver
of metastasis in epithelial tumors by decreasing
the expression of miR-144, leading to metastasis
and invasion through a disintegrin and metallopro-
teinase (ADAM) protein family members [146].

2.4.2.6 miR-184

miR-184 was identified among the small panel
of upregulated microRNAs in a study involving
microdissected cells from 4 TSCCs for
RT-qPCR analysis and subsequent validation of
miR-184 on a set of 20 TSCCs. Suppression of
miR-184 by an inhibitor led to inhibition of cell
proliferation indicating the potential role of this
miR in the genesis of oral cancer. Furthermore,
elevated levels of miR-184 before surgical exci-
sion of TSCC returned to normal following sur-
gery [137]. More importantly, miR-184 was
among a panel of miRs whose decreased
expression could be used for predicting assess-
ment of treatment outcome [138]. However, in
contrast to several reports demonstrating the
oncogenic role of miR-184, in a study by
Manikandan et al. on 42 OSCC specimens,
miR-184 was found to be downregulated in
tumor specimens [139].

2.4.2.7 miR-7

miR-7 was identified as a potential oncogenic
miR in many tumor models including OSCC
[88]. miR-7 was found to regulate the IGFIR/
IRS/PI3K/Akt signaling pathway in a TSCC cell
line [89]. miR-7 was significantly upregulated in
cancer-associated fibroblasts (CAF) as compared
to paired normal fibroblasts. Overexpression of
miR-7 in normal fibroblasts increased migration
and invasion in cocultured malignant cells,
whereas in CAF it led to downregulation of Ras
association domain family member 2 (RASSF2)
and decreased secretion of prostate apoptosis

response-4 (PAR-4) indicating that miR-7 pro-
motes tumor progression via the “miR-7-
RASSF2-PAR-4” axis [90]. The elevation of
miR-7 was also shown to contribute to regulation
of the tumor suppressor RECK. The findings of
Jung et al. provided additional evidence that
miR-7 is a keratinization-associated miR that
shows an inverse correlation with RECK expres-
sion [153]. In a study on 18 OSCCs (gingivo-
buccal), 12 oral lichen planus (OLP), and 18
leukoplakias, miR-7 was consistently upregu-
lated in OSCC [91]. Pathway analysis revealed
the differential expression of genes involved in
cell migration, apoptosis, and proliferation, the
most disrupted pathways being the proteoglycan
and PI3/Akt pathways [91]. Based on available
evidence, miR-7 is among the panel of stromal
RNAs that play a critical role in OSCC
progression.

2.4.2.8 miR-127

miR-127 is another stroma-specific miR that
shows increased expression in cancer tissue
[127]. In a study on 51 OSCC and pharyngeal
SCC specimens (20 OSCCs), it was shown that
miR-127-3p was among the most significantly
dysregulated miR panels, consisting of 21 miRs,
in HPV-associated and normal OSCC [128].
miR-127 is intimately related to cell proliferation
and senescence through upregulation of the onco-
gene BCL-6 [128].

2.4.2.9 miR-518c-5p

In mice and cell line models of OSCC, miR-
518c-5p was shown as a regulator of growth and
metastasis [184]. Mice innoculated with miR-
518c-5p clones developed tumors with lymph
node and lung metastasis. Cell-based assays
revealed that miR-518c-5p is a downstream target
of the stromal cell-derived factor (SDF)-1/chemo-
kine receptor CXCR4 (CXCR4) axis [184]. This
finding assumes significance because cancer stem
cells (CSCs) were also shown to express CXCR4,
and the “SDF-1/CXCR4” axis is critical for
metastasis mediated by oral CSCs [185]. Some
groups have also shown an amplification of
19q13.4, the cytogenetic locus encompassing pri-
mate-specific microRNA gene cluster (C19MC)
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and miR-518c-5p, which are in close proximity.
Amplification of this genomic locus was observed
among salivary adenoid cystic carcinomas and
neuro-ectodermal tumors [186, 187]. It is not
clear if the same mechanism is involved in the
overexpression of miR-518C-5p in oral cancer,
and more clinical studies are needed.

2.4.3 MicroRNAs as Tumor
Suppressors

MicroRNAs can act as potential tumor suppres-
sors. Some tumor suppressor miRs include miR-
200 family, miR-101, miR-26a/b, miR-29a,
miR-27b, miR-137, miR-125a, miR-29a, miR-
491-5p, miR-124, miR-125, miR-218, miR-99a,
miR-375, etc. [88]. These miRs are typically
downregulated in tumor tissues through
hypermethylation.

2.4.3.1 miR-200 Family

The miR-200 family, miR-200a, miR-200b,
miR-200c, miR-141, and miR-429, is found sig-
nificantly downregulated in cells undergoing
EMT. This miR family regulates E-cadherin
repressors: zinc finger E-box binding homeobox
1 (ZEB-1) and zinc finger E-box binding homeo-
box 2 (ZEB-2) [21]. The expression of miR-200
family induces mesenchymal-epithelial transi-
tion (MET), highlighting their loss during EMT,
and the downregulation of miR-200 family is
essential for oral cancer progression. In a study
on 66 OSCC, a strong downregulation was iden-
tified in OSCC tissues compared to matched
controls [21]. Overexpression of miR-429 inhib-
its apoptosis and suppresses invasion in oral
cancer [22].

2.4.3.2 miR-101

miR-101 is underexpressed in OSCC and shows
an inverse correlation with ZEB-1 implicated in
endowing cancer cells with proliferative and
invasive capacity [17]. In a sample of 181 OSCC
specimens, low miR-101 expression correlated
with high rate of lymph node metastasis, and sur-
vival analysis on 40 OSCC patients revealed a
poor prognosis in specimens with low miR-101

levels [17]. Bioinformatics analysis indicated
that miR-101 is a target of ZEB1 [17]. Through a
meta-analysis, loss of miR-101 was linked to
worse overall survival in a variety of cancers [18,
19]. Genomic loss of miR-101 was linked to an
overexpression of histone methyltransferase
EZH?2 in cancer, which is a regulator of survival
and metastasis through epigenetic silencing [20].

2.4.3.3 miR-26a/b

Loss of miR-26a/b is associated with cancer
cell migration and invasion through its target
genes: transmembrane protein 184B
(TMEM184B), E-cadherin, and EGF LAG
seven-pass G-type receptor 1 (CELSRI) [24].
TMEM184B which codes for a transmembrane
protein was the most downregulated genes
among a panel of 14 gene candidates in miR-
26a/b transfects [24]. Data from 36 OSCC
specimens suggested overexpression of miR-
26a/b in OSCC. The “miR-26a/b-TMEM184B”
axis is a tumor suppressor axis. Silencing
TMEM184B in cell lines led to reduced inva-
sion and altered expression of genes in 23
pathways, and following pathway analysis sig-
nificant correlation was identified with actin
cytoskeleton genes [24]. In a study on 20
OSCCs, 20 OLP, and 20 oral leukoplakias, the
expression of miR-26a was downregulated in
leukoplakia and oral cancer tissue and upregu-
lated in lichen planus, compared to 20 normal
controls [33]. A polymorphism in miR-26a
also correlated with the risk of OPMD. In
another report by Jia et al., expression of miR-
26a was downregulated in 76 TSCC specimens
and was shown to increase the expression of
the IncRNA MEG3, through reduction of
expression of DNA methyltransferase 3B
(DNMT3B) [33, 34].

2.4.3.4 miR-137

Promoter methylation of miR-137 was identified
in many studies on OSCC and OPMDs [12, 13].
HNSCC tumors with promoter methylation of
miR-137 correlated with poor overall survival
(OS) when compared to unmethylated tumors
[12]. The target of miR-137 “EZH2” acts as a
switch from a proliferation state to a differentia-
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tion state [12]. In a study on 20 OLP, 12 OSCCs,
and 10 controls, methylation status was highest in
OSCC (58.3%), comparatively less in OLP (35%),
and completely absent in healthy mucosa [13]. In
a report on 99 oral rinse samples derived from
HNSCC patients, methylation was identified in 21
oral rinse samples (22.2%) and only 3 (3%) of the
99 healthy controls [14]. Methylation was identi-
fied in 14 of 37 OSCC (37.8%) cases, and the
odds ratio for miR-137 methylation in OSCC was
>12 times than normal subjects [14]. Moreover,
tumor tissue miR-137 methylation status was
strongly associated with female gender and
inversely with body mass index [14]. In a recent
report on oral brush biopsy specimens, composed
of highly categorized specimens, 11 OSCCs, 11
high-grade squamous intraepithelial lesions
(HG-SIL), 9 low-grade SIL (LG-SIL), 9 OLP, and
8 controls, methylation was noticed in 100% OLP
and 44.4% OSCC [15]. Ectopic expression of
miR-137 results in expression of E-cadherin and
inhibits N-cadherin and vimentin and Snail, par-
ticipating in suppression of EMT [16]. Recently
the tumor suppressor function of miR-137 was
shown to occur through targeting specificity pro-
tein (SP1) zinc finger transcription factor, thereby
promoting proliferation and colony formation
[16]. In the tumorigenic oral cancer stem cell pop-
ulation, dysregulation of miR-137 was not found
[127]. Methylation of miR-137 can serve as a
potential signature in OSCC and as a significant
prognostic marker [12].

2.4.3.5 miR-125a

miR-125a plays a role in the progression of
OSCC by targeting the estrogen-related receptor
alpha (ESRRA) a member of the nuclear receptor
superfamily that regulates cancer cell migration
and invasion whose downstream targets encom-
pass genes in cell cycle, metastasis, and metabo-
lism (WNT11 (wingless-related murine mammary
tumor virus integration site 11), CCNE! (cyclin
El), OPN (osteopontin), and OPG (osteoprote-
gerin)). ESRRA is upregulated in tissues with
low miR-125a and high energy requirement.
Overexpression of miR-125a in OSCC cells dras-
tically reduced the level of ESRRA, decreased
cell proliferation, and increased apoptosis [188].

Downregulation of miR-125a was identified in a
study on 20 OSCC patients.

2.4.3.6 miR-491-5p

miR-491-5p participates in OSCC progression
through its target G-protein-coupled receptor
kinase-interacting protein 1 (GIT1), a scaffold
protein associated with paxillin and capable of
stimulating lamellipodia formation. The GIT1/
paxillin complex regulates focal adhesion forma-
tion and cell migration. GIT1 increases expres-
sion of MMP-2/MMP-9 via EGFR/ERK1/2
signaling pathway. In a study on 33 OSCC speci-
mens, miR-491-5p underexpression was noticed
in 29 (88%) specimens [189]. Survival analysis
on 189 patients revealed a correlation between
low expression of miR-491-5p with poor survival
and lymph node metastasis [189].

2.4.3.7 miR-29a

miR-29a is known to negatively inhibit the
expression of matrix metalloproteinase-2 (MMP-
2), involved in EMT and invasion [140, 190]. In a
study on 50 OSCC specimens, downregulation of
miR-29a was observed in 25 (50%) specimens
[190]. In a comparative study of 17 nonmetastatic
primary OSCCs and 20 metastatic lymph nodes,
miR-29a was among a small panel of differen-
tially expressed miRs that displayed a strong
positive correlation with their DNA copy num-
bers [191]. The expression of miR-29a was also
downregulated in leukoplakia and upregulated in
lichen planus [33]. In a large screening study on
genotypic variations in 451 OSCC patients
(tobacco stratified analysis), variant allele homo-
zygous genotypes at miR-29a were found to be
increased [192]. In a Syrian hamster model of
oral cancer, miR-29a was also shown among the
panel of downregulated miRs [193]. In a study on
14 carcinomas in situ and 16 OSCC specimens,
miR-29a was shown among a panel of 5 miRs
with a potential as serum biomarkers [194].

2.4.3.8 miR-124

Reduced miR-124 was shown to upregulate integ-
rin beta-1 (ITGB1) to promote invasion and metas-
tasis [195]. miR-124 was shown to reduce the
expression of sphingosine kinase 1 which directs
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the cell toward an apoptosis program [196]. A
4.59-fold decrease was observed for miR-124 in
OSCC specimens than normal controls [196]. In
the nasopharyngeal carcinoma model, miR-124
was shown to exert its effects by suppressing the
expression of calpain small subunit 1 (Capn4), and
the miR-124/capn axis decreased the levels of
fB-catenin, cyclin D1, and c-Myc [197].

2.4.3.9 miR-218

miR-218, a target of mMTOR component Rictor
that inhibits AKT phosphorylation, was found
to be silenced in OSCC [40-44]. In patients
with positive nodal involvement, low expression
of miR-218 was shown to increase risk of dis-
tant metastasis [44]. In a report on 115 OSCC
specimens, low miR-218 level was associated
with HPV16/18 (E6)-positive tumors as well
as shorter overall survival (OS) and recurrence-
free survival (RFS). HPV16/18 infection was
negatively associated with miR-218 expression
and positively associated with paxillin (PXN)
expression. Paxillin, an adaptor protein regulat-
ing cell motility through cytoskeleton assem-
bly, was reported to promote tumor progression
of OSCC by modifying the levels of miR-218.
Survival analysis demonstrated that patients
with low-miR-218 tumors or high-PXN tumors
exhibited shorter OS and RFS than patients with
high-miR-218 tumors or low-PXN tumors. HPV-
infected patients with low-miR-218 and high-
PXN tumors and both combinations exhibited
the worst OS and RFS [43]. Thus miR-218 is
an important piece of evidence underlying HPV
related OSCC. Methylation was proposed as the
basis of miR-218 silencing [44]. A molecular link
between miR-218 and PPP2R5SA/Wnt signaling
pathway has been recently proposed and ectopic
expression of miR-218 was shown to induce sur-
vival and resistance to cisplatin [45].

2.4.3.10 miR-99 Family

In a meta-analysis of miRNA data in HNSCC,
miR-99 family consistently showed downregula-
tion [198]. Its target genes include mTOR, homeo-
box Al (HOXAL1), CTD small phosphatase-like
(CTDSPL), N-myristoyltransferase 1 (NMT1),
transmembrane protein 30A (TMEM30A), and

SWI/SNF-related matrix-associated actin-depen-
dent regulator of chromatin subfamily A member
5 (SMARCAS) [198-200]. The downregulation
of HOX2 decreases expression of BCL-2 leading
to reduced proliferation and cell migration, as
well as enhanced apoptosis [199]. miR-99 is also
significantly downregulated in OSCC tissues and
cell lines [200]. It functions as a tumor metastasis
inhibitor, and downregulation was identified in
patients demonstrating lympho-vascular invasion.
In this study, 28 (70%) of 40 OSCCs demon-
strated a >2-fold decrease in miR-99a [200]. In
cell lines, miR-99a knockdown resulted in cell
proliferation, migration, and invasion [200]. In a
study by Yan et al. on 25 OSCC tissue specimens,
significant downregulation of miR-99a was iden-
tified, and cell line modeling established its role in
OSCC development [201].

2.4.3.11 miR-375

miR-375 strongly repressed in OSCC and OLP
was shown to act on the Kruppel-like family tran-
scription factor 5 (KLF5) [26, 27]. miR-375 was
shown to regulate expression of MYC via repres-
sion of cancerous inhibitor of protein phosphatase
2A (CIP2A) coding sequence [27]. This miR-375
may be another piece of evidence linking immune-
mediated, inflammatory lesions like OLP with
oral cancer [26]. More recently in a study by
Yadong et al. on 40 OSCC clinical specimens,
miR-375 was strongly downregulated, while its
target gene Solute carrier family seven number 11
(SLC7A11) was upregulated [28]. In a report by
Jung et al. on TSCC cell lines, the chemothera-
peutic drugs doxorubicin, 5-fluorouracil, tricho-
statin A, and etoposide increased the expression
of miR-375 [29]. In a pilot study on 39 oral cytol-
ogy samples (19 TSCCs vs 20 normal subjects),
miR-375 was able to discriminate TSCC and nor-
mal controls, serving as a potential noninvasive
diagnostic marker [25].

2.4.3.12 miR-204

miR-204 was shown to be frequently downregu-
lated in numerous cancer models [79]. miR-204
binds to Slug and Sox4, suppressing their expres-
sion [79]. Downregulation of miR-204 increased
oral cancer stemness and lymph node involvement
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in animal models. Survival analysis using the sig-
nature (miR-204""Slughie"Sox4"e") on a sample of
30 noncancerous tissue and 30 tumor specimens
and 30 with lymph node involvement showed
poor prognosis, which indicates it as a putative
signature for cancer progression [79]. Knockdown
of miR-204 resulted in higher incidence of lymph
node metastasis in nude mice model [79]. miR-
204-5p was also shown to suppress CXCR4
expression [80].

Besides the abovementioned bona fide onco-
and tumor suppressor microRNA, there are sev-
eral others implicated in OSCC. The use of a
specific miR or a panel of miRs as diagnostic bio-
marker signatures of OSCC has been suggested
in numerous recent studies. miRs are central
players and reliable markers of progression of
OPMD and OSCC. The differential expression of
miRs seen in saliva of patients with OPMD and
OSCC at different stages in progression
responded to treatment underscoring their ther-
anostic significance. Thus miRs may function as
oncogenes or tumor suppressors and can be used
as diagnostic and prognostic markers [41]. Direct
targeting of genes through gene therapy may
prove challenging, and miRs may be more suit-
able therapeutic targets.

2.4.4 Piwi-Interacting RNA

Piwi-interacting RNAs (piRNAs) are 26-31
nucleotides long transcribed from repetitive
sequences in the genome. The single-stranded
piRNA precursors bind to Piwi proteins of the
Argonaute family and guide them to endogenous
transposable elements, resulting in genetic insta-
bility [202].

There are very few studies on piRNAs in oral
cancer. Analysis of the expression pattern for a
41-member Piwi panel revealed differences
between HPV-positive and HPV-negative
HNSCC cases. Of the 11 piRNAs that showed
significant overexpression in HPV-positive cases,
5 (piR-35953, piR-36984, piR-39592, piR-
36715, and piR-30506) correlated with unfavor-
able patient survival rates. Recently, a panel of 13
piRNAs was identified in OSCC related to smok-

ing. A positive correlation was observed between
the expression of the piRNAs NONHSAT123636
and NONHSATI113708 with tumor stage,
whereas NONHSAT(067200 was found to be a
useful predictor of survival rate. PIWIL1 expres-
sion correlated with genomic changes, including
in the Tp53 gene [203, 204].

2.4.5 Circular RNAs

Circular RNAs (circRNAS) are circles of ncRNAs
whose 5° and 3’ ends are linked to form a cova-
lently closed loop. They are transcribed similar to
mRNAs but differ from them in the processing
steps. circRNAs are reported to regulate gene
expression by posttranscriptional control, miRNA
sponging, or translational repression [16]. The
miRNA sponging activity of the circRNAs can be
used as a therapeutic strategy to silence overex-
pressed miRs. Using microarrays, Chen et al.
identified many circRNAs that are differentially
expressed between OSCC tissue and paired non-
cancerous matched tissue. In particular, expres-
sion of circRNA_100290 that was co-upregulated
with CDKG6 correlated with proliferation of OSCC
cells. Knockdown and luciferase reporter assays
revealed that circRNA_100290 regulated CDK6
expression through sponging miR-29b family
members [205]

2.4.6 LongNoncoding RNA: Novel
and Undisputable Players

Over the last few years, the role of miR in OSCC
has been elaborated, but only limited evidence
is available on the role of IncRNAs in OSCC.
IncRNAs can act as molecular signals, tethers,
and decoys to liberate DNA-binding proteins
or through antagonism against miRs, as guides
recruiting proteins to DNA or through exertion
of chromatin looping for transcription enhance-
ment, and as scaffolds to bring proteins into
close proximity. They work at all levels of gene
modulation, be it epigenetic, transcriptional, or
translational, playing critical roles in basic cel-
lular processes like proliferation, differentiation,
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Fig. 2.3 The multi-faceted actions of IncRNAs. (a)
IncRNAs can bind to chromatin modifying complexes to
target specific DNA loci and up/downregulate gene
expression. (b) IncRNAs can influence translation by (1)
modulating mRNA stability, (2) directly binding to the
mRNA thereby masking the miR binding site and miR-
induced silencing or (3) bind to miRs preventing miR

apoptosis, and metastasis, which are all pivotal to
cancer progression (Fig. 2.3) [206]. In OSCC, the
most frequently upregulated IncRNAs include
HOTAIR, FOXCUT, MALAT1, UCA1, TUGI,
CCAT2, FTH1P3, H19, and HIFCAR/MIRHG,
while the downregulated ones include MEG-3.
IncRNAs may also act as intermediates in the
genesis of HNSCC due to HPV oncoproteins
“ES5, E6, and E7” and may be potential therapeu-
tic targets for prevention of HPV-HNSCC [117].
About 140 IncRNA transcripts were differen-
tially expressed between HPV-positive and HPV-
negative tumors, and 30 IncRNA transcripts were
differentially expressed between TP53-mutated
and 7P53 wild-type tumors [207]. IncRNAs are
able to generate IncRNA-binding protein com-
plexes that modulate a large number of genes.

ing
sites and thus miRNA induced silencing

LncRNAs can bind miRNAs and |

binding to target mRNA (c¢) IncRNAs can inhibit
transcription by interacting with RNA pol II; and (d)
IncRNAs interfere with transcription by interacting with
transcription factors. Reprinted with permission from
Irimie et al. A Looking-Glass of Non-coding RNAs in oral
cancer. Int J Mol Sci. 2017; 18. pii: E2620

Comparison of the expression levels of 3054
probe sets for IncRNAs between 167 OSCCs
and 45 healthy oral mucosae revealed differen-
tial expression of 658 IncRNA transcripts with
36 of them (39 probe sets) showing more than
a twofold change [208]. Further validation of
the top differentially expressed IncRNAs identi-
fied three IncRNAs with the highest fold change
(LOC441178, HCG22, and C50rf66-AS1). Using
the functional annotation algorithm from ncFANs
followed by real-time PCR validation, Gao et al.
[209] identified eight differentially expressed
IncRNAs in TSCCs. While Lnc-PPP2R4-5, Inc-
SPRR2D-1, Inc-MAN1A2-1, Inc-FAM46A-1,
Inc-MBL2-4:1, and Inc-MBL2-4:3 were upreg-
ulated, Inc-AL355149.1-1 and Inc-STXBPS5-1
were downregulated in the microdissected TSCC
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tissues. Furthermore, IncRNAs were associated
with T stage and nodal status of TSCC.

2.4.6.1 HOX Antisense Intergenic RNA
(HOTAIR)

According to a recent meta-analysis, the HOX
transcript antisense RNA (HOTAIR) was sug-
gested as a potential marker for advanced tumor
stage and prognosis [118]. In the laryngeal
squamous cell carcinoma model, HOTAIR was
also shown as a driver of PTEN methylation
[119]. HOTAIR is expressed from the homeo-
box C gene (HOXC) locus and is capable of
reprogramming chromatin organization and can
simultaneously bind with PRC-2 to enhance
H3K27 trimethylation and to LSDI1-CoREST-
REST complex for H3K4 demethylation [120].
The expression profile and functional role of
HOTAIR in OSCC were dissected only recently.
HOTAIR was among a small panel of IncRNA
intermediates to show expression difference in
HPV-positive and HPV-negative HNSCC [117].
Wau et al. identified the expression of HOTAIR
in 45 of 50 OSCC (90%) specimens [121]. The
expression in the para-cancerous tissues was sig-
nificantly less than cancerous tissue, correlating
closely with tumor size and clinical stage. It was
suggested as a molecular marker for OSCC diag-
nosis, and a possible relation to prognosis was
hypothesized [121]. Knockdown of HOTAIR
in OSCC cells by siRNA interference approach
decreased cell proliferation and colony forma-
tion, increased cell invasion and migration, and
induced apoptosis in vitro. A negative correla-
tion between HOTAIR levels and E-cadherin
levels was also found in OSCC tissues and cell
lines, and HOTAIR contributed to the regula-
tion of E-cadherin through binding to EZH2 and
H3K27me3 with the E-cadherin promoter [121].
HOTAIR acts as a molecular scaffold to link and
target the histone modification complexes PRC2
and LSD1 and then reprograms chromatin states
by coupling histone H3K27 methylation and
H3K4 demethylation for epigenetic gene silenc-
ing to promote cancer metastasis. In another study
by Wu et al., HOTAIR expression increased in
OSCC compared with non-tumor tissue and was
also associated with metastasis, stage, and histo-

logical differentiation [122]. Overexpression of
HOTAIR indicated poor OS and DFS in OSCC
patients indicating a poor prognosis.

2.4.6.2 FOXC1 Upstream Transcript,
Noncoding (FOXCUT)

The Fork head box C1 (FOXCI) gene is over-
expressed in numerous malignant tumors and
has been functionally correlated with tumor pro-
gression [55-57]. FOXCI1 upstream transcript
(FOXCUT) was overexpressed in 23 OSCC
patients, as was the adjacent FOXCI gene.
In OSCC cell lines, downregulation of either
FOXC1 or FOXCUT via a siRNA approach
could inhibit cell proliferation and cell migration
in vitro and was accompanied with a reduction of
MMP-2, MMP-7, MMP-9, and VEGF-A [55]. It
was concluded that FOXC1 may be co-amplified
with FOXCUT in OSCC through the formation
of “IncRNA-mRNA pair,” and both together may
be functionally involved in tumor progression
[55]. This IncRNA-mRNA pair was validated
as a nodal point of tumor progression in several
closely related cancer models including OSCC.

2.4.6.3 Metastasis-Associated Lung
Adenocarcinoma Transcript-1
(MALATT1)

The IncRNA metastasis-associated lung adeno-
carcinoma transcript-1 (MALAT1) has been
reported to play an oncogenic role in OSCC,
particularly in the event of metastasis. In a
report by Chang et al., MALAT1 was upregu-
lated in OSCC cell lines. Bioinformatics screen-
ing identified miR-125b as its direct target,
and there was a negative correlation between
MALAT1 and miR-125b [104]. STAT3 was pre-
dicted as the binding target of miR-125b [104].
Overexpression of MALAT 1 was able to suppress
the tumor inhibitory effect of miR-125b mim-
ics via upregulation of STAT3. Downregulating
MALATI inhibited OSCC tumor growth, while
upregulating MALAT1 promoted OSCC devel-
opment in vivo, via the miR-125b/STAT3 axis.
Mechanistic studies in OSCC have shown that
MALAT1 functions as a competing endogenous
RNA (ceRNA) to modulate STAT3 expres-
sion by absorbing miR-125b [104]. In another
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study by Zhang et al., MALAT1 was shown to
be specifically upregulated in TSCC cell lines,
and overexpression promoted TSCC cell growth
by targeting miR-124. Knockdown of MALAT1
suppressed growth and invasion of human TSCC
cells and inhibited metastasis both in vitro and
in vivo. miR-124-dependent jaggedl (JAGI)
regulation was required for MALAT I-induced
TSCC cell growth [105]. Zhang et al. dem-
onstrated that MALAT1 inhibited TSCC cell
growth and metastasis through miR-124-depen-
dent JAGI regulation [105]. In another recent
report by Liang et al. through a relatively simple
upregulation-based plasmid transfection study in
TSCC, MALAT1 was linked to cell migration,
metastasis, and apoptosis through the WNT/f-
catenin pathway [106]. In a previous report by
Zhou et al. [107], an overexpression of MALAT1
was identified in OSCC tissues as compared to
normal oral mucosa. MALAT1 served as a new
prognostic factor in OSCC patients through
survival analysis, where patients with high
expression of MALAT1 were shown to have
low survival [107]. MALAT1 knockdown by
siRNA approach in OSCC cell lines provided
evidence that MALAT is essential for the main-
tenance of EMT-mediated cell migration and
invasion. MALAT1 knockdown significantly
suppressed N-cadherin and vimentin expres-
sion but induced E-cadherin expression in vitro.
This was associated with reduced nuclear and
cytoplasmic expression levels of f-catenin and
NF-kB [107]. Targeting MALAT1 in a xenograft
tumor model suppressed TSCCA cell-induced
xenograft tumor growth in vivo. These find-
ings have provided mechanistic insights into the
role of MALAT1 in regulating OSCC metasta-
sis, suggesting MALAT1 also as an important
prognostic factor and therapeutic target [107].
Another group has shown the negative regula-
tion of MALAT1 and small proline-rich proteins
(SPRR1B, SPRR2A, and SPRR2E) and also cor-
related with lymph node metastasis [108].

2.4.6.4 Urothelial Carcinoma-

Associated 1 (UCA 1)
The IncRNA urothelial carcinoma-associated 1
(UCA1) dysregulated in pancreatic, breast, and

lung cancer was found to be aberrantly upregu-
lated in TSCC tissues associated with lymph
node metastasis and higher TNM stage. UCA1
silencing suppressed proliferation and metastasis
and induced apoptosis of OSCC cell lines both
in vitro and in vivo [159]. UCAI increased
B-catenin expression with consequent increased
cell proliferation, cell migration, and cell inva-
sion. Their work revealed the importance of
IncRNA UCA1-B-catenin-WNT signaling path-
way regulatory network in the genesis of OSCC.

2.4.6.5 Taurine Upregulated Gene 1
(TUGT)

Taurine upregulated gene 1 (TUGI) has been
investigated only recently in OSCC development
[160]. Liang et al. have shown that TUG1 was
upregulated both in OSCC tissues and cell lines.
Higher tissue expression level of TUGI signifi-
cantly correlated with TNM stage, lymph node
metastasis, and tumor grade in OSCC patients.
Knockdown of TUGI by an siRNA approach
suppressed cell growth, cell proliferation, and
cell invasion in OSCC cell lines associated with
significant downregulation of f-catenin, cyclin
DI, and c-MYC. Wnt/B-catenin pathway activa-
tor (LiCl) reversed the TUG1 knockdown effect
on cell proliferation, cell invasion, and cell apop-
tosis in the cell lines. TUG1 enhances cell growth,
proliferation, and invasion and also reduces
apoptosis of OSCC through Wnt/B-catenin path-
way targeting [160]. In another recent study by Li
et al., TUG1 was concluded as an oncogenic
RNA as cell proliferation was significantly inhib-
ited upon its knockdown in cell lines and overex-
pression was noticed in 27 TSCCs as compared
to matched controls [161].

2.4.6.6 Maternally Expressed Gene 3
(MEG3)

In a report by Jia et al., MEG3 gene expression
was strongly downregulated in 76 TSCCs com-
pared to its matched nonmalignant tissues, and
low expression levels of both MEG3 and miR-
26a combined emerged as an independent prog-
nostic factor for poor clinical outcome in TSCC
patients [34]. Survival analysis demonstrated that
patients with high expression of MEG3 survived
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longer than patients with lower expression. The
survival rate of patients with low expression of
miR-26a and MEG3 combined was shorter than
patients with high expression of miR-26a or
MEG3 [34]. Furthermore, overexpression of
miR-26a or MEG3 in OSCC cell lines inhibited
cell proliferation and cell cycle progression and
promoted cell apoptosis. MEG3 was also shown
as a potential regulator of TGF-f pathway genes
by binding to their distal regulatory sequences,
through the formation of RNA-DNA triplex
structures [129]. Recently, Liu et al. demon-
strated that MEG3 can inhibit the growth and
metastasis of OSCC by negatively regulating the
WNT/B-catenin signaling pathway [130].

2.4.6.7 Long Noncoding RNA Colon

Cancer-Associated Transcripts

1 and 2 (CCAT1 and CCAT2)
Colon cancer-associated transcript 1 (CCAT1), a
IncRNA, mapped to chromosome 8q24 close to
the oncogene c-myc, was shown to be differen-
tially expressed in several types of cancers,
including colon cancer, gastric cancer, gall blad-
der cancer, and hepatocellular carcinoma.
Recently, Arunkumar et al. [68] analyzed the
expression of CCAT1, c-Myc, and the miRNAs
miR-155-5p, let7b-5p, miR-490-3p, and miR-
218-5p sponged by CCAT1 in 60 oral tumor and
8 normal tissue samples by RT-gPCR. OSCC
cases overexpressing CCAT1 had poor therapeu-
tic outcome. Furthermore, CCAT1 overexpres-
sion correlated significantly with c-Myc
expression and sponging of miR-155-5p and
let7b-5p.

CCAT?2 was first identified in colon cancer
patients, where it was shown as a WNT down-
stream target. More recently it was identified as
a potential oncogenic IncRNA in OSCC [69].
CCAT2 upregulates MYC, miR-17-5p, and
miR-20a [69, 70]. Based on a meta-analysis [71,
72], CCAT2 was suggested as a potential marker
for lymph node metastasis and distant metasta-
sis, associated with poor clinical outcome [71].
In a study on 86 OSCC specimens, CCAT?2 lev-
els strongly correlated with tumor stage, and
CCAT?2 expression was significantly higher at
stage III/IV than stage I/II [73]. CCAT?2 expres-

sion level was also higher in poorly differenti-
ated relative to highly differentiated OSCC. In
another comparatively larger cohort of 102
OSCC patients, CCAT2 was shown as a prog-
nostic biomarker [74]. In a similar recent report
by Ma et al. on 62 OSCC specimens, a higher
expression also correlated with poor differentia-
tion, higher T stage, and clinical stage, and sur-
vival analysis demonstrated CCAT2 as a
prognostic biomarker in OSCC [70]. Through
pathway analysis, a positive relationship
between CCAT2 and WNT/B-catenin pathway
activation was identified [70].

2.4.6.8 H19: Imprinted Maternally
Expressed Transcript

The IncRNA H19 is recognized to alter genome-
wide DNA methylation. In a recent meta-analysis,
polymorphisms in H19 were shown to be linked to
cancer susceptibility, and protective roles for cer-
tain alleles were observed [98]. Also, some data is
available on the association of H19 in OSCC
metastasis and progression [99]. Recently, in a
sample of 123 TSCC [99], correlation was found
between H19 and EZH2 expression [99, 100].
H19 and EZH2 were upregulated in TSCC tissues
compared to matched normal tissues and signifi-
cantly correlated with WHO grade, lymph node
metastasis, and poor prognosis through the sur-
vival plots [99]. Through a H19 targeted lentivirus
approach, the roles of H19 in cell proliferation,
apoptosis, and invasion were deciphered. H19
silencing attenuated cell proliferation, apoptosis,
and invasion in vitro. H19 knockdown inhibited
activation of p-catenin/GSK-3p/cyclin D1/c-myc,
upregulated E-cadherin and zonula occludens-1
(ZO-1), and inhibited N-cadherin, vimentin,
Snaill, Twistl, and ZEB1 [99]. Silencing H19
also inhibited tumor progression and lung metas-
tasis in vivo clearly suggesting its role in oral can-
cer metastasis to the lung [99]. H19 was shown to
promote TSCC progression through association
with EZH2 and affects downstream {-catenin/
GSK3B/EMT signaling, suggesting H19 inhibi-
tion as a potential therapeutic target for TSCC
[99]. H19 was proposed as a IncRNA in tumor
metastasis and in the EMT/MET decision [101].
Downregulation of H19 significantly decreased
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the expression of f-catenin, EZH2, cyclin DI,
c-Myc, and the mesenchymal genes N-cadherin
and vimentin, while increasing E-cadherin and
Z0-1 expression levels [99]. HI9 was shown to
act on genome-wide methylation through inhibi-
tion of S-adenosylhomocysteine hydrolase
(SAHH) that hydrolyses S-adenosylhomocysteine.
H19 knockdown activates SAHH which causes
DNMT3B-mediated methylation of a gene subset
[102]. More recently, the drug metformin was also
proposed to act through the HI9/SAHH axis and
in the future may evolve as a possible epigeneti-
cally targeted drug treatment for cancer [103].

2.4.6.9 Ferritin Heavy Chain 1
Pseudogene 3 (FTH1P3)

The IncRNA ferritin heavy chain 1 pseudogene 3
(FTHIP3) can act as a ceRNA during tumorigen-
esis [23]. FTH1P3is overexpressed in OSCC and
correlates with low survival rate of OSCC
patients [23]. Ectopic expression of FTH1P3 also
induced cell proliferation and colony formation
in OSCC cell lines. Mechanistic studies have
shown that FTH1P3 is a ceRNA, becoming a
sponge for miR-224-5p, thereby modulating the
expression of frizzled 5. Both FTH1P3 and fiz-
zled 5 were upregulated in OSCC cell lines and
tissue specimens, and overexpression of fizzled 5
functions as an oncogene in OSCC scene.
Existing data demonstrates that FTHIP3 facili-
tates OSCC progression by acting as a molecular
sponge for miR-224-5p to modulate frizzled 5
expression [23].

2.4.6.10 MIR31 Host Gene
(MIR31HG/HIFCAR)

MIR31 host gene (MIR31HG/HIFCAR) IncRNA
was shown to play a role in myoblast differentia-
tion and senescence though its downstream mol-
ecule pl6 (INK4A) [210-212]. The expression
of LncHIFCAR/MIR31HG was found to be
upregulated in a wide range of malignant tumors
including OSCC [85]. Clinicopathological data
from 42 OSCC specimens indicated substantial
upregulation of LncHIFCAR which correlated
with age and advanced tumor grade and was sig-
nificantly associated with poor clinical outcomes

underscoring its potential as an independent
prognostic  predictor. Patients with high
LncHIFCAR expression had a significantly
worse OS and recurrence-free survival (RES)
than those with low LncHIFCAR expression.
Higher expression of LncHIFCAR was identified
as an independent prognostic factor for
RFS. Overexpression and knockdown studies of
LncHIFCAR revealed that it induces a pseudo-
hypoxic gene signature, and its knockdown
impaired hypoxia-induced HIF-la transactiva-
tion, sphere-forming ability, metabolic shift, and
metastatic potential in vitro and in vivo.
Mechanistically, LncHIFCAR forms a complex
with HIF-1a via direct binding and facilitates the
recruitment of HIF-1a and p300 cofactor to the
target gene promoters [85].

The ncRNAs have emerged as promising bio-
markers for diagnosis and prognosis of OSCC
and as potential therapeutic targets. Given their
small size and stability, they are less susceptible
to degradation by RNases compared to mRNAs.
Their key roles in OSCC development and in the
acquisition of cancer hallmarks have been com-
prehensively reviewed by Irimie et al. [86].

2.4.7 Oncogenic Signaling
Pathways

Successive genetic and epigenetic changes
impact a number of cellular signaling pathways
that regulate cell growth, differentiation, motility,
cell death, and cell fate with loss of homeostatic
control eventually leading to the transformation
of a normal cell to a malignant tumor. Cellular
signaling pathways are complex interconnected
networks comprising growth factors, receptors,
cytoplasmic proteins, kinases, and transcription
factors that transduce signals to regulate a pleth-
ora of diverse cellular processes. In particular,
altered expression of oncogenic kinases and tran-
scription factors play a significant role in dysreg-
ulated signaling in cancer [213].

Changes in the expression of nuclear tran-
scription factors, namely, c-myc, c-fos, c-jun, and
ets-1, are common events during the develop-
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ment and progression of OSCC. Amplification
and overexpression of c-myc that promotes cell
proliferation and inhibits apoptosis has been
observed in 10-40% of human OSCC.
Upregulation of ets-1 was generally found to sig-
nificantly correlate with the extent of invasion
and metastasis. In contrast to c-myc and ets-1, the
expression of c-fos was found to be high in nor-
mal oral mucosa and gradually decreased during
the advanced stages of OSCC. Constitutive acti-
vation of Stat-3, a signaling molecule involved in
the Jak/Stat pathway, has been proposed to be an
early event in tobacco chewing-mediated oral
carcinogenesis [214].

Numerous oncogenic signaling circuits
including TGF-f, NF-xB, Wingless-type
1/B-catenin pathway (WNT/B-catenin), PI3K/
Akt, and Janus kinase/signal transducer and acti-
vator of transcription (JAK/STAT) pathways
were found to be dysregulated during OSCC pro-
gression (Fig. 2.4). Disruption in TGF-p1-
induced Smad signaling due to overexpression of
Smad7 and downregulation of TGFPRII, Smad-
2, Smad-3, and Smad-4 have been documented in
OSCC. Mutations in the runt-related transcrip-
tion factor 3 (RUNX 3), an important component
of TGF-B, have also been detected in
OSCC. TGF-p plays a dual role in OSCC pro-
gression by functioning as an oncosuppressor
during the early stages and as a tumor promoter
during the later stages by increasing the affinity
of transformed oral epithelial cells toward lym-
phatic vessels [215].

Aberrant NF-kB signaling due to overexpres-
sion of p50 and p65 subunits and IKKf and
reduced IxB expression is a characteristic find-
ing in oral tumors. Overexpression of NF-xB
seen in precancerous stages was sustained
throughout carcinogenic progression [216]. In a
resting cell, NF-xB is present in the cytoplasm
sequestered by inhibitor of kB (IkB). Activation
of NF-kB occurs via phosphorylation-induced
degradation of IkBs. Various stimuli including
tobacco and betel nut ingredients cause activa-
tion of NF-kB with consequent nuclear translo-
cation and binding to distinct kappa binding
sites on DNA. NF-kB is a transcription factor

that regulates the expression of a myriad of
genes involved in cancer hallmarks including
angiogenesis (e.g., VEGF), apoptosis (Bcl-2),
cell proliferation (e.g., cyclin D1), inflammation
(IL-8), invasion (MMP), etc. Accumulation of
NF-kB is an early event in HNSCC even during
the epithelial hyperplasia stage, and accumula-
tion swiftly increases with increasing tumor
grade [64]. Abnormal expression of this mole-
cule was associated with resistance to radiother-
apy and chemotherapy [64]. Downregulation of
NF-KappaB-interacting IncRNA (NKILA) sig-
nificantly correlated with tumor metastasis and
poor patient prognosis in TSCC. Overexpression
of NKILA inhibited the phosphorylation of
IkBa and NF-xB activation as well as EMT,
migration, and invasion. Furthermore, NKILA
inhibited lung metastasis of NOD/SCID mice
with TSCC tumors [217].

Activation of the canonical Wnt/p-catenin
signaling pathway has been frequently reported
in OSCCs. The components of the canonical
Wnt pathway, such as Wnt-3, p-catenin, and
cyclin D1, were found to be potentially involved
in the progression of dysplasia in oral leukopla-
kia, a precancerous lesion. Frequent overexpres-
sion of Wnt and Fz with mutations of APC,
B-catenin, and axin 1 genes and cytoplasmic
accumulation of P-catenin have been demon-
strated in OSCC. Absence of membrane-bound
B-catenin with cytoplasmic localization of the
protein has been a consistent finding in oral dys-
plasia and OSCC [218, 219]. Tsuchiya et al.
[220] reported an increase in the expression of
cytosolic p-catenin and APC in dysplastic and
well-differentiated SCC compared to normal
squamous epithelium. Ishida et al. [221] demon-
strated that the nuclear localization of p-catenin
and activation of its downstream target, cyclin
D1, were associated with the malignant transi-
tion of oral leukoplakia to dysplasia. Inactivation
of glycogen synthase kinase 3p (GSK-p), a com-
ponent of the Wnt pathway, is an important
event in OSCC and can be used as a marker of
disease severity [222]. The expression of
GSK-3p was significantly higher than GSK-3a.
Furthermore, increased expression of the
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Fig. 2.4 Brief overview of signaling pathways in oral
cancer. The tumor suppressor protein P53, referred to as
the “guardian of the genome” is among the most fre-
quently mutated genes in oral cancers. Mutational inacti-
vation of P53 disrupts the P53-P21 axis with loss of cell
cycle control and consequent enhanced proliferation. Low
levels of P53 also leads to inactivation of apoptosis
through BCL-2, induction of angiogenesis, impaired
DNA repair and genomic instability. HPV protein-E6 is
known to inactivate P53. Phosphorylation of retinoblas-
toma (RB) by CDKs releases E2F transcription factor that
can trigger expression of genes (cyclins, proliferating cell
nuclear antigen (PCNA)) involved in cell cycle progres-
sion. RB1 is also inactivated by HPV protein-E7. In oral
cancer, a large number of signals come from the cell sur-
face receptors like EGFR. EGFR activation can occur
because of mutation, even in the absence of its ligand,
which has several downstream signaling which includes
the phosphatidylinositol-3-kinase/protein kinase B (PI3/
AKT), Mitogen Activated Protein Kinase (MAPK), phos-
pholipase/protein kinase C (PLC/PKC), and the stimuli
from the IL-6 receptors transmit the signals through the
Janus kinase/Signal Transducer and Activator of
Transcription (JAK/STAT3) signaling. Both EGFR muta-
tions, and mutated PIK3CA which codes for the catalytic
subunit of PI3K, lead to phosphorylation of “AKT” which
can lead to the activation of NF-kB through the “IKK/
IkB” axis. AKT is a master regulator in oral cancer and
has profound functions, including phosphorylation and
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inactivation of glycogen synthase kinase 38 (GSK3f)
thereby enabling nuclear translocation of p-catenin and
transactivation of cyclin DI (CCNDI1), c-MYC, slug,
vimentin, fibronectin. STATs phosphorylated by both
tyrosine kinases (EGFR) and non-tyrosine kinases target
several genes involved in tumor development and progres-
sion including CCND1 linked to proliferation and differ-
entiation, BCL-2 linked to apoptosis, and c-MYC linked
to oncogenesis. RAS activation at the cell membrane is
another important molecule leading to activation of down-
stream MAPK and P13K/AKT pathways. ERK which is
the product of the RAS and MAPK pathway has negative
feedback loops. RAS messenger triggers expression of
TNF-a and integrins, and inhibits expression of TNF-f.
Mutations in adenomatosis polyposis coli (APC) can also
result in low protein or truncated APC, impairing down
regulation of f-catenin and leading to its stabilization. The
free B-catenin accumulates in the cytoplasm and nucleus,
associates with T-Cell factor (TCF) forming a potent tran-
scription factor which mediates transcription of onco-
genes c-MYC, CCNDI, invasion and metastasis. NF-kB
and p-Catenin are critical for epithelial mesenchymal
transition (EMT) which forms the basis for cell migration,
invasion and metastasis. A decrease in E-cadherin, which
is considered as “the master switch” in metastasis is regu-
lated by snail family of transcription factors (snail, snail2
or slug) and can lead to an increase in B-Catenin. Together
the transcriptional factors propel cancer by contributing to
the cancer hallmarks
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inactive phosphorylated forms (pS21GSK-3a
and pS9GSK3p) showed a positive correlation
with cyclin D1 and p53.

Emerging recent data has provided insights into
the paradoxical roles of JNKs (c-Jun N-terminal
kinases), members of the mitogen-activated pro-
tein kinase (MAPK) family in oral cancer [223].
Substantial evidence has demonstrated the onco-
suppressive role of JNK in oral cancer mediated
by apoptosis induction via negative cross talk with
oncogenic signaling pathways such as NF-kB and
STAT-3. On the other hand, overwhelming evi-
dence has also indicated the tumor-promoting role
of JNK based on activation of invasion and
metastasis.

The phosphatidylinositol 3-kinase (PI3K)/
AKT signaling pathway is the most deregulated
pathway in oral cancer [125]. The oncogenic
effect of this pathway is mediated mainly by
mTOR which complexes with G protein beta
subunit-like (GPL), regulatory-associated protein
of mTOR (Raptor), and proline-rich Akt sub-
strate of 40 kDa (PRAS40) proteins to induce cell
growth and proliferation. The mTOR inhibitor
rapamycin and MEK1/2 inhibitor (PD901) alone
or in combination inhibited primary tumor
growth in a murine oral cancer model indicating
MAPK and/or PI3K/mTOR as core signaling
pathways in vivo [224]. Although mutations are
commonly found in PI3KA, they are absent
within AKTI and phosphatase and tensin homo-
log (PTEN) [37]. Aberrations in PI3K catalytic
subunit alpha (PIK3CA) mapped to the cytoge-
netic location 3q26 are seen in advanced OSCC
[38]. Gene amplification and somatic mutations
mainly within the helical and kinase domains of
PIK3CA seen in OSCC correlated with lymph
node metastasis and tumor stage [37-39]. In cell
lines showing mutations of PIK3CA, AKT was
highly phosphorylated [38].

2.4.8 Cancer Hallmarks

Tumor cells are recognized to co-opt cellular sig-
naling pathways and the surrounding microenvi-

ronment to effectively evade mechanisms that
control proliferation, cell death, and migration.
Tumor development is a multistep process and
involves the acquisition of eight hallmark
capabilities, namely, excessive cell proliferation,
self-sufficiency in growth signals, insensitivity to
anti-growth signals, resistance to apoptotic cell
death, sustained angiogenesis, invasion and
metastasis, reprogramming of energy metabo-
lism, and evasion of immune destruction by the
incipient cancer cells [225]. Some of the impor-
tant hallmarks of cancer and key molecules that
foster these traits in OSCC are discussed.

2.4.8.1 Dysregulated Cell Cycle

OSCCs display increased cell proliferation as
revealed by overexpression of several proteins asso-
ciated with cell cycle progression that comprises four
distinct phases, G1, S, G2, and M. Cell cycle regula-
tion is under the control of cyclins, cyclin-dependent
kinases (CDKSs), and CDK inhibitors. Perturbation of
the cell cycle due to mitotic defects or loss of control
at key checkpoints is a hallmark feature of malignant
tumors. Overexpression of cyclins and CDKs or loss
of CDK inhibitors can result in loss of control of the
cell cycle leading to tumorigenesis.

Cyclin D1 (CCND1), a potent cell cycle regu-
lator encoded by the gene CCND1 at 11q3 locus,
plays a key role in cell proliferation, growth regu-
lation, DNA repair, modulation of mitochondrial
activity, and cell migration [109]. Cyclin D1 and
pRB exist in equilibrium, where synthesis of
cyclin D1 causes phosphorylation of RB and
pRB inhibits cyclin D1 synthesis. Upregulation
of cyclin D1 favors cell division by shortening
G1 phase [110] and decreasing growth factor
dependence. The main mechanism behind over-
expression of cyclin D1 in head and neck SCC
includes amplification of CCND1, chromosomal
translocation, mutations, or polymorphisms (cis-
acting regulatory elements) [111, 112]. Cyclin
D1 is often overexpressed in OSCC and also ver-
rucous carcinoma [113, 114]. Cyclin D1 upregu-
lation is associated with large tumor size, poor
prognosis, lymph node metastasis, and low sur-
vival status [115].
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p21, a critical downstream mediator of wild-
type pS3 that regulates several cell cycle proteins
including cyclin D1, inhibits CDKs and induces
cell cycle arrest. Upregulation of both p21 and
cyclin D1 has been reported in OSCCs. The
members of the INK4 family, p16™K% p]5 INk#
pl18™NE* and pl9'™N&* antagonize the action of
cyclin DI-CDK4 and cyclin DI-CDK6. CDK
inhibition is therefore a potential strategy in can-
cer management. In oral epithelial dysplasia, the
inactivation of pl6 (INK4a) and pl4 (ARF)
(INK4a/ARF) was as high as 75-80% [75]. p16
loss mainly occurs through methylation of the
gene promoter or LOH [76]. Inactivation of p/6
(INK4a) may be an early event in stepwise
evolution of OSCC [77]. Two genes p16 (p16™V&#4/
CDKN2A) and pl4 (p14ARF) both mapped to
9p21 have shown LOH and methylation in a
majority of OSCC samples [78]. These two genes
code for cell cycle proteins that inhibit CDK-4
and CDK-6, thus arresting the cell cycle in G1-S
transition.

2.5 Spindle Assembly

and Mitotic Defects

Besides structural chromosomal events like
translocations, isochromosomes, and dicentrics,
changes in chromosomal number are also seen in
oral cancer [226]. The spindle assembly check-
point (SAC) is a highly coordinated system
essential for the equal segregation of chromo-
somes to the daughter cells during mitosis. In
OSCC cell lines and primary head and neck
tumors, the SAC protein Cdc20 was found to be
overexpressed promoting premature anaphase
and aneuploidy [227, 228]. In oral cancer, an
incorrect number of chromosomes or aneuploidy
is noticed in the daughter cells. Accumulation of
important mitotic proteins, nuclear spindle-
associated protein 1 (NUSAPI) and nuclear
mitotic apparatus protein 1 (NuMA), which sta-
bilize and bundle microtubules occurs in OSCC,
leading to improper spindle assembly (Fig. 2.5a)
[226, 229]. The defects were observed in centro-
some number, size, and location. The incidence

of centrosome abnormalities was more common
in carcinoma than in dysplasia [227]. OSCC
cells show lagging chromosomes at both meta-
phase and anaphase with difficulty to achieve a
metaphasic alignment required for proper ana-
phasic chromosomal separation [226]. The main
reason for delay is because of anaphase bridges
(seen in tumor or viral-infected cells or in break-
age syndromes and rare in healthy mammalian
cells). The frequency of micronuclei (20-30%)
in oral cancer samples is also high [226]. They
may arise either from lagging anaphase chromo-
somes or anaphase bridges (Fig. 2.5b) [226].
Micronuclei represent a chromosome fragmenta-
tion event and may serve as a biomarker of oral
cancer and progressing precancer. Key events in
oral cancer progression include genetic altera-
tions, centrosome defects, spindle checkpoint
errors, and defects in kinetochore microtubule
attachment.

2.6 Cell Survival and Apoptosis
Carcinogenesis results from an imbalance
between the opposing pathways of cell survival
and cell death. In cancer cells, cell survival mech-
anisms such as telomere maintenance and signal-
ing pathways that promote cell survival such as
NF-kB/PI3K, etc. are activated. Additionally,
cancer cells evolve mechanisms to evade pro-
grammed cell death or apoptosis.

2.6.1 Cell Immortalization

and Telomere Maintenance

Oral keratinocyte immortalization is a key event
in OSCC mainly due to changes in telomeres
found at chromosomal ends. Telomeres contain
TTAGGG repeat sequences that are coated with
shelterin complex. In the absence of telomerase,
the enzyme responsible for telomere mainte-
nance, telomere size reduces by 50-200 bases
with every cell division ultimately leading to cell
senescence [230, 231]. Malignant tumors fre-
quently show a higher activity of this enzyme.
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Fig. 2.5 Cytoskeleton defects in oral cancer. (a) Oral can-
cer cells are immunolabeled with Abs to tubulin (yellow),
and kinetochores (red in A, D, and E) or NuMA (purple in
C) and counterstained with the DNA dye, DAPI (blue). A
normal metaphase from this culture is shown in (A), and
multipolar metaphase spindles in B-E. (C, Inset). The anti-
tubulin image alone of the pole marked with an arrowhead.
(D and E) Arrows mark minor spindle poles. (Bars, 5 um.)
(b) Anaphase bridges containing centromeres and chromo-
some 11. Immunolabeling with Abs to tubulin (yellow),
centromeres (red), and with DAPI (blue) and FISH with a

chromosome 11 paint probe (green). (B) Arrows point to
centromeres trapped in the forming midbody as these late
telophase cells divide. (D) Arrow points to the trapped lag-
ging chromosome excluded from the reforming nucleus of
the cell on the right. (E) Some micronuclei are immuno-
negative for anti-centromere Abs. Arrow points to negative
micronucleus, and arrowhead points to positive (Reprinted
with permission from Saunders et al. Chromosomal insta-
bility and cytoskeletal defects in oral cancer cells. Proc Natl
Acad Sci U S A. 2000; 97: 303-8. “Copyright (2000)
National Academy of Sciences, U.S.A.”)



64

P. Panta et al.

Significant elevation in telomerase levels was
found in oral cancer specimens, and telomerase
activity may be used as an effective prognostic
marker as its levels correspond with different
grades [232]. Telomere shortening can also be
used as a sensor to identify fields with canceriza-
tion potential. Telomere shortening recruits more
telomerase, necessary for OSCC cell immortal-
ization [233].

Shelterin is a complex of many proteins and
the expression of these proteins may also increase
in oral cancer [234]. E6 of HPV-16 enhances the
catalytic power of telomerase. Other transcrip-
tion factors (NF-xB, B-catenin, C-MYC) also
regulate expression of TERT [46]. TERT joins
with a subunit of NF-kB to regulate expression of
TNF-«, IL-6, IL-8, and MMP-9 which induce
epithelial-mesenchymal transition and metastasis
[46]. Some studies have also identified mutations
in the promoter of TERT [46]. Telomerase activa-
tion may be the outcome of mutations in a pro-
moter, gene amplification, and epigenetic events
[46]. Genetic studies in OSCC have identified
amplification of chromosomal arm “5p”” common
to OSCC, which encompasses the TERT gene
[46]. Studies have also identified circulating
TERT-mRNA as biomarker to predict clinical
outcome; higher levels correlate with a malignant
phenotype showing high rate of metastasis and a
low response to treatment. In the future TERT
may serve as a potential saliva and blood bio-
marker for OSCC [46].

2.6.2 Apoptosis

BCL-2 was the first anti-death gene to be discov-
ered [156]. It was first identified in the lymphoid
malignancy, Burkitt’s lymphoma. This gene was
mapped to the cytogenetic locus 18q21. Members
of the BCL-2 protein family regulate cell death
programs such as apoptosis, necrosis, and
autophagy. The BCL-2 family includes both anti-
apoptotic (BCL-2, BCL-X;, MCL-1, etc.) and
proapoptotic (BAX, BAK, BOK) proteins.
Oligomerization of these proteins can result in
membrane pores or membrane protective com-
plexes. While the proapoptotic members such as

BAX and BAK promote mitochondrial permea-
bilization to activate caspases that execute the
cell death program, the antiapoptotic members
such as BCL-2 and BCL-xL prevent pore forma-
tion [156, 157, 235]. Overexpression of
antiapoptotic BCL-2 may protect the cells against
endoplasmic reticulum (ER) stress, by reducing
basal Ca?* concentrations in the ER. BCL-2 indi-
rectly participates in the lysosomal mechanisms:
necrosis and autophagy. BCL-2 and BCL-X;
bind to protein beclin 1 to suppress the autophagy
system [156].

Overexpression of the antiapoptotic Bcl-2
proteins (Bcl-2, Bel-xL, Mcl-1) with downregu-
lation of proapoptotic proteins (Bax and Bid)
has been documented in OSCC. An increase in
the Bcl-2/Bax ratio, a reliable index of cell sur-
vival, is associated with a worse prognosis in
patients with OSCC. A large proportion (50—
75%) of OSCC cases were shown to overex-
press BCL-2 which is undetectable in normal
oral epithelium with the exception of cells in the
basal layer in some instances [38, 156-158].
Synergy between BCL-2 and MYC has also
been reported; BCL-2 inhibits apoptosis
induced by MYC [157, 235]. BCL-2 not only
presents as a target gene in survival of oral can-
cer cells but also showed promise in oral cancer
gene therapy [158].

2.7  Invasion and Metastasis

The multistep process of tumor invasion and
metastasis involves altered expression of cyto-
skeletal proteins, proteolytic degradation of the
extracellular matrix (ECM), alteration of the cell-
cell and cell-ECM interactions, and migration to
distant regions.

2.7.1 Cytoskeletal Defects

At the cellular level, oral cancer demonstrates
cytoskeletal changes that support the process of
invasion and metastasis. Among the various cyto-
skeletal structures reported to be dysregulated in
OSCC, changes in the expression of cytokeratins



2 Genetics and Molecular Mechanisms in Oral Cancer Progression 65

are most significant [236]. The high molecular
weight cytokeratins (CK1, CKS5, CK13, CK16,
and CK19) were found to be downregulated,
whereas the expression of CK8, CK14, and CK18
was upregulated in oral tumors. Cytokeratins
8/18 and 19 have gained particular importance
that are known to promote invasion, and move-
ment of cells into microvasculature is associated
with poor prognosis [236, 237]. Reduction in
cytokeratin 19 may be mediated by EGF as
demonstrated in human OSCC cell lines [238].
Cytokeratin profiling by immunohistochemistry
and identification of cytokeratins in malignant
mucosal smears are valuable in early diagnosis
[239, 240].

Besides cytokeratins, proteins that belong to
the ERM (ezrin-radixin-moesin) family that
facilitate membrane dynamics and signaling are
known to contribute to invasion and migration in
OSCC [241]. Strong cytoplasmic overexpression
of ezrin was linked to lymph node metastasis and
aggressive tumor behavior in HNSCC leading to
poor prognosis [242]. Ezrin enhances the growth
of cancer cells, and its expression correlated well
with Ki-67 activity, which is expressed during all
stages of the cell cycle except in the GO resting
phase [243, 244]. Both ezrin and moesin are
prognostic markers and correlate with poor sur-
vival in HNSCC [245].

Epithelial protein lost in neoplasm (EPLIN), a
cytoskeletal protein that facilitates actin assem-
bly, is lost in several oral cancer cell lines [243].
EPLIN is preferentially expressed in epithelial
cells and is a tumor suppressor. Inactivation of
Rho A, a member of the Rho GTPase family in
oral cancer, may be mediated by Snail transcrip-
tion factor. Silencing Snail impaired motility,
migration, and invasion of oral cancer cells, and
Snail knockdown reduced filopodia formation in
OC cell lines [246, 247].

2.7.2 Cell Adhesion Molecules

Disruption in cell-cell interactions contributes to
the development and progression of oral cancer.
Decreased expression of cadherins and the

disruption of cadherin/catenin complex, one of
the earliest events in oral transformation, corre-
late with aggressive tumor behavior and lymph
node metastasis.

Cell adhesion molecules (CAMs) present on
the cell surface maintain cell-cell contact, act as
signaling receptors, and play a role in cell
migration and differentiation. Integrins and
E-cadherins are the most important CAMs
expressed in stratified squamous epithelium,
altered in OSCC [248]. Integrin a3 and integrin
4 are valuable genomic biomarkers for assess-
ing the risks of locoregional and hematogenous
dissemination of OSCC [249]. Increased expres-
sion of alpha (v) beta6 integrin, a consistent
finding in OSCC, causes activation of MMPs
responsible for tissue invasion [250]. Recently,
B1 integrin expression was assessed in oral sub-
mucous fibrosis (OSMF) and OSCC relative to
control. The percentage staining intensity and
stem cells were significantly higher in OSMF
and OSCC compared to control. Furthermore,
B1 integrin was observed in rete peg region in
the control, in basal and suprabasal layers in
OSMF, and in central and peripheral cells in
OSCC [251].

In a meta-analysis, reduced E-cadherin
expression indicated a worse prognosis [252].
OSCC tumor grade, poor survival, and metastasis
correlate with downregulation of E-cadherin, the
“master switch of EMT” [253]. Loss of
E-cadherin can arise from direct mutation or
through suppression of E-cadherin gene, CDH 1.
Reduced expression of E-cadherin is most likely
due to hypermethylation of CDHI promoter
[141]. Growth factors (interleukin-6, transform-
ing growth factor P, epidermal growth factor,
fibroblast growth factor) may also induce loss of
E-cadherin. The Snail family (snail, snail2, or
slug) transcription factors regulate E-cadherin by
inducing histone deacetylase, preventing tran-
scription of E-cadherin or via the upregulation of
ZEB-1. [253, 254]. The loss of E-cadherin leads
to cytoplasmic and nuclear translocation of
B-catenin with consequent transactivation of
oncogenes (c-MYC, CCNDI), transcription fac-
tors (slug), and intermediate filaments (vimentin,
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fibronectin) [253]. During EMT the epithelial
markers show underexpression, and mesenchy-
mal markers (e.g., vimentin) show overexpres-
sion. Vimentin expression is not noticed in oral
mucosal epithelium, but only expressed by trans-
formed oral epithelium during EMT [255].
Cadherin switching (i.e., loss of E-cadherin and
gain of N-cadherin) is a critical event in the pro-
gression of OSCC [256].

Other CAMs dysregulated in oral cancer
include ICAM-1, CD44, and selectins [257].
Higher expression of ICAM-1 (intercellular
adhesion molecule) was reported at the invasive
front of TSCC [258]. Polymorphisms of ICAM-1
were identified to increase oral cancer suscepti-
bility [259, 260].

2.7.3 Matrix Metalloproteinases

Degradation of the extracellular matrix (ECM)
during invasion creates a path for the migration
of malignant cells to metastasize to distant organs
through the vasculature. Increased activity of the
ECM-degrading enzymes matrix metalloprotein-
ases (MMPS) associated with downregulation of
the tissue inhibitors of MMPs (TIMPs) as well as
RECK, a novel tumor suppressor gene that regu-
lates MMPs, has been documented in
OSCC. Recently, Pramanik et al. [261] provided
evidence to show that MMP-9 overexpression
and activation are important events occurring

Fig. 2.6 Panoramic view
of a highly invasive OSCC
in a chronic tobacco
chewer which caused gross
destruction of mandible
(i.e., bone invasion). The
white arrows show a
generalized radiolucent
destructive pattern,
mimicking an intraosseous
carcinoma

during OSCC progression/invasion and that this
overexpression/activation is regulated by c-Myc,
active MMP-2, and inactive GSK-3p mediated
pathways. SNPs in MMP gene promoters, par-
ticularly MMP-1, MMP-2, MMP-3, and MMP-9,
were identified in OSCC [262].

2.7.4 Bonelnvasion

The regional bone invasion of alveolar process of
maxilla and mandible (Fig. 2.6) is common in
OSCC mediated by osteoclasts. Bone involvement
associated with OSCC involves a set of genes and
pathways and presents with unique erosive, infil-
trative, or mixed histological patterns. The infiltra-
tive pattern, presenting with nests and cords of
epithelium along an irregular tumor front, is asso-
ciated with worse prognosis [263]. Expression of
interleukins, tumor necrosis factor, and parathy-
roid hormone-related protein (PTHrP) is higher in
the infiltrative pattern. The cytokines upregulate
RANKL/RANK signaling (RANKL-RANK bind-
ing or through osteoprotegerin suppression) in
stromal cells to form osteoclasts [264] (Fig. 2.7).
Osteoprotegerin, a decoy receptor for RANK
that competes with RANKL PTHrP, was shown
as essential to mandibular invasion in OSCC
animal models, regulated by multiple signaling
pathways converging on the transcription factor,
glioma-associated oncogene family zinc finger 2
(Gli2) [265].
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Fig.2.7 Basic stages of cellular metastasis and bone inva-
sion in OSCC. The key events in OC metastasis includes
detachment or shedding of cells from the parent tumor
through “epithelial mesenchymal transition” (EMT) that
occurs via the master-switch “E-cadherin” through the
Whnt/B-catenin, and NF-kB pathways which is mediated by
action of miR species: 200 family and miR-21, and through
IncRNAs: MALAT1, UCAI1, TUGI, H19 etc. Stromal
invasion (INV) is mediated by the matrix metallo-protein-
ases (MMP-2,-9,-10) that are capable to digest the extra-
cellular matrix. At this stage, the tumor cells show a strong
expression of mesenchymal markers vimentin and
N-cadherin. Simultaneously the in-growth of capillaries
occurs in response to vascular endothelial growth factor
(VEGF) secreted by tumors in response to cells under
hypoxia (represented in yellow), that also expedites the

2.7.5 Metastasis

“Dysregulation of cytoskeleton, CAMs, and syn-
thesis of matrix metalloproteinases form the
basis for tumor cell migration.” Metastasis is a
complex process characterized by detachment of
cells from parent tumor followed by their dis-
semination. The cells detach from the primary
tumor site, invade the tissue by MMPs, and pass
through the lymphatic channels or vascular capil-
laries to settle at a distant tissue site (Fig. 2.7).
Metastasis reflects the advanced stage of disease
and increases the chance of mortality.

collaborative event of metastasis. Hypoxia is also strongly
associated with genomic instability. Following this, there
is intravasation of transformed cells into lymphatics and/or
blood capillaries through cell membrane extensions. After
entry, the circulating tumor cells (CTCs) can form tumor
emboli and may be used to monitor tumor activity and
treatment response. Through complex homing mecha-
nisms, the CTCs reach a conducive secondary subsite such
as the lungs. At this location, there is reversal of EMT
referred to as “mesenchymal epithelial transition” (MET),
linked to the reacquisition of epithelial markers. The cells
are now established at the secondary site forming meta-
static tumor deposits. Bone invasion (BI) of maxilla and
mandible is very common in OSCC involving alveolar,
gingival mucosa, primarily occurs via the RANKL/RANK
signaling which forms the bone resorbing osteoclasts

The organs that are frequent sites for distant
metastasis of oral cancer include lungs
(~70%), bone, liver and rarely the brain and
myocardium, as identified in postmortem dissec-
tions [266, 267]. The specific homing mecha-
nisms that dictate the distance metastasis of oral
cancer are still unexplored.

In OSCC, metastasis is mediated primarily
via lymphatics. Tumor thickness, keratinization,
and lymphocytic infiltration are predictors of
metastasis, and extracapsular spread of cervical
lymph node metastasis is a predictor of spread,
treatment failure, and death due to disease [268,
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269]. In staging of OC, the tumor size and nodal
status can be determined accurately, but distant
metastasis (~10%) is largely underestimated,
even with state-of-the-art imaging techniques
like PET/CT. Podoplanin, a transmembrane gly-
coprotein seen at the invasive tumor front, is a
molecular marker of HNSCC invasion and poor
prognosis  [270]. Podoplanin  specifically
expressed in lymph vessel endothelium corre-
lates with lymph vessel density and facilitates
lymphatic metastasis [271]. Podoplanin expres-
sion levels also correlated with ezrin and Rho-A
protein, linking them all in cell movement and
tumor invasion [271].

2.8 Angiogenesis

Uncontrolled cell proliferation in OSCC creates
hypoxia, a potent stimulus for angiogenesis, a
hallmark of cancer. Angiogenesis is also pro-
moted by ECM degradation by MMPs with
release of pro-angiogenic factors predominantly
vascular endothelial growth factor (VEGF).
Activation of the VEGF/VEGF receptor
(VEGFR) axis triggers a signaling network that
results in the formation of new blood vessels, a
prerequisite for metastasis [272].

VEGEF is a glycoprotein that increases prolif-
eration and permeability of blood vessels [273].
Six VEGF subtypes, fibroblast growth factors
(FGF), and epithelial nitric oxide synthase
(eNOS) are known to stimulate tumor angiogen-
esis in OSCC [274-276]. Vascular density is a
marker of metastasis and highly vascular tumors
have greater probability for metastasis. In OSCC,
mean vessel density (MVD) correlated with
tumor grade and lymph node status and was
higher in eNOS- or VEGFR-positive tumors
[273, 276]. While downregulation of miR-126
induced angiogenesis and lymphangiogenesis by
activation of VEGF-A in OSCC, miR-126 over-
expression suppressed VEGF and FGF, key
angiogenic regulators [92, 93].

The tumor angiogenic process is driven by
chemical mediators produced in response to tis-
sue hypoxia characteristic of malignant tumors.
HIF-1 regulates several 100 genes primarily

VEGF critical for angiogenesis [277]. At physio-
logical oxygen tension, HIF-1a is degraded fol-
lowing hydroxylation by prolyl hydrolases,
whereas in hypoxia, HIF-la dimerizes with
HIF-1p with consequent nuclear translocation
and transactivation of hypoxia-responsive genes
such as VEGF and MMPs among several others.
Correlation exists between HIF-1 levels and
VEGF expression in OSCC [277]. Hypoxia
contributes to cancer progression and tumor
resistance to therapy and can be a predictor of
poor treatment outcome. Hypoxia promotes
genetic instability and mutation rate both in
oncogenes and tumor suppressors. It can lead to
TP53 upregulation followed by activation of
protease-activating factor and caspase-9 or can
initiate apoptosis pathways such as BCL-2 family
genes, in a TP53-independent manner [277].
Hypoxia also maintains an inflammatory envi-
ronment, and both hypoxia through HIF-1 and
inflammation through angiogenic cytokines
recruit more vessels and facilitate metastatic
spread [278].

Cancer-Related Inflammation:
A Potential Catalyst

2.8.1

Tissue inflammation, an important hallmark of
cancer, predisposes to malignant transformation
of the oral epithelium. Moreover, cancer-related
inflammation (CRI) can promote tumor progres-
sion [279]. It is believed that “genetic imbalance
is the match that lights the flame, and inflamma-
tion is the fuel that feeds the flames” [279]. In
CRI the predominant cells include the tumor-
associated macrophages, and the dominant
chemical mediators are cytokines (interleukin-1,
interleukin-6, TNF-a), chemokines (CXCL2,
CCL2), and transcription factors (NF-xB, STAT-
3). NF-«xB is a key signaling pathway involved in
CRI, and its activation requires signal transducer
and activator of transcription-3 (STAT-3).
Hypoxia also occurs in inflamed tissues. NF-kB
activated due to genetic instability or hypoxia
increases the expression of inflammatory cyto-
kines, adhesion molecules, angiogenic factors,
and enzymes in prostaglandin and nitric oxide
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pathways [280]. STAT-3 was shown to upregulate
oncogenes (C-MYC and CCNDI) and genes
involved in cell survival (BCL-2). The ECM
undergoes changes in inflammation and provides
support to growing tumors. CRI alters many
aspects of tumor biology, including angiogenesis,
metastasis, survival, and proliferation [280, 281].
Chronic inflammation is known to predispose to
OSCC. OSCC arises within preexisting inflam-
matory OPMD like OLP and OSMF which pres-
ent with characteristic inflammatory infiltration
in connective tissue and also in mucosa undergo-
ing prolonged irritation [282-284].

2.8.2 Complex Cannibalism:
Adaptation for Survival

Adaptation for Survival Cannibalism is an impor-
tant mechanism that malignant cells adapt for
survival in hypoxia, low pH, and low nutritive
conditions. They are particularly resistant to low
pH-acidic environment. Moreover, the acidic
environment activates the lytic enzymes and
ezrin, the actin linker. The malignant cannibal
cells feed on adjacent tumor cells and leukocytes
to drive their metabolic activities. A large cell
engulfs a slightly smaller cell, which is either liv-
ing or dead. This is mediated by cathepsin B,
lysozyme, and other lytic enzymes, mimics
phagocytosis, and is a process of nonselective
cell eating [285, 286]. In OSCC, this process is
much more complex than conventional cannibal-
ism where the tumor cells were shown to engulf
more than 2 cells at an instance [287]. Histological
specimens of OSCC showing neutrophilic tumor
cell cannibalism correlated with poor differentia-
tion and cervical lymph node metastasis [285].
The expression of lysozyme activity correlated
with cannibalistic activity in tumor sections
[286]. High-grade cannibalism also correlated
with positive lymph node metastasis [288].
Cannibalism can be considered as tumor defense
against the host immune mechanisms and can be
spotted on hematoxylin-/eosin-stained sections
of OSCC. Cannibalistic processes may be con-
sidered as an important hallmark of oral cancer.

Conclusion

Accumulating evidence over the last decade
has provided insights into the complex molec-
ular pathogenesis of oral cancer. Genetic and
epigenetic mechanisms that drive oral tumori-
genesis have been unraveled. Genome-wide
association studies and next-generation
sequencing have revealed the genetic signa-
tures that underlie risk for oral cancer.
Emerging evidence on the pivotal role of the
ncRNAs has opened up new dimensions in
understanding the development and progres-
sion of OSCC. Further research on biomarkers
specific for oral cancer screening, differential
diagnosis, prognosis, recurrence, metastasis,
drug resistance, and therapy will be valuable
in correlation with clinicopathological vari-
ables and assessment of therapeutic outcomes.
Recent developments in “omics” technolo-
gies, especially salivaomics, have immense
potential in early diagnosis and prevention of
OSCC by population-based screening pro-
grams besides disease and therapeutic moni-
toring to reduce patient morbidity and
mortality. Techniques such as LC-MS/
MS-based protein expression analysis mass
spectrometry, targeted protein measurement,
RNA sequencing, electrochemical detection,
and liquid biopsy will be useful in the discov-
ery of new molecular targets and novel drugs.
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Abstract

Oral cancer represents a health problem
worldwide due to its morbidity and mortality.
The prevalence of oral cancer presents some
variations around the world. These rates vary
by as much as 20-fold among different coun-
tries, age groups, gender, races, and ethnic
groups. Globally, the emergence of oral can-
cer is higher in male than female, and the risk
increases with age. In 2013, oral cancer inci-
dence ranked eleventh among all sites of can-
cer. The Indian subcontinent accounts for
one-third of the oral cancer burden in the
world. Oral cancer is the most common cancer
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among Pakistani women. The lowest rates are
found in Western Africa and Eastern Asia.
North African countries also present low
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Surveillance of oral cavity and pharyngeal
cancer at 5 years after diagnosis has estimated
survival around 50% and for salivary gland
carcinoma up to more than 85%.

Worldwide, the mortality rate of oral can-
cer was higher in male than in female. Death
from oral cancer ranks fifteenth place for men
and seventeenth for women in the US popula-
tion. In Europe, it ranked the seventh and
tenth, respectively.

The highest risk for lip cancer is experi-
enced in Spain and in Australia and North
America for salivary gland tumors. Globally,
salivary gland malignant tumor is an infre-
quent carcinoma, and it is not considered
among the tenth major cancers. Although in
some developed countries oral cancer has
decreased (the USA or Canada), in another,
e.g., certain European countries, it has
increased. Many of these differences are
undoubtedly caused by differing population
habits, life expectancies, preventive educa-
tion, and the quality of medical records in
various countries. These data can be helpful in
identifying potential causative factors.

3.1 Introduction

Oral cancer represents a health problem world-
wide due to its morbidity and mortality. The rel-
evance of epidemiological knowledge in oral
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cancer is mainly based upon the fact that 5-year
survival rates have been reported to be about 50%
[1, 2], being most of them diagnosed at an
advanced stage (III), especially in developing
countries [3].

The interpretation of data from epidemiologi-
cal studies is sometimes difficult to read into. The
term “oral cancer,” in some reports, included all
malignancies arising from the lips, oral cavity,
oropharynx, nasopharynx, and hypopharynx,
whereas other descriptions included just intraoral
sites and pharynx. Head and neck cancer include
cancers of the oral cavity, pharynx, and larynx. It
has been documented that oral and pharyngeal
cancer together were the sixth most common
cancers in the world [4].

Besides, the Cancer Incidence in Five
Continents (CI5) series published by the
International Agency for Research on Cancer
(TARC) and the International Association of Cancer
Registries (IACR) presented data on oral cancer
incidence for different countries around the world
in all five continents. The IARC included, under
the term oral cancer, malignant tumors localized in
lip (COO), tongue, and salivary gland cancer.
Tongue locations include the base of the tongue
(CO1) and other unspecified parts of the tongue
(C02). The “mouth” includes the gum (C03), floor
(C04), palate (C05), and other unspecified localiza-
tion (C06)]. Finally, salivary gland cancer gathers
parotid (CO7) and other salivary gland (C08)]. The
last volume of IARC, CI5 Volume X, provides data
on cancer incidence in the locations mentioned
above, for the period 2003—2007. These data were
acquired from 68 countries, 290 registries, and
accounting 424 million persons with a proportion
of the population of 14% [5].

Another source of information on cancer inci-
dence and mortality is the Surveillance,
Epidemiology, and End Results (SEER) Programs
with collaborations from the American Cancer
Society (ACS), the Centers for Disease Control
and Prevention (CDC), the National Cancer
Institute (NCI), and the North American
Association of Central Cancer Registries

(NAACCR) [6]. This database of cancer regis-
tries covers approximately 28% of the US popu-
lation. From other countries the data processing
have derived from population-based national
cancer registries.

In 2013, oral cancer incidence ranked eleventh
among all sites of cancer [7]. At the global level,
incidence for oral cancer has decreased slowly
between 1990 and 2013, although some countries
have experienced increases in this period. In the
USA this decreased incidence [8] can be attributed
to a substantial decline in smoking prevalence in
the general population [9]. These trends of lessen-
ing incidence are mirrored in data from the
Canadian Cancer Registry between 1992 and 2007,
providing a decrease in incidence of oral cancer by
2.1% for men and 0.4% in women [10]. This trend
could also be observed in Central America, in
Panama, for both genders (—2.2%) [11].

On the other hand, the Indian subcontinent
accounts for one-third of the oral cancer burden
in the world [12]. Lip and oral cavity rank the
first cancer in Bangladesh and the second one in
Pakistan, India, and Nepal [7]. The region with
the highest recorded incidence was Melanesia:
22 cases per 100,000 among males and 16 cases
in female [1].

Furthermore, rates of oral cavity cancer are
increasing among both genders in some Eastern
and Northern European countries (Czech
Republic, Slovak Republic, Slovenia, Denmark,
Estonia, Iceland, Ireland, and Finland) and in
Japan too [13]. The lowest rates are found in
Western Africa and Eastern Asia [14]. North
African countries also present low incidences,
partly attributed to cultural behavior like prohibi-
tion of alcohol consumption [15].

Oral cavity and pharynx tumors most often
occur with multiple primary cancers in the lung
(and other respiratory organs) and prostate in
males and in the lung and breast in females.
Among US populations, the oral cavity and phar-
ynx is the second neoplasm with the highest
percentage of individuals with multiple primary
cancers (15%) [16].
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3.2 Demographics
Characteristics: Gender, Age,

Ethnic, and Race

The TARC has reported that there were 300,400
new cases of oral cancer in 2012, accounting for
approximately 2.1% of all new cancer in this year
(IARC) [14], although the prevalence of oral can-
cer presents some variations around the world.
These rates vary by as much as 20-fold among
different countries, age groups, gender, races,
and ethnic groups [4]. For example, in the USA
the annual incidence rate of new cases is 7.7 per
100,000 [17] and in South America (Uruguay) is
10.29 cases in men and 2.64 for women [18]. In
Australia 2500 new cases are diagnosed per year
[19], and solely among Indian females, nearly
tenfold more new cases (24,375) were diagnosed
in 2008 [20].

Globally, the emergence of oral cancer is
higher in male than female [21], and incidence
seems to be decreasing among the latter [6]. In
the USA, data provided by SEER has also docu-
mented that incidence of oral and pharyngeal
cancer ranked eighth in men and fourteenth in
women [6].

Oral cancer is the most common cancer
among men in India [22] and the second cancer
among Pakistani women [12]. The overall of
oral cancer male-to-female ratio in 2008
ratio was 1.8:1 [23], and 1,9:1 in 2012 [1], simi-
lar to that in Japan 1.45:1 [24], Iran 1.9:1 [25],
and China [26]. In Uruguay the proportion
increases up to 3.8:1 [18] and even to 10.5:1 in
Taiwan [24]. A reverse gender ratio was
observed in Thailand where the male-to-female
ratio is 1:1.56 [24].

In France and Italy, oral cancer rates have
declined among men [27] and among women in
the UK [21]. Conversely, oral cancer among
women has increased in France, Italy, and in
other Western European countries [27]. For
British women, the risk increases when they have
previously suffered from blood and ovarian can-
cer [28].

Worldwide, the risk of intraoral carcinoma
increases with age [29], especially for white
males in the USA [17]. The average age at
diagnosis of the tongue and oral cavity was
stable from 1993 to 2003 (62 years), whereas
that of lip cancer had increased in 5 years:
from 65 to 70 years. The mean age at diagnosis
of salivary gland carcinoma for Caucasian race
is 63 years, a decade older than Blacks and
Hispanics [30].

Nevertheless Australian aboriginal individ-
uals appear to be more likely to present oral
cancer at younger ages, most probably because
of the minority people of aboriginal subjects
with cancer and due to the significantly reduced
life expectancy of this ethnic group, which is
about 17 years lower than that of other
Australians [19]. In Taiwan, with the fourth
highest registered incidence of oral cancer
among men worldwide, this neoplasm ranks
the first in the 40-year-old group of the male
population [31].

Oral cancer is more frequent among Black
than within Caucasian in both genders [32] and is
increasing among the White race in the USA [9,
16, 33]. Ethnicity has also provided epidemio-
logical variations on oral cancer: US Hispanics of
both genders have shown lower cancer incidence
than non-Hispanic White and Black [9, 34].
Among Hispanics, Puerto Ricans showed higher
risk than Cubans and Mexicans from the state of
Florida [35].

Cancer incidence rates among American
Indians and Alaskan Natives are very similar to
that of Caucasians [34]. A study of oral cancers in
the Temuco region (1994-2008) in Chile detected
a higher prevalence in people descendent from
Mapuche aborigens [36].

Globally, oral cancer prevails in developing
countries, especially from South Asia [1, 23]. In
some regions the incidence rate for oral cancer
was higher in urban areas [27], in suburban
neighborhoods [37], and in the lower socioeco-
nomic conditions in the early years of childhood
[24].
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3.3  Topographical Description

The new cases estimated with age-standardized
rates for lip and oral cancer are 4.0 per 100,000
inhabitants, recording the highest values in the
Southeast Asia with 6.4 per 100,000 people [13].
But at the individual level, there are also great
differences in the incidence of oral cancer accord-
ing to intraoral locations and geographical areas.

3.3.1 Lip Cancer

Squamous cell carcinoma occurs much more fre-
quently on the lower lip than on the upper lip.
Together, they account for 20-30% of all oral
squamous cell carcinoma [38]. The average
annual incidence rate for white males in the USA
is 4 per 100,000, but this ratio increases dramati-
cally with age [17].

Among males, the highest incidence rates for
cancer of the lip are reported in Spain, Australia,
and Portugal (Azores) (Fig. 3.1). In females,
major incidences were reported in Australia, fol-
lowed by Thailand and Brazil [5] (Fig. 3.2). The
mean age of lip cancer is increasing, and the gen-
der distribution is leveling due to an increase in
its frequency among women [39].

Although White persons had a significantly
higher proportion of SCC of the lower lip than
Black people [40], lately there has been a consid-
erable decrease in the annual incidence rate of
this location in White males in the USA. Hispanics
of both genders had higher rates of incidence of
lip cancer than did non-Hispanic black men and
women [33].

Globally, in the ranking of 10 major cancers,
adjusted at age-standardized rate per 100,000
people, lip cancer has only been registered in
ninth position in Spain (Cuenca) [5].

Spain (Granada)
Australia (Tasmania)
Spain (Cuenca)

Spain (Albacete)
Portugal (Azores)
Australia (South)
Australia (Queensland)
Australia (Western)
Australia (Nothtern)
Australia (Victoria)
Spain (Canary Islands)
Australia (NewSouth Wales)
Spain (Navarra)
Ukraine

Italy (Trapani)

USA (North Dakota)
Canada (Manitoba)
Belarus

Spain (Mallorca)

Spain (Murcia)

8.6
7.6
6.9
6.7
6.2
6.2
5.8
5.3
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3.3
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2.7
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Fig. 3.1 Age-standardized incidence (per 100,000) for lip cancer. Male
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USA (Nuevo Mexico) 0.5
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Croatia 0.5

0 0.5

1.5 2

Fig. 3.2 Age-standardized incidence (per 100,000) for lip cancer. Female

3.3.2 Tongue Cancer

Carcinoma of the oral tongue — that includes
base of the tongue (pharyngeal tongue) and
unspecified tongue — presents different behav-
iors and prognoses [39]. Carcinoma of the
tongue is the most common intraoral malig-
nancy, accounting for 20% to 45% [18, 25, 41].
The next location in frequency is the left lateral
border, followed by the right one (61% to 39%),
ostensibly because of the greater number of
right-handed smokers who aim the smoke stream
toward the left side [14].

The highest incidence in both genders was
recorded for this location in India (Figs. 3.3 and
3.4). But the highest affectation in women was
registered in Australian indigenous territories
(5.2 incidence per 100,000 inhabitants) and a
comparatively smaller proportion in nonindige-

nous populations (1.5 incidence per 100,000 peo-
ple). In women, there were also predilections for
Hawaiians with ethnic Chinese or Japanese
ancestors [5].

Many countries of Europe present high risk of
tongue cancer. Portugal (Azores), Switzerland
(Neuchatel), France (Loira, Vendeé), and
Slovakia have reported elevated rates.

Around the world, in the ranking of ten major
cancers, adjusted at age-standardized rate per
100,000 people, tongue cancer is the third type of
cancer among males in Bhopal and the fourth in
New Delhi (India).

3.3.3 Carcinoma of the Mouth

India is the country with the highest prevalence
of mouth cancer in both genders. Regarding
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Fig. 3.3 Age-standardized incidence (per 100,000) for tongue cancer. Male
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Fig. 3.4 Age-standardized incidence (per 100,000) for tongue cancer. Female
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Fig. 3.5 Age-standardized incidence (per 100,000) for mouth cancer. Male

males, a region in France (Somme, Loira) ranks
in the second place (Fig. 3.5). Other European
countries such as Germany, Slovakia, Portugal,
and Spain share a relevant place. In South
America, Brazil also shows a high prevalence. In
Australian population female mouth cancer is
more frequent among indigenous than among
nonindigenous population (Fig. 3.6) [5].
Worldwide, when comparing the 10 major
cancers after adjusting at age-standardized rate
per 100,000, mouth cancer is the first type of can-
cer in males and fourth in females in Poona
(India). Mouth cancer also is the third type of
cancer among males in several Indian registers,
such as Barshi, Karunagappally, and Mumbai.
Apart from Bangalore and Chennai, the trends
for mouth cancer show growing incidences, but
they do not reach statistical signification [42].

3.3.4 The Salivary Gland

The epidemiology of salivary gland cancer is not
very well documented, as they are relatively
infrequent and exhibit a marked heterogeneity.
The global annual incidence of malignant sali-
vary gland tumors was considered to range from
0.4 to 2.6 cases per 100,000 people [43]. In the
USA it was estimated at 0.8 to 1.2 per 100,000
people.

The data on the distribution of salivary gland
tumors provided by the IARC do not seem to
follow the same pattern as oral cavity cancer.
The countries more affected by salivary gland
tumors are Australia, Canada, and the USA
(Fig. 3.7). In South America, Brazil and
Argentina show remarkable incidences. In
Europe it is less common, being Mantua and
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Fig. 3.7 Age-standardized incidence (per 100,000) for salivary glands cancer. Male
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Fig. 3.8 Age-standardized incidence (per 100,000) for salivary glands cancer. Female

Doubs from Italy and France, respectively
(Fig. 3.8), the most affected areas. Salivary
gland cancer has not been registered in the rank-
ing of 10 major cancers [5].

Among females, the USA shows the highest
prevalences. Although in general salivary gland
tumors are more frequently in Black persons
[44], its prevalence also varies according to the
ethnicity. Regarding males, this neoplasm is
more common among Filipinos and Whites in
the USA and in Hawaii and California than in
other ethnic groups from the same countries.
There is a predilection for gland carcinomas in
female American Indians from different states,
such as Montana and Arizona. Other important
finding is that Japanese women in Los Angeles
suffer from salivary gland carcinoma four times

more frequently than do Japanese men, despite
that in the actual Japan, this tumor is more preva-
lent among men than in women. In Asian and
Pacific Islander of Georgia, salivary gland carci-
noma in females was six times more common
than in men. In Cracow (Poland) and in some
countries of Africa such as Libya and Zimbabwe,
it is also more common in females than among
males [5].

3.3.5 Survival

Although oral cancer is a deadly disease, sur-
vival has gradually increased in the last two
decades. Surveillance of oral cavity and pha-
ryngeal cancer at 5 years after diagnosis has
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been estimated, survival around 50% [16], and
for salivary gland carcinoma up to more than
85% [45]. The 10-year overall survival rate
was 30.8% and continued to decline, with only
8.9% of the patients still alive at 25 years post-
diagnosis and treatment [41].

The Canadian Cancer Registration Database
has shown that survival for oral cavity squamous
cell carcinoma is improving with an 8.1% for
men [8]. Among women, in other countries of
Central Europe, such as Letonia, survival at
5 years posttreatment has increased to 22% in
women [46].

Racial and ethnicity factors appear to influ-
ence survival to oral cancer. Comparatively, sur-
vival among Whites is higher than Blacks in oral
cancer (45 vs. 67%) [41], and among Afro-
Americans it is better for parotid gland tumors
[44]. Hispanic population has a longer median
survival time than non-Hispanics after treatment
of oral and pharyngeal cancer [34, 44].

On indigenous American populations, First
Nations people of Canada diagnosed of oral can-
cer have significantly decreased survival (33.7%)
compared to non-First Nations patients (58.1%)
[10]. There is no significant difference in 5-year
survival between aboriginal and non-aboriginal
subjects of Australian [19].

Lower socioeconomic status was associated
with worse survival for oral and pharyngeal
cancer, even after adjusting for age, sex, and
stage [47].

3.3.6 Mortality

The International Agency for Research on Cancer
(IARC) reported that there were 145,353 deaths
of oral cancer in 2012, accounting for approxi-
mately 1.9% of all cancer deaths in 2012.
Although in Bangladesh, the first rank of inci-
dence of cancer is lip and oral, ranking the sixth
in mortality [1].

Globally, the mortality rate of oral cancer was
higher in male than in female [26]. This trend
was observed from 2-year survival right up to
25-year survival [41]. During 2002 to 2011, death

rates for oral cancer among women decreased. In
males, after having decreased since 1993 to 2003
[8], oral cancer death rates stabilized between
2007 and 2011 [6]. Death from oral cancer ranks
fifteenth place for men and seventeenth for
women in the US population [33]. In Europe, it
ranked the seventh and tenth, respectively [48].
Oral cancer is the third cause of mortality in
males in Hungary and Slovakia [1].

In the Netherlands, between 1989 and 2006,
the median survival was 3.9 years. After 3 years,
41% of oral cancer patients had died due to
their tumors, as did 29% of those suffering
from pharynx neoplasms. In that country, oral
and pharyngeal cancer patients also experi-
enced high mortality due to esophageal and
lung cancer [49].

Black race presents higher mortality from
oral cancer than White, American Indian,
Alaskan Natives, and Asian/Pacific Islanders.
Blacks had a 43% higher hazard of mortality
compared with Whites, while those of other
racial backgrounds showed a 28% lower risk of
mortality [34].

Mortality rates from lip and oral cavity can-
cers are higher in developing countries for both
genders but especially for females [14]. Age is a
factor in the prognosis of some tumors [50].
Salivary gland carcinoma patients elder than 60
usually have a poorer prognosis compared to
younger patients, which can be explained by
more advanced disease stages [51, 52].

In salivary gland cancer, Black race compared
to White was also considered a risk factor for
poorer prognosis, particularly for mucoepider-
moid or squamous cell carcinomas; meanwhile
Hispanic ethnicity has no effect on histology-
specific survival for any salivary gland carci-
noma [18].

Conclusion

In conclusion, there are high-risk countries
such as India and Australia for tongue and
mouth cancer. The highest risk for lip cancer
is experienced in Spain and in Australia and
North America for salivary gland tumors.
Globally, salivary gland malignant tumor is an
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infrequent carcinoma, and it is not considered
among the ten major cancers. Although in
some developed countries oral cancer has
decreased (USA or Canada), in another, e.g.,
certain European countries, it has increased.
In developing countries, mortality remains a
challenging problem. Many of these differ-
ences are undoubtedly caused by differing
population habits, life expectancies, preven-
tive education, and the quality of medical
records in various countries. These data can be
helpful in identifying potential causative
factors.
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Diagnostic Delay in Symptomatic

Oral Cancer
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and José Manuel Garcia Martin

Abstract

About half of the oral cancers have already
reached an advanced stage (IIT or IV) when
diagnosed, which influences survival rates
(5-year survival, 20% to 50% depending upon
tumour sites).

Long time intervals since the beginning of
symptoms until definitive diagnosis favour
advanced disease stages at diagnosis and a
worse prognosis in terms of survival. Some
agents seem to have responsibilities in the
delay in diagnosis of oral symptomatic cancer,
namely, patients, healthcare providers, the
health system and the actual tumour. In fact,
the symptomatic time period related to the
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patient appears to be the main difficulty for
attaining an early diagnosis. However, and in
view of the methodological weaknesses of the
existing investigations, this information has to
be taken with caution.

Recently, a conceptual framework and
guidelines for research (Aarhus statement) have
been proposed to produce high-quality studies
on early diagnosis. Besides, the usage of the
term “diagnostic delay” has been discouraged,
and the more accurate “time interval to diagno-
sis and treatment” has been suggested.

4.1 Introduction

Neoplasias of the oral cavity and nearby sites
(pharynx) are quite common throughout the
world (the sixth most common cancer) [1],
although prevalences differ greatly between and
within continents up to the point that oropharyn-
geal cancer (OPC) is the most common malig-
nancy in Malaysia or Sri Lanka [1-5]. These
differences may reach 20-fold, and about 66% of
OPCs occur in developing countries [2-5].

India and Pakistan, together with Taiwan, also
show very high incidences in Asia. In Europe,
Hungary, Slovakia and Slovenia have the highest
incidence rates. Among the American countries,
Brazil, Uruguay, Puerto Rico and Cuba score the
highest rates. The most affected countries in
Africa are Namibia, Botswana and Mozambique;
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Fig. 4.1 Early detection in oral cancer

and Melanesia and Papua New Guinea rank the
highest in Oceania [2-5].

The main problem with these neoplasms is
that they are frequently diagnosed (about 50%)
when stages III or IV have already been reached.
This circumstance undoubtedly influences 5-year
survival rates (20-50% depending on tumour
sites), and delays in diagnosis may have some-
thing to do with it [6-11]. Avoiding diagnostic
delays may be a key point for improving survival,
as estimations show that if all OPCs were diag-
nosed and treated at early stages, survival rates
would reach 80% [10].

This apparently straightforward assumption
is still to be demonstrated [12], and even some
research groups wonder whether it would really
matter [13]. When dealing with oral cancer, this
hypothesis has been proved and the longer the
delay in diagnosis, the more advanced the stage
[9, 14], mostly due to long time intervals from
first cancer symptom to referral to diagnosis.
The length of this period of time resulted to be a

2.- Detection of oral cancers at early

stages of development.

risk factor for both advanced stage and mortality
[14]. This being, studies on early detection and
diagnostic delay in oral cancer have to be a
research priority in secondary and tertiary pre-
vention [2] if better outcomes are to be achieved
(Fig. 4.1) [16, 17].

4.2  Historical Antecedents

Assuming that many cancers are curable if treated
early and also that reducing treatment delay is the
first step for increasing survival, Pack and Gallo
established the basis of the concept of “diagnos-
tic delay” 75 years ago. Their research included
1000 cancer patients, and 90 of these patients had
their cancers located in the lip, floor of the mouth
and tongue. In this set of patients, the responsibil-
ity for the delay was attributed to their physician
in 17% of cases. In another 62.3% of the situa-
tions, patients and physicians were to blame for
delayed diagnoses [18].
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This issue has raised the interest of many
researchers ever since, who have used a variety
of criteria in their investigations [19]. About
four decades ago, the prognostic value of the
time lapse in diagnosis of oral cancer gained
relevance, and two periods were considered:
the time since first symptom until professional
consultation and the period the patient spends
under care until a final diagnosis is made [20,
21]. Currently, diagnostic delay is most fre-
quently defined as “patient delay”, the period
between the patient first noticing a symptom
and their first consultation with a healthcare
professional concerning that symptom [9, 22],
and “provider/professional delay”, the period
from the patient’s first consultation with a
healthcare professional and the definitive path-
ological diagnosis [9, 22]. Therefore, the “over-
all or total diagnostic delay” would include the
period elapsed since the first symptom or sign
until the definitive diagnosis.

When facing the problem of investigating diag-
nostic delay from the patients’ pathway stand-
point, it seemed reasonable to divide this path into
steps or “stages” for a better understanding of the
situation. Thus, several stages have been sug-
gested: a first stage, lasting since the first symptom
until the first contact with a clinician; a second
stage, since this moment until a referral letter is
prepared; a third stage referral letter to appearance
at a specialised service; and the fourth stage, since
the patient is seen at a specialised service until a
final diagnosis is reached [23]. Besides, the time-
lapse since diagnosis until treatment is sometimes
also assessed [16, 24]. Although interesting, this
approach to the problem makes data gathering
somehow more difficult in retrospective analyses,
but this effort is needed if we are to implement
interventions to tackle delays in diagnosis.

Despite an early diagnosis is the cornerstone
for improving survival and cure rates, it is very
difficult to determine its effect on tumour stage
at diagnosis (the main predictor for survival)
and to measure the actual effects of interven-
tions for reducing delays in diagnosis [16]. A
useful tool in this situation is the guideline “the
Aarhus statement” recently developed by an
international consensus working group for

improving the design and reporting of studies
on early cancer diagnosis [16].

4.3 Impact of Diagnostic Delay

in Oral Cancer

Although it could be expected that longer
delays would always mean worse outcomes in
cancer, certain paradoxical and counter-intui-
tive relationships have been observed in certain
cancers [25]. Regarding oral cancer, as men-
tioned above, tumour stage at diagnosis is still
the most important prognostic factor for oral
squamous cell carcinoma, with advanced stages
linked to high mortality [6, 11]. Unfortunately,
the research efforts made for unveiling the role
of delays in diagnosis in disease progression
have been found to be limited by the usage of
different and heterogeneous criteria for defin-
ing the concept of “delay” [8]. This limitation
has not precluded meta-analytic approaches
that have identified diagnostic delay as a risk
factor for tumour stage of oropharyngeal carci-
nomas, being this association stronger when the
study is limited to oral cancer, and particularly
when the delay is longer than 1 month [9].
Thus, the longer the delay, the more advanced
stage at diagnosis [14]. Moreover, longer time
intervals from first symptom to referral for
diagnosis seem to be a risk factor for mortality,
being diagnostic delay a moderate risk factor
for mortality from head and neck cancer [26].
Again, and due to the aforementioned limita-
tions of the original studies included in the
meta-analyses, these findings should be inter-
preted with caution.

4.4 Limitations and Biases
of Studies on Early
Symptomatic Oral Cancer

Diagnosis

Studies on diagnostic delay gather an important
number of biases, particularly those reporting on
patient self-referred data, and this circumstance
seriously limits their validity.
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Biases are difficult to control in these studies
mainly because of methodological restrictions, as
randomised trials are impossible due to ethical
reasons. Surprisingly, this problem is frequently
ignored and rarely discussed in scientific litera-
ture on diagnostic delay.

For instance, hospital-based reports [27-35]
tend to experience a selection bias, whereas
community-based samples [22, 36] would ease
generalisation of the obtained results to the
entire study population. Another interesting
example is the recall bias inherent to retrospec-
tive studies [28, 33], which may be diminished
by checking patient self-referred data against
their relatives [30-32] or their primary care cli-
nicians [19, 32]. This effort is particularly
important in this type of studies, as prospective
studies on this issue are virtually impossible
[22]. Certain research groups have obtained
their data for clinical records, either from hospi-
tals [28] or from primary care units [22, 36],
being perhaps these ones less prone to bias, as
clinicians use to record each visit detailing the
reason for attendance, a tentative diagnosis and
the treatment established for the patient.
Particular attention has to be paid to the circum-
stance known as “Will Rogers phenomenon”
occurring when not all patients are assessed
using the same methods that can alter the results
of the investigation [35].

Potential confounders have to be controlled
for, namely, age [19, 28-34], tumour site, [28,
29, 34] degree of malignancy [36], degree of dif-
ferentiation [30, 31] and co-morbidity [19, 29].
The aggressiveness of the tumour is a particu-
larly an important factor, as survival is affected
more by the proliferative activity of the neoplasm
than by the actual delay in diagnosis [30] (less
aggressive cancers may show good prognosis
despite long delays, and more aggressive ones
may have a worse prognosis without any diag-
nostic delay).

Another relevant issue is the differences in
referral protocols, as different prioritisation
policies may well imply a ‘“confounding-
by-indication” bias in observational studies [34].
Finally, it is worth mentioning that a dichot-

omised criteria for defining delay in diagnosis
(either by arbitrary time points or statistic param-
eters) may also introduce a bias which could be
avoided by analysing time periods as a continu-
ous variable.

Are there Standardised
Definitions for Diagnostic
Delay in Oral Cancer?

4.5

Even the most widely used intervals, such as
“patient delay” [22, 34, 37, 38], and “profes-
sional delay” [39-42], are not consistent in the
literature because of the different milestones
used to define them. These variations are par-
ticularly wide when defining the “total delay”,
as in some groups the end point of their studies
is the date of biopsy [43], the date of the patho-
logical diagnosis [7, 27], the first consultation
with the treating specialist [34] or the date of
treatment [44].

Additional time periods have been identified
where delays may exist due to the patient
(appraisal, illness, behavioural and scheduling
delays) [32], primary care system (referral
delay) [43, 44], waiting list (specialised care
scheduling interval) [44], specialist delay [32,
45] and pretreatment delay [28, 44]. The final
interval of the patients’ pathway has been
defined as the period between the surgical treat-
ment and the beginning of radiotherapy [46]
(Table 4.1).

A marked heterogeneity has also been
observed in the way in which the outcomes of
diagnostic delay have been presented in the shape
of a continuous [37, 47] or a categorical variable
[22, 28, 34]: when expressed as a dichotomous
variable, the criterion for delay was either arbi-
trarily established or based upon central trend
statistics of the distribution (> 3 weeks [40-48];
> 30 days [32, 46]; > de 45 days [31]; > 6 weeks
[49]; > 2 months [50]; > 3 months [51]). Anyhow,
there is no consensus on the time point beyond
which a diagnosis should be considered delayed
[8]. The same difficulties apply to head and neck
carcinomas (Table 4.2).



99

4 Diagnostic Delay in Symptomatic Oral Cancer

(panunuoo)

ON

VN

aandrsaq

ON

SOX

ON

ON

SO

SO

ON

ON

ON
UONBIO0SS Y

[eAIAINS

Ke[op 10J suoseay

NNL

(AIFIII sA 1.1
JANLL
(AI-III SA 11D
JANLL

(K10393180 N pue
K1039180 1)) 93®1S

PIJSUBADE SA
Ajreq :o5e)s 100uB))
(AT

SA TI[-TI-T) So5eis
JANLL [BAIAING

(AI-IIT SA TI-D
NNL
(AT-TIT SA TI-D
NNL

[BATAING
(onsougoid)
QwoonQ

syuow g < SSYuOW ¢<

syuow ¢> ‘1< ‘ypuow > Ke[op [euoIssajoIq
[8O1103918D pue SNOW0JOYII(] Aefopuaneg  9661-9861
jusuIEaI)
(sAep) ues AAnTuyap 03 swoydwAs Jo
SnONUNUOD  AIBMY :(9L-[.L) S[BAIUI OWL],  L00T-£00T
(LL + 1g)own [e10) LI,
(Juounean

0] 11e)s 0 [eyidsoy) 1.1,
(rendsoy 03 Te1I9)aI) 1N
(sAep) uespy :snonunuo)) (reydsoy 0) swoydwiAs 3s1g) 14 1007-6661

skep 0gI< Ke[op rendsoy
sKep 0Z1-09 sAep 09-0¢ Ke[op TeuoISSajOI]
'skep 0g< [eon03are) Kepopuaned  $00T-T661

(stsouZerp 03 swoydwAs
SYIUOW ¢< :SNOWOJOYJI(  PIJNOU ISIY) AB[Op oNSOUSRIQ  £007—C661

t daig
¢ dag
(syruowr /'7) ueIpaw ¢ daig
ay) puokag :SnOWOIOYII(] 1das 0001661
Ke[op Areniay,
Ke[ap ATepuodas
OIN Kepop Arewtig O/IN
(sypuowr) parragar jou juanjed sa
Pa1I9JAI JUANEJ :SNOWO0)OYdIJ Aepop [e10JY  $661—L61
syuow ¢< K®[aPp [210],
sypuowr ¢—J Ke[op [eUOISSAJOI]
Jjuow | < :[edLI039)8D) Aeepiuaned  8661-9661
(eandriosap) Surde)s Inown) o) Inowny

SYIUOJA] :snonunuo))  K10A00SI( :SIsouseIp ur ke[o@  #661-0661
Ke[op 18101,

URIPAN Ae[op TeuOISs9JoIq
UBSJA] :SNONUNUOD) Kepepjuened  0661-9861
Kefop onsougeIp I0J UOLIAILID) Kefop onsouderq UonIA[[0d

BJEp POLId]

a0

9 dH
0S qH
08T dH
0L gH
944 dH
49! qH
(dH)

A SO
SL a0
191 gH
€S gH
L9T1 aH
9z1s  udisoq

odureg

on3uoy,

[ELO)

|L2(0)

|L2(0)

[e10

|L:2(0)

|L:A(0)

an3uoy,

[BIO

[BI0

1210
S

[RUEUI

nNnad

nzeig

BUNUISIY

AN

ueder

erpuf

[DUrE R

puefrey],

nngda

NIewua(
Anuno)

800C
odday,

800C 000vad

L00C
SOAIN

LOOT ONB[2ION

S00¢
1008

200 BMLZIUQ

100C
Tewny

100T
elojuey

000T
uodpioy]

9661 WBLIqNY
661

IPITM
Ieak Joyny

QINJEIAI JYIUILOS UT J[QB[IBAR JIOUED [LIO0 Ul KB[ap dNsouSeIp Jnoqe UONBULIOfUI dy) jJo Arewwung |y a|qel



P. Varela-Centelles et al.

100

J[qe[IeAR JOU YN

‘SISB)ISRIOU Jff ‘9pPOU N ‘9ZIS INOWIN) 7 ‘SNSIOA SA ‘YIUOW U “YIIM "YM ‘PIseq-AjTunwuod g,) ‘BaIe [eUOIZAT IPIM B UT SALIdS ased §) ‘Topraoxd areoyifesy JOH ‘paseq-endsoy gy

QOUALINOAY
SOX [BAIAINS
VN  Ae[op 10J suoseay
VN  A®[op 10] suoseay

ON  SOOUQLINOSI [BOO]

(AT-TIT SA TI-D
ON NNL

ON [BATAINS

VN Ae[op I0J S10301paid
UONBIDOSSY (onsougoid)
QwooInQ

SYIuoOW g :SNOWojoydI]
W €< SA

WE—] SAW [> W [ISAW [>
:[eO1I0521BD pUB SNOWOJOYI
w e SA W >

SNOWOJOYII(

M< SA M §—0 SA MQ>
‘[eor1039)8D)

sAep ¢p<

SNOWOJOYII(T

skep ¢p<
SnowojoYdIq

Joom [<
Kefop onsougeIp I0J UOLIAILID)

(stsouSerp aantuyep-wojdwAs)
Ae[op onsouseIp [e10],

Kefop juaneq

(Aetop A1en19) ‘ATRpUOIAS
‘Arewnid) juounean ur Aeog
Adera

jueAn[py — JuouneaI) 1)

Ke[ap onsouserp [e10],

Ke[op onsouseIp [e10],
Ke[ap [BUOISSRJOI]
Ke[op juaned

Kefop onsougelq

110¢=600¢

€00Z-000¢

cloz-110c

LO0T-9661

£00C-8661

C00C-L661

9002=500C

uonoA[0d
BJEp POLIR]

ILL

9¢1

10T

€S1

88

€9

0l

qH

qH

dH

dH

qH

qH

dH

9z1s  udIsoq

qrdureg

[e10

L20)

[BI0

|L:2(0)

€10

[ELO)

[ELO)
NS

10¢

BUIYD Suoy,
710¢

Arei e[[oIeIeZUE]
710¢

erpuf Tysof
710¢

nzeig Tewy
T10T ‘orowoy

uredg -QUB0QS
010¢

uredg QUBO3S
600¢

3N oeH

Anuno) Ieak Toyny

(ponunuod) |y 3jqey



101

4 Diagnostic Delay in Symptomatic Oral Cancer

VN

QUON

SOX

QUON.

QUON.

QUON.

SO

QUON.

SOX
UONBIOOSS Y

SI0JRITPUT ST

INNL

pasueApe/ Ajreqg
[BAIAINS

(AT-TIT

/D 881§
papnyoxa
ALL-TLL-TIL-LL

[BAIAINS
(AT-III SA 11D

ANL

9ZIS Inowiny,

(AT-III SA 11D
JANL
[uwodnQ

URIpaW <

SyeaMm 9

(s&ep) uerpajy

SyIuowW ¢<

SYIUOIAL
) A
UBIPIN

SyIuow ¢<
syuowr ¢—J
quour | >

SYOIM

SyIuow ¢<
syuowr ¢—J
yuowr | <
Ke[op onsouseip
10J UOLINLID)

(uerpowi<)
SnOwol0YdIJ

[eoLI03918D)

snonunuoy)

(syuowr ¢<)
SnowojoYdI

SNONUNUOD)

snonunpuo))
syuowr ¢<
syjuowr ¢—J
yuowr >
[BoLI03218D)

snonunRuo))
sypuow ¢<
sypuowr ¢—J
yuour >
[eouogaie)

BIRp AB[OP

s juoned jo adAg,

paseq-Ayrunuuiod g ‘paseq-1eidsoy gz ‘[o1U0d ased D) YOU pue peay NP H

Ke[ap 8107,

Ke[op [BUOISS?JOI]
Ae[op Juaned
Kderoy) uonerpex

pue A193InS U99M)Qq WL,

(Juounean

0] JISTA A30[0TUAIR[010) [1.d

(Juaunean
0 onsouserp) ILA

Ke[ap onsouserp [e10],
juau)eaI) 0) SISOUILI(]
sisougerp 0) wojdwAg

(Quourjean o) onsouderp) I,

Ke[ap 8107,
K®B[op [RUOISS?JOI]
Ae[op juaned

Ke[op [[eI9AQ

Ke[ap 18107,

Ke[ap [euOISSajOId
Ke[ap juaneg
Ke[op onsouserq

900¢=500¢
0861
3 —SL6l uef

L00T=S00C

6661-0961
(Juod)
L661-5961

LO0T=5661

6861/9861

9661/5661

L661/5661
UOI)I9[[0d
©1ep POLIA]

() qH
[T qH
0S1 qH
€19 qH
1425 SH
Ley aH

319)
6L9 20
881 qH
9L qH
9z1s udIsog

grdureg

N®H NNdd9
N®H NNdd
N#®H NNdd
N#®H 20N

SIIO[D) SHEWUL(]

N®H NNdd
N®H [rzexdq
N®H p: 10}
N®H ®peue)

s Anuno)

800¢
nx
0661
HYss

z10e
[ored

S00¢
pELTSR)
S00¢
uasue
110¢
[epned

200¢
oy[eAre)

6661
Iy

8661
UoSIIV
IB9X

oyny

SIQOUBD JOU PUB PEIY UI AB[OP JNISOUSLIP JNOqe UONRUWLIOJUT JO ATewiuing ' ajqeL



102

P. Varela-Centelles et al.

4.6 Theoretical Frameworks, Key
Points and Time Intervals

on Early Oral Cancer Studies

Bearing in mind that studies on delays in diagno-
sis of oral cancer do not use any theoretical
framework and also that the classical approach
(patient and professional delay) is inefficient for
monitoring the patients’ pathway towards the
definitive diagnosis, a consensual research model
has been recommended for identifying targets for
interventions aimed at an early diagnosis to
improve the prognosis of the disease [52].

This model of pathways to treatment [16]
describes a series of events, processes, intervals
and contributed factors involved in the path to the
diagnosis of a symptomatic cancer and allows
potential generalisations to different cancer sites
and health systems [52, 53]. These events define
milestones (detection of bodily changes, percep-
tion of reasons to discuss symptoms with a
healthcare professional (HCP), first consultation
with a HCP, diagnosis and treatment start) which
in turn delineate four time intervals (appraisal,
help-seeking, diagnostic and pretreatment). The

main advantage of this model over the previous
ones is that it is dynamic and bidirectional, with-
out a predefined starting point, and also that it
permits multiple variations in the course to final
diagnosis [52, 53].

This framework (Aarhus statement) discour-
ages the use of the term “delay”, due to its evi-
dent implications, and recommends the word
“interval” as a more accurate one. However, the
term “delay” has gained acceptance over the
years, and the number of investigations describ-
ing intervals or stages without using it is scarce
[21, 23, 24].

In an attempt to ease data comparison among
reports and to improve the methodology used in
this field, the Aarhus guidelines strongly recom-
mend the use of four important dates: date of the
first symptoms (bodily sensation or visible altera-
tions), date of first presentation (first consultation
with a HCP professional), date of referral (pri-
mary care provider to specialist in cancer diagno-
sis/management) and date of diagnosis [16, 52].

These dates define time intervals named “time
to presentation”, “time to diagnosis” and “time to
treatment” [52] (Fig. 4.2).

. X Primary
Bodily change . First Contact . .
. . N care health
(Clinically Patient first Patient seeks with a primary > First _contacl S_pemal_lst Start of
. . help from a professional with a Histological
detectable infers illness professional care health refers to a specialist diagnosis treatment
oral cancer) professional specialist
With or Without
Histological
diagnostic
Primary care Specialized
Appraisal Help-Seeking scheduling Primary care care. Specialist Pre-treatment
! Interval scheduling
Interval interval (Referral) Interval Interval
Interval
L % Interval L %
Key points and Time intervals in oral cancer

i i 1

- 3 4
Detection Perceives ) g
reason to First o
of : ) . . Start of ~ >
. discuss consultation Diagnosis me
Bodily Sympt ith HCP treatment 3
change ymptom with HC! g2
to HCP @ o
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Fig. 4.2 Key points and intervals in oral cancer
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4.7 Contributing Factors
to a Delayed Diagnosis
in Oral Cancer. Who Is

to Blame?

Mostly, studies on diagnostic delay in oral cancer
or early diagnosis use a biological approach (with
no theoretical scaffold) and distribute responsi-
bilities for the delays at each time interval (patient
delay [19, 28, 34], provider/professional delay
[19, 28, 34], specialist delay [32, 44] and appoint-
ment/hospital/system delay [28]. An evident
weakness of this conceptualisation is the exis-
tence of some overlaps [52], as different agents
may act simultaneously at the same interval [54].
The Aarhus statement suggests grouping these
agents as contributing factors related to patients,
to healthcare providers and health system and to
the disease (tumour-depending factors) [16].

Patient Interval. Reasons
for the Delay

4.7.1

Giineri has recently summarised a limited num-
ber of studies to quantify this time interval within
a range of 3 to 5.4 months [12], although some
authors suggest a patient interval of about
3 weeks as a reasonable one [48]. Thus, the per-
sistence of a bodily change beyond 3 weeks
would make the patients seek professional advice
[29-52]. This patient interval, also known as
symptom interval or time to presentation,
accounts for the main component of the overall
time to diagnosis and treatment of oral cancer,
perhaps due to cognitive and psychosocial fac-
tors, such as fate, symptom interpretation, misat-
tribution (to infection or dental problems), belief
that the symptom is trivial, stoicism and fear and
also because of lack of knowledge about oral
cancer [41, 51, 55]. Another factors related to
longer patient interval are socioeconomic status
[48], alternative medicine [34] and certain
health-related behaviours (sexually transmitted
disease) [40]. Apart from the difficulties some
patients experience to tell symptoms as poten-
tially dangerous (Fig. 4.3) [55], the absence of
pathognomonic signs or symptoms of oral cancer

Fig. 4.3 Non-delayed tongue cancer

may also have a role in the length of this interval.
Conversely, a sore, non-healing ulceration and
the worsening or persistence of the symptoms
seem to be important factors to prompt patient
demand for professional help [41].

The duration of the patient interval also has to
do with the characteristics of the health system,
such as availability [51] and accessibility [12, 54]
to care. Any intervention focused at reducing this
interval should increase patient awareness of
early signs and symptoms of oral cancer and at
easing access to the healthcare systems.

4.7.2 Healthcare Providers
and System Factors
in Diagnostic Delay

The interval attributed to primary care has con-
sistently shown to be shorter than the patient
interval [12]. This difference has been estimated
in a 2.4 ratio (1.5-4.0) [15]. Both intervals
(patient interval and primary care interval) define
the pre-referral period [15, 17], which is para-
mount because a long pre-referral interval has
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proved to be a risk factor for advanced stage and
mortality from oral cancer [14].

The main causes of primary care delays
include a low index of suspicion and lack of
knowledge about oral cancer [1], together with a
lack of familiarity and experience with the dis-
ease [8], which has been shown to contribute to
delayed referral and treatment [8]. Research has
concluded that a standard time interval for a
patient to be referred to a specialised service
would range between 2 days [56] and 2-3 weeks,
according to clinical guidelines [40, 57].

Oral cancer is a particular type of cancer, in the
sense that diagnostic biopsies can be taken at the
primary care level [70, 79], although this possibil-
ity is rarely undertaken, as the number of general
dental practitioners performing biopsies ranges
from 7% (Turkey [58]), 12% in Northern Ireland
[59], or 21% in the UK [2] to 32% in Spain [60].
This circumstance has been put down to a training
focused on theoretical aspects rather than on expe-
rience or clinical skills. In this situation, the
approach “no biopsy and immediate referral” is
more common, and a good referral letter and the
existence of fast track for these patients become
paramount. There are some evidences on the
absence of differences in terms of diagnostic,
treatment or total delays when the pathological
diagnosis was established at the pre-referral period
vs patients biopsied at a specialised setting [61].

The diagnostic interval has been defined as the
period since first consultation with a HCP until
definitive diagnosis [16] (the former concept of
“professional delay”) [8]. The key points in this
interval include the first investigation by the HCP
responsible for the patient, first referral to spe-
cialised care, first contact with a specialist and
definitive diagnosis [16]. This period has been
estimated to range between 14 and 21 weeks [12]
for oral cancer, although this information comes
from studies with a series of methodological
weaknesses.

Besides, planning and scheduling a tailored
treatment for cancer are complex tasks undertaken
during the “pretreatment” interval, which finishes
when the treatment is begun. It is somehow sur-
prising that this time period is not usually consid-
ered when investigating early diagnosis of oral

cancer [19], as reports tend to consider the final
pathological diagnosis as the final point of their
research [7, 28, 32, 34]. This decision could influ-
ence their results particularly when the outcome of
the study is patient survival after treatment.
Actually, waiting times for surgery and radiother-
apy (pretreatment interval) could be an issue in
oral cancer, as waiting times prior radiotherapy
have an influence on disease progression in head
and neck carcinomas [62, 63], although not all
studies on this topic support this conclusion. In
this situation, and despite that the final event of the
Aarhus statement model is “start to treatment”
[53], it seems reasonable to consider some other
events in the pathway to treatment, such as delays
in the pathological processing time of surgical
specimens, which may also contribute to delays
and to increase the mortality by oral cancer [64].

4.7.3 Disease Factors Influencing
the Time to Diagnosis
(Tumour Features)

Oral cancer is a relatively proliferative neoplasm
with a heterogeneous biological behaviour, being
more aggressive those showing HPV negativity,
aneuploidy and TP-53 mutations. Other factors to
be taken into account are the expression of a
series of oncogenic markers, namely, pl6, p21,
p27, MDM2, MGMT, ERBB2, RARB, MYC,
BCR-ABLI, RAS, CCNDI1, STAT-3 and VGEEF,
which cause a faster clinical course and reduce
the chances for a diagnosis at early disease stages.
Some studies on proliferation of head and neck
carcinomas have shown these tumours are able to
duplicate their size in periods as short as 3 months
[65]. Conversely, HPV-positive neoplasms,
mostly within the oropharynx, and mainly wild-
type TP-53 have elicited a positive prognosis.
Another important idea to keep in mind when
investigating diagnostic delay is that tumours of
the same type can appear to be similar, but their
growth rates may be very different, as well as
their aggressiveness [7]. Thus, patients with fast-
growing tumours could be diagnosed early but at
advanced stages, which may explain why shorter
patient and professional delays have been linked
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to advanced stages in some oral cancer series [22,
26, 27]. We have recently demonstrated in a mul-
tivariate study that when the statistical analysis is
adjusted for tumour stage at diagnosis (I-1I vs ITI—-
1V), proliferative activity is an independent factor
for survival and diagnostic delay has no influence
on the outcome [30]. Therefore, survival to oral
cancer may be more affected by the tumour
growth rate than by time intervals to diagnosis.
Even though some researchers link diagnostic
delay to tumour stage [32], it is possible that this
link may be veiled by the fact that certain cancers
remain silent during their initial stages and cause
symptoms only when they reach an advanced
phase (silent tumour hypothesis) [7]. In these situ-
ations, the tumour growth rate can be considered
a confounding factor in the relationship between
diagnostic delay and tumour stage, since patients
with aggressive tumours and poor prognosis do
not usually show a delayed diagnosis, whereas
less proliferating tumours demonstrate good
prognosis despite long diagnostic delays [66, 67].

Tumour site has been also found to influence
the time interval to diagnosis [68], as tumours
located on the floor of the mouth, retromolar tri-
gone and gingivae have shown significantly more
extension at the moment of diagnosis [31]. When
case series include tumours at different locations,
a confounding factor is introduced because the
patient’s self-perception and self-exploration
abilities greatly depend on where the lesion is
located [37, 45].

Another example of the influence of the site of
the tumour is the gingiva: these locations are fre-
quently associated to advanced stages at diagno-
sis due to the early invasion of neighbouring
tissues (T4 primary tumour) rather independently
of the time elapsed [38].

The circumstance of tongue cancer (Fig. 4.4)
is interesting [22, 36], as shorter delays seem to
impair survival. This paradox has been previ-
ously described in endometrial, cervix, lung,
colon, renal and urethral cancer and highlights
the role of the biological aggressiveness of the
cancer [8, 13, 25].

Cancer on other sites close to the oral cavity
elicit opposing results: patient-related delays
longer than 2 months result in higher mortality

Fig. 4.4 Oral cancer with a long time interval to diagnosis

rates, especially for oropharyngeal and nasopha-
ryngeal carcinomas [26], although a recent inves-
tigation failed to establish a link between delay in
diagnosis and survival to pharyngeal cancer [22].
For larynx carcinomas, diagnostic delays were
found to be an independent prognostic factor for
survival, as clinician-related delays exceeding 6
or 12 months were associated to worse survival
rates [22], as occurred with the overall delay is
considered.

In any case, the inconsistencies observed in
the association between diagnostic delay and out-
come in terms of tumour stage and/or survival
could well be related to the variability in the bio-
logical behaviour of the neoplasms, and differ-
ences in tumour aggressiveness would explain
tumour’s stage at diagnosis and patient survival
better than would the mere length of the time
interval to diagnosis.

4.8 Practical Implications
and Suggestions for Future

Research

There seems to be a change in the paradigm of
oral symptomatic cancer. The need for quality
data, for quantifying time intervals till diagnosis
and treatment and for identifying and prioritising
targets for future interventions aimed at avoiding
delayed diagnoses has favoured the usage and
development of theoretical models for monitor-
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ing the patients’ pathway from the first sign or
symptom until the beginning of their treatments.
The adherence to the Aarhus guidelines would
permit the minimisation of biases and the retrieval
of data that are comparable, although some modi-
fications are required to adapt this general frame-
work to the particularities of oral cancer.

Efficient tools have also to be developed if we
are to obtain reliable data from self-reported
patient experiences, as the reasons for delays at
stages involving mainly patients are poorly
understood [69].

Apart from patients’ or professionals’ delays,
new agents potentially responsible for diagnostic
delays have been incorporated to the initial
model, which highlight the role of accessibility,
defined as “the ability to obtain services based on
patients’ health needs” that has to be prioritised
in the health systems [70] (Fig. 4.1).

Conclusion

Likewise, strategies for increasing public aware-
ness and knowledge about signs, symptoms and
risk factors may decrease the burden of head
and neck cancer [71], particularly among high-
risk groups. Cancer educational campaigns
have demonstrated to significantly increase
patients’ knowledge of symptoms and risk fac-
tors, although it is not known whether this
knowledge actually changes patients’ behaviour
[72]. Moreover, and despite that there is no evi-
dence that educational interventions reduce pri-
mary care delay in cancer diagnosis, training on
specific skills for physicians and dentists should
be facilitated [73]. The efficacy of current
community-based oral cancer awareness cam-
paigns seems to be limited [74], so future cam-
paigns should incorporate theoretical models,
target high-risk groups and consider the groups
towards they are addressed within their socio-
cultural context to obtain better results.
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Imaging of Oral Cancer
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Abstract

Imaging in oral cavity cancers has received
much attention in oncological practice in
recent years as clinical examination fails to
assess the deeper extent and spread of disease.
The death rate of these cancers has been rela-
tively high, particularity owing to presentation
at a late stage in the course of disease. Clinical
examination has paramount role in early detec-
tion as it allows direct visualization of subtle
lesions, which cannot be perceived by imaging
modalities. In established cases of oral cancer,
imaging is needed to accurately evaluate the
locoregional extent. Imaging provides guid-
ance in deciding appropriate management
strategy (single or multimodality), assessing
resectability, and estimating precise extent of
resection. The various imaging modalities and
their role in the workup of oral cancers are dis-
cussed in this chapter, with emphasis on cross-
sectional methods as these are routinely
employed in staging and follow-up.
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5.1 Introduction

Oral cancer is a major concern in oncology with
increasing incidence in recent years. Oral can-
cer forms nearly 30% of cancers seen in India
[1]. The major factors responsible for its late
presentation include a lack of awareness of early
signs or symptoms and absence of screening.
Oral cavity squamous cell cancers (OCSCC)
comprise approximately 90% of the cancers
arising from the all subsites [2]. The commonest
causes are tobacco and alcohol with a diet lack-
ing in antioxidants being a contributing factor.
Another cause in the Indian population is chew-
ing Areca nut and bidi smoking [1, 2]. Human
papillomavirus is now being implicated in a
small percentage although this is more com-
monly associated with oropharyngeal cancers.
Other etiologies include long-standing mechan-
ical irritation by a sharp tooth and genetic sus-
ceptibility [2].

5.2 WhyImaging?

Detection of oral cancers is usually by clinical
examination, and diagnosis is by biopsy. When
trismus is present and clinical examination is
restricted, imaging may help in detecting disease
and corroborating disease suspected on examina-
tion under anesthesia (EUA). The primary role of
imaging in oral cancers is for staging disease.
This involves (a) studying local extent of disease
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spread, (b) regional nodal spread, and (c) distant
metastases. While in early cancers staging is only
locoregional, advanced cancers require distant
metastatic workup [3].

Imaging is also used in the follow-up of
treated OCSCC to evaluate treatment response
and may be employed to confirm clinically sus-
pected recurrence. Imaging can help differentiate
posttreatment changes from residual or recurrent
disease. Since OCSCC also has propensity for
second primary malignancies in the upper aerodi-
gestive tract, imaging is useful as an adjunct tool
to screen for metachronous tumors.

Several imaging modalities exist such as com-
puted tomography (CT), magnetic resonance
imaging (MRI), ultrasonography (US), positron
imaging tomography (PET) replaced now by
PET-CT, orthopantomography (OPG)/panoramic
radiography (PR), and barium study (barium
swallow). Awareness of the role of various imag-
ing methods and their limitations is required,
along with familiarity with the normal anatomy
of the oral cavity and patterns of disease progres-
sion. This helps provide an accurate staging
report. In addition, knowledge of treatment prin-
ciples and the clinical issues in the treatment of
OCSCC at different subsites helps optimize the
use of imaging method(s) and generate a report
of clinical relevance.

This chapter is focused on the pretreatment
evaluation of OCSCC. It will briefly elucidate the
treatment principles of OCSCC, describe the
8th edition AJCC staging of OCSCC, and discuss
the role of various imaging methods in the diag-
nostic workup/staging of OCSCC. The anatomy
of the oral cavity will be discussed. The spread
patterns of OCSCC at various sites and their
implications on treatment and prognosis will be
elaborated.

5.3  Treatment Principles

OCSCC from all subsites not only spread locally
but also to the lymphatics of the neck. Therapy
involves both treatment of the primary tumor and
the neck and preservation of form and function
with appropriate reconstruction [2, 3].

The 8th edition American Joint Committee on
Cancer (AJCC) clinical staging of oral cavity
cancers is clinical and radiological with imaging
providing information about deep extent of dis-
ease not amenable to clinical examination and is
shown in Table 5.1 [4]. Based on the combination
of T, N, and M stages, OCSCC is divided into
stages I, II, III, IVA, IVB, and IVC. Stages I and
I (T1-T2, NO, MO) are treated with a single
modality, either surgery or radiotherapy (RT).
Surgery is favored as RT has complications such
as xerostomia, mucositis, and osteoradionecrosis
[5]. RT is particularly avoided in lesions close to
the bone and in young patients [5]. 40-50% of
the OCSCC in India present at an advanced stage
(III and IV). These are treated with multiple

Table 5.1 AJCC TNM staging of oral cavity cancers 8th
edition, 2018

Tumor

TX Primary tumor cannot be assessed

TO No evidence of primary tumor

Tis Carcinoma in situ

T1 Tumor size 2 cm or less and <5 mm DOI
(depth of invasion)

T2 <2 cm & >5 mm & <10 mm DOI OR >2 cm
<4 cm & <10 mm DOI

T3 >4 cm or any tumor >10 mm DOI

T4a Moderately advanced local disease—Invades
through the cortical bone, into maxillary
sinus, or skin of the face

T4b Very advanced local disease—Involves

masticator space, pterygoid plates, or skull

base or encases internal carotid artery
Lymph node (ENE = extranodal extension into
adjacent structures)

NX Cannot be assessed

NO No regional lymph node metastasis

N1 Single ipsilateral lymph node <3 cm in
greatest dimension and ENE -

N2-N2a Single ipsilateral lymph node, >3 cm
and <6 cm in greatest dimension and ENE -

N2b Multiple ipsilateral lymph nodes, <6 cm in
greatest dimension and ENE -

N2c Bilateral or contralateral lymph nodes,

<6 cm in greatest dimension and ENE -
N3 N3a: Lymph node(s) > 6 cm in greatest
dimension and ENE -, N3b: Metastasis in
any node(s) with clinically overt ENE +
Metastasis
MO
Ml

No metastasis
Metastasis present
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modalities, usual practice being surgery followed
by postoperative RT [2]. Evidence also indicates
that addition of chemotherapy to postoperative
RT (called concurrent chemoradiation) improves
local control in head and neck cancers [6].

The single most important prognostic factor in
OCSCC reducing survival by 50% is neck node
metastases [7]. Incidence of neck node metasta-
ses depends on the subsite, being least common
for the hard palate and commonest in tongue can-
cers reaching up to 45% [2]. When metastatic
nodes are detected on clinical examination or
imaging, it is called the N+ neck (N1-N3 of
AJCC staging) and requires treatment. NO neck is
the neck when no nodes are detected by clinical
examination or imaging [3]. A recent randomized
controlled trial has generated evidence for elec-
tive treatment even in the NO neck [8].

5.4  Anatomy
Oral cavity has several subsites which are the
buccal mucosa, gingival mucosa covering the
upper and lower alveolar ridges, retromolar tri-
gone (RMT), hard palate, oral tongue, and floor
of mouth. The lips form the outer boundary of the
oral cavity [3]. The detailed anatomy of the oral
cavity as seen on imaging is discussed below.

The oral cavity extends from the vermilion bor-
der of the lips to a circular region behind, comprising
of the circumvallate papillae on the tongue dorsum,
anterior tonsillar pillars on either side, reaching up to
the junction of hard palate and soft palate superiorly
(Fig. 5.1). The papillae are not identified on imaging
[9]. The oropharynx is the part of the pharynx
located behind the oral cavity and begins just poste-
rior to the circumvallate papillae.

The oral cavity is further divided into the “oral
cavity proper” which is located centrally and the
“vestibule” located laterally.

5.4.1 Vestibule and Relations

The vestibule is an air-filled cleft bounded medi-
ally by the upper and lower alveolus covered with
gingival mucosa and laterally by the buccal

Fig.5.1 Sagittal T2W MR image showing boundary (cir-
cular line) separating oral tongue, a part of oral cavity
from base of tongue (BOT), a part of oropharynx. The soft
palate (SP) forms superior boundary of oropharynx. The
floor of mouth (FOM) at midsagittal plane is predomi-
nantly formed by geniohyoid muscle. M mandible

Fig.5.2 Coronal reformatted CT scan of oral cavity using
puffed cheek technique showing the oral cavity proper
with tongue (T) at the center, bounded by upper and lower
alveolus (A) laterally with hard palate (curved arrow)
above and floor of the mouth (F) below. The vestibule (V)
is seen on either side, which is laterally bounded by buccal
mucosa (straight arrows). The puffed cheek technique dis-
tends the vestibule with air separating the gingival and buc-
cal mucosa showing precise origin of tumor

mucosa. The vestibule extends from the lips ante-
riorly to the RMT posteriorly, with the roof and
floor being formed by the upper gingivo-buccal
sulcus and the lower gingivo-buccal sulcus,
respectively (Fig. 5.2).
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RMT is a subsite of the oral cavity behind the
last molars on either side. It is a triangular mucosal
area overlying the vertical ramus of the mandible
extending up to the maxillary tuberosity above
(Fig. 5.3a and b) [10]. Behind this mucosa lies the
pterygomandibular raphe to which are attached the
superior pharyngeal constrictor and the buccinator
muscles [3]. The pterygomandibular raphe is
attached to the pterygoid hamulus superiorly and
posterior end of mylohyoid line inferiorly [10].
The RMT is best visualized in its entirety on
CT-reformatted images in the oblique sagittal
plane (Fig. 5.3). The RMT is a small region but
can be a gateway to spread of disease into several
areas including the pterygopalatine fossa [3, 10].

The buccal space or buccomasseteric region
lies lateral to the vestibule and hence does not
form a part of oral cavity. The importance of this
space lies in it being a common route of spread of
OCSCC (arising in the vestibule) to the posteri-
orly located masticator space, thereby upstaging
disease. The buccal space is bounded medially by
the buccinator and laterally by the zygomaticus
major (Fig. 5.4). The posterior limit is formed by
masseter muscle which is a part of the masticator
space. The buccal space contains buccal fat, ter-
minal part of parotid duct, angular branch of
facial artery, facial vein, buccal artery, nerves

Fig.5.3 (a) Reformatted image (oblique sagittal view) of
CT scan of face showing location of retromolar trigone
(arrows) anterior to ramus (R) of mandible. (b) Volume-
rendered oblique sagittal image showing entire right
hemimandible and retromolar trigone (short arrows).

(not seen on imaging), and facial node [9]. The
masticator space lies posterior to the buccal space
and comprises of the mandible and the four mas-
ticator muscles: medial and lateral pterygoids,
temporalis, and masseter, as well as the mandibu-
lar nerve (Fig. 5.5).

5.4.2 Oral Cavity Proper

The oral cavity proper is bounded on either side by
the inner aspect of the gingiva-covered upper and
lower alveolus (Fig. 5.2). The roof is formed by the
hard palate and floor predominantly by the sling
like mylohyoid muscle and the platysma further
below. The central part of the oral cavity proper is
the oral tongue. It is formed by the anterior two-
thirds of the tongue up to the circumvallate papil-
lae, while the posterior one-third of the tongue, also
called base tongue, is a part of the oropharynx
(Fig. 5.1) [9]. Below the oral tongue and continu-
ous with it is the floor of the mouth. The floor of the
mouth (FOM) is formed by muscles and has two
spaces contained within, the sublingual and sub-
mandibular spaces. These spaces are hidden areas
in the oral cavity not amenable to inspection and
visualized only on imaging. The anatomy of the
FOM is described later in this section.

Sigmoid/mandibular notch (curved arrow) is the notch
between the condylar process (long arrow) and coronoid
process (block arrow). Dotted arrow shows the mental
foramen, where the inferior alveolar nerve enters the infe-
rior alveolar canal of the mandible
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The oral tongue is divided into two equal
halves by a midline lingual septum and com-
prises of intrinsic and extrinsic muscles [9]. The
anatomy of the oral tongue is best visualized on
MR imaging due to its superior soft tissue con-
trast. The intrinsic muscles of tongue are the
superior and inferior longitudinal, transverse, and

Fig. 5.4 Contrast-enhanced CT scan with puffed cheek
showing anatomy of buccal space (area within ellipse)
bounded by zygomaticus major (block arrow), masseter
(m), medially by buccinator (short arrow). Dashed arrow
shows terminal end of parotid duct (content of buccal
space) anterior to which is the facial vein (round
structure)

vertical muscles, which do not have any bony
attachment. These muscles interdigitate in the
dorsum of the tongue (Fig. 5.6a). The extrinsic
muscles of the tongue are the genioglossus, hyo-
glossus, styloglossus, and palatoglossus, which
are attached to the mandible, hyoid bone, and sty-
loid process. All the extrinsic muscles of tongue
are supplied by hypoglossal nerve except palato-
glossus which is supplied by cranial part of
accessory nerve via pharyngeal plexus. The anat-
omy of tongue muscles are best appreciated on
T2W MR images (Fig. 5.6). The important mus-
cles identified consistently on imaging are the
genioglossus and hyoglossus [9].

The major bulk of the extrinsic muscles is
formed by the genioglossus muscle, which can be
well seen on axial, coronal, and sagittal T2W
images. It is a fan-shaped muscle, which arises
from the superior genial tubercle (along the inner
aspect of mandible anteriorly in a paramedian
position) and sweeps upward to interdigitate with
the intrinsic muscles in the tongue dorsum
(Fig. 5.6a). The contraction of genioglossus
results in protrusion of the tongue. The hyoglos-
sus originates from the greater cornu of the hyoid
bone on either side and courses upward lateral to
the genioglossus as a thin quadrilateral muscle
into the sides of the tongue (Fig. 5.6b and c). It is
involved in depression of the tongue. The stylo-

Fig. 5.5 (a) Axial and (b) coronal contrast-enhanced CT
images showing masticator space (bounded by dotted lines)
showing muscles of mastication within (m, masseter; mp,

medial pterygoid; Ip, lateral pterygoid). The buccal space
(asterisk) is seen anterior to masticator space, and parotid
gland is seen posterior to this space in axial images
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Fig. 5.6 (a) Sagittal T2W MR image showing intrinsic
muscles of tongue, superior longitudinal muscle (short
arrows), and inferior longitudinal muscle (asterisks). The
fan-shaped genioglossus is seen (enclosed within dotted
lines) extending from superior genial tubercle of mandible
(M) interdigitating with the intrinsic muscles above. The
midsagittal plane also demonstrates the geniohyoid mus-

glossus arises from the tip of the styloid process
and stylomandibular ligament and courses anteri-
orly to interlace with the hyoglossus. Its main
function is to elevate and retract the tongue. The
palatoglossus arises from the palatine aponeuro-
sis of soft palate and passes downward, forward,
and laterally within the anterior tonsillar pillar to
insert into the sides of the tongue. It elevates the
posterior tongue and aids in initiation of swal-
lowing. It is not always identified clearly on
imaging (Fig. 5.6d) [9].

cle (block arrow) extending from inferior genial tubercle
of mandible to hyoid bone (long arrow). (b) Axial T2W
MR image and (c) sagittal T2W MR image showing
genioglossus (short arrows), hyoglossus (long arrows),
mylohyoid (curved arrow in b and dashed arrow in c). (d)
Coronal T2W MR image showing palatoglossus muscle
(arrows) within the anterior tonsillar pillar

The floor of mouth (FOM) is primarily sup-
ported by the mylohyoid muscle. It is a sling-
shaped muscle, which arises from the symphysis
menti and mylohyoid line in the mandible on both
sides extending up to the last molar tooth
(Fig. 5.7). It attaches to the midline fibrous raphae
as well as hyoid bone and supports the floor of
mouth. It separates the deep and superficial lobes
of submandibular gland, which ascends along the
free posterior edge of mylohyoid. The other mus-
cles that support the FOM are the geniohyoid and
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anterior belly of digastric muscles. Geniohyoid,
as the name indicates, arises from the inferior
genial tubercle of mandible and attaches to the
hyoid bone. It is seen well on coronal T2W images

Fig. 5.7 Coronal T2W MR image showing sublingual
space (curved arrow) bounded medially by genioglossus
muscle (straight arrow) and laterally by mylohyoid mus-
cle (dashed arrow). The geniohyoid muscle (asterisks) and
anterior belly of digastric (block arrow) also form floor of
mouth in addition to mylohyoid muscle

as darkly hypointense muscle in the paramedian
position, lying above the mylohyoid muscle
(Figs. 5.6a and 5.7). The anterior belly of digastric
lies below the mylohyoid and can be seen on cor-
onal T2W images (Fig. 5.7). All the FOM muscles
are well identified on MR imaging [9].

The sublingual space is located inferolateral
to genioglossus muscle and superomedial to
mylohyoid muscle. It comprises of sublingual
fat, sublingual salivary gland, deep part of sub-
mandibular salivary gland, Wharton’s duct, lin-
gual artery, lingual vein and lingual nerve,
hypoglossal nerve, and anterior fibers of hyoglos-
sus. It appears as hypodense area on CT images
and hyperintense on MR images (Fig. 5.7) [9].
The nerves are not visualized on imaging but are
located lateral to the flow void of the lingual
artery which is seen consistently.

The submandibular space is a horseshoe-
shaped space located inferior to the mylohyoid
muscle and superior to the platysma. It contains
the anterior belly of digastric muscles anteriorly
and the bulk of the submandibular glands posteri-
orly (Fig. 5.8a and b). Posteriorly it communi-
cates with the sublingual space along the free

Fig. 5.8 (a) Axial T2W and (b) coronal TIW MR image showing submandibular space (curved arrow) and subman-

dibular gland (straight arrow)
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posterior border of mylohyoid muscle. Posteriorly
and superiorly this space communicates with the
lower end of the parapharyngeal space [11].

5.5 Imaging Methods

The choice of imaging modality depends on the
disease subsite, the issues of clinical relevance,
and the stage of disease. In general cross-sectional
imaging like CT and MRI is required for locore-
gional staging, the choice depending on the dis-
ease subsite [4]. Advanced disease requires
metastatic workup with PET/CT [4]. US is used
mainly for evaluating lymphadenopathy in the
neck [9]. It has also been used to evaluate tumor
thickness in the tongue and buccal mucosa [12—
14]. Barium studies best evaluate the mucosa and
may be useful to screen for a second aerodiges-
tive tract primary. OPG is most useful for evalu-
ating and planning dental treatment prior to
radiotherapy in order to prevent osteoradionecro-
sis [3].

The role of various imaging methods in the
complete workup of OCSCC at various subsites
is discussed in this section.

Primary disease (T staging): Evaluating the
primary in OCSCC requires cross-sectional
imaging such as contrast-enhanced CT or

Table 5.2 CT and MRI protocol in OCSCC

Imaging Protocol CT
Scanner requirement

Volume of coverage
neck
Slice thickness

16 or more slice MDCT scanner (for
high-quality multiplanar reformations)
Above base of the skull to root of the

2.5-3 mm with 0.625/ 0.75 retro-

contrast-enhanced MRI. Prolonged scanning
time, patient claustrophobia, and motion artifacts
with swallowing are the problems with MRI,
while superior soft tissue resolution, availability
of direct multiplanar reformations, and lack of
exposure to ionizing radiation are its advantages.
CT has the disadvantage of dental amalgam arti-
facts, but speed of scanning is a great advantage.
Advances in CT such as multidetector CT
(MDCT) now also permit high resolution indirect
reformations, earlier available only with
MRI. However optimal imaging requires 16- or
higher-row MDCT scanner to generate isotropic
coronal, sagittal, and oblique reformations. Both
bone and soft tissue algorithms are required. CT
is performed with the puffed cheek technique
with the patient puffing his cheeks with air to
separate the buccal mucosa from the gingival
mucosa during quiet breathing [15]. Interactive
viewing of the multiplanar images on the work-
station helps optimal assessment [10]. The CT
and MRI protocols at our institute are discussed
in Table 5.2.

Specific issues of clinical relevance at each
disease subsite and patient factors also influence
the chosen method of imaging. Few studies exist
comparing CT and MRI for imaging oral cavity
with emphasis on tongue cancers. For oral tongue
and FOM SCC, where soft tissue resolution is of

MRI

Minimum 1.0 T, optimum 1.5 T magnet
using phased array coil
Above base of the skull to root of the neck

4 mm thickness with 1 mm intersection gap

reconstruction (on 16 slice MDCT

scanner)
Volume of IV contrast

50 ml in adults, 1.5 times body weight in
children injected at a rate of 3 ml/sec

0.1 ml/kg body weight with images acquired
after complete contrast administration

with scan done at 25-30 seconds of

contrast injection
Type of IV contrast
Imaging sequences

reconstruction

Nonionic iodinated contrast medium
Axial CT images obtained using puffed
cheek technique in soft tissue and bone
algorithm, multiplanar coronal, and
sagittal reformations obtained by

Gadolinium-based contrast medium

Axial and coronal spin echo T1 weighted,
axial and sagittal fast spin echo
T2-weighted, coronal STIR, post-contrast
axial, coronal and sagittal TIW sequences,
and diffusion-weighted sequence.(b value of
0 and 1000 s/mm?)
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greatest importance, they favor contrast-enhanced
MRI over contrast-enhanced CT for T staging
[16-20].

In gingival, buccal, and RMT cancers, bone
erosion is far more frequent and ranges from 14
to 72% as compared to tongue cancers (5—10%)
[10, 21]. Bone erosion is an important issue in
OCSCC. Bone invasion influences management,
which can vary from mandible-sparing surgery
(when invasion is absent) to the conservative
marginal mandibulectomy that preserves func-
tion and cosmesis and to the more destructive
segmental mandibulectomy (when invasion is
extensive) [22]. Bone invasion cannot be pre-
dicted by clinical examination alone.
Histopathology (HP) can demonstrate bone inva-
sion in the absence of clinically detected bone
erosion. Hence imaging assumes vital impor-
tance [23, 24]. The point to note is that bone

resection margins are difficult to assess by clini-
cal examination or frozen section alone empha-
sizing the need for accurate preoperative imaging
[2, 5]. Contrast-enhanced CT is the method of
choice as it has the highest specificity (87-90%)
for bone erosion [10, 25, 26]. MRI has high sen-
sitivity and negative predictive value but has
lower specificity (54% for cortical invasion) and
overestimates both cortical and inferior alveolar
canal invasion [26]. OPG has low specificity in
detecting mandibular erosion, particularly in
poor dental hygiene and quid-chewing popula-
tions where periodontitis and odontogenic infec-
tions can mimic malignant erosion. Midline
erosions are also a pitfall with OPG, and early
erosions can be missed as detection requires at
least 30% mineral loss [27]. Many modalities
have been assessed for evaluating the mandible in
OCSCC. Table 5.3 summarizes a review of few

Table 5.3 Review of major studies assessing mandibular invasion in OCSCC

Study Imaging methods
Weissman et al. Bone scan

1982

Curran et al. 1996 ~ SPECT

Mukherji et al. Conventional CT (3 mm
2001 sections)
Brockenborough DentaScan (CT software)
et al. 2003

Bolzoni et al. 2004 MRI

Goerres et al. 2005 PET-CT, CT, and SPECT/CT

Handschel et al. 6-row MDCT

2012

Vidiri et al. 2010 MRI and 4-row MDCT

Imaizumi et al.
2006

CT using DentaScan and MRI

Hendrikx et al.
2010

Panoramic radiography(PR/
OPG), cone beam CT (CBCT),

and MRI
Dreiseidler et al. Cone beam CT (CBCT), MDCT,
2011 and SPECT
Aryaet al. 2013 16-row MDCT

Conclusion
n = 40; 43% false-positive cases

n = 29; sensitivity = 100%, specificity = 29%

n = 49; sensitivity = 96%; specificity = 87%; positive
predictive value = 89%; negative predictive value = 95%
n = 35; sensitivity = 95%; specificity = 79%; positive
predictive value = 87%; and negative predictive

value = 92%

n = 43; sensitivity = 93%; specificity = 93%;

accuracy = 93%; NPV = 96% and PPV = 87.5%

n = 34; accuracy = 88% (SPECT/CT) 94% (PET/CT), 97%
(CT)

PET component of CT did not add to CT component

n = 107; Sensitivity = 82.6%; specificity = 86.9%; positive
predictive value = 82.6%; negative predictive

value = 86.9%

n = 36; sensitivity = 93% (MRI), 79% (MDCT);
specificity = 82% (MRI), 82% (MDCT); accuracy = 86%
(MRI), 81% (MDCT)—In all OCSCC

n = 51; sensitivity = 96% (MRI), 100% (MDCT);
specificity = 54% (MRI), 88% (MDCT) for cortical
invasion in all OCSCC

n = 23; sensitivity = 55% (PR), 81% (MRI), 91% (CBCT)
Specificity = 92% (PR),

67% (MRI), 100% (CBCT)

n =77, sensitivity = 92% (CBCT), 80% (MDCT), 91%
(SPECT); specificity = 96.5% (CBCT), 100% (MDCT),
40% (SPECT)

n = 37; sensitivity = 94%, specificity = 90%, and
accuracy = 91.8% for cortical invasion in RMT SCC
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studies analyzing various imaging methods for
mandibular invasion in OCSCC [10, 25-36].
Although cone beam CT has shown to have high
sensitivity and specificity, it has two particular
disadvantages, (a) difficulty in visualizing subtle
alveolar crest invasion and (b) lack of contrast
and soft tissue information [37].

The other issues while evaluating the local
extent in gingival, buccal, and RMT cancers are
posterior soft tissue spread (masticator space
invasion) and perineural spread. While MRI has
superior soft tissue resolution [38], MDCT is a
close alternative for masticator muscle invasion.
This is due to the presence of well-defined fat
planes seen around these muscles, effacement of
which by disease is easily visualized on
CT. Perineural spread is best visualized on fat-
suppressed  contrast-enhanced TIW  MRI
sequences; the incidence of perineural spread in
these cancers is however <10% [39—41]. Contrast-
enhanced MRI can be a problem-solving second
imaging method in gingival, buccal, and RMT
cancers, when perineural spread is suspected.

In hard palate squamous cell cancers (SCC),
perineural spread is frequent through the greater
palatine canal. Hence hard palate SCC is best
imaged with MRI, which also includes fat-
suppressed contrast-enhanced T1W sequences
(best for perineural spread and soft tissue extent).
Bone erosion, best evaluated with CT, is
complementary.

Evaluation of the neck (N staging): Low vol-
ume tongue or buccal mucosa lesions that present
as shallow ulcers are often not imaged for the pri-
mary. However, in these early cases, many clini-
cians may need imaging evaluation of the neck
for nodal metastases for planning the extent of
neck dissection and evaluating the contralateral
neck. US is often ordered by many clinicians in
such early cases, due to its wide availability and
cost-effectiveness. However US is known to be
operator dependent. The incidence of neck node
metastases varies from 6 to 45% [7]. Various
imaging methods have been evaluated and com-
pared to assess the neck for metastatic
adenopathy.

US is widely used in Europe and Asia,
although this has not gained popularity in the

United States. A meta-analysis comparing
US-guided fine-needle aspiration biopsy (US g
FNAB), US, CT, MRI, and PETCT has shown
US g FNAB with the highest diagnostic odds
ratio for detecting metastatic neck nodes [42]
with decreasing performance for US alone, MRI
with ultra-small particle iron oxide (USPIO), CT,
and MRI in that order. However this meta-
analysis included both N+ and NO necks. In the
lone study in this meta-analysis, which included
only NO neck, the sensitivity of US g FNAB was
only 48% [43].

Contrast-enhanced ultrasound has also been
evaluated in a small number of studies for differ-
entiating inflammatory and metastatic nodes with
reported high diagnostic accuracy but is not
widely used in clinical practice [44]. Retrospective
and prospective studies using CT and MRI for
imaging OCSCC report comparable accuracy for
N staging. A meta-analysis analyzing perfor-
mance of MRI for nodal staging in head and neck
SCC found a sensitivity and specificity of 76%
and 86%, respectively. Performance of MRI was
comparable with PET, CT, and US [45]. Advances
in MRI such as diffusion-weighted imaging
(DWI) MRI and dynamic contrast-enhanced
(DCE) MRI have shown a promising role in dif-
ferentiating subcentimeter benign and metastatic
nodes in initial small studies [46-50]. However a
recent study by Lim et al. showed that DWI-MRI
does not allow differentiating benign from meta-
static cervical lymph nodes in patients with head
and neck cancer and non-necrotic, small lymph
nodes [51].

Of greater importance is the role of imaging in
the NO or clinically negative neck. There are two
meta-analyses in the NO neck: one involving
PETCT reported a detection rate of only 50%
[52], and another comparing PET, CT, MRI, and
US reported comparable accuracies but inferior
to surgical staging [53]. The pooled sensitivity
and specificity of CT, MRI, PET, and ultrasound
were 52% and 93%, 65% and 81%, 66% and
87%, and 66% and 78%, respectively [53]. Hence
the imaging method chosen for the evaluation of
the primary is also used for evaluation of the neck
in the same patient (no advantage lies in adding a
second imaging method).
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Sentinel node biopsy (SNB) that requires iden-
tification of the sentinel node using PET and sub-
sequent biopsy has also been evaluated to identify
metastatic nodes in OCSCC. A diagnostic meta-
analysis of SNB in 847 patients of clinically T1/
T2 NO OCSCC and oropharyngeal SCC patients
revealed an overall sensitivity of 93% [3, 54].
Another study comparing SNB with USG-guided
FNAC in T1/T2 NO OCSCC found SNB to be
clearly superior [55]. However a recent random-
ized controlled trial in the NO neck has shown that
elective neck dissection is superior to therapeutic
neck dissection even in early oral cancers thereby
limiting the role of imaging in the ipsilateral neck
[8]. If this evidence is accepted, the role of imag-
ing in N staging today is limited to evaluation of
the contralateral neck and possibly to plan the
extent of neck dissection in the N+ neck.

Metastatic workup (M staging): PET/CT has
no additional value over conventional CT or MRI
in the evaluation of untreated OCSCC, for evalu-
ating either the primary or the neck [19, 20, 36,
56-58]. Most guidelines recommend the use of
PET/CT only in stage III or IV cancers where
management may alter due to detection of distant
metastases [4]. When PET/CT is not performed,
a chest radiograph or contrast-enhanced CT is
used to rule out pulmonary metastases, particu-
larly when abnormal level IV nodes are seen in
the neck [3]. A CT scan of the abdomen is justi-
fied when the clinical index of hepatic metastasis
is high [2].

5.6  Spread Patterns of OCSCC

and its Implications

Tongue and floor of mouth SCC: SCC arising
from the oral tongue and the oropharyngeal tongue
differ in their management. This chapter will focus
on oral tongue squamous cell carcinoma, the vast
majority of which arise from the lateral border
(85%) with only few seen along the ventral sur-
face. Small tumors along the lateral border can be
treated with wide excision glossectomy and nega-
tive margins (Fig. 5.9) [3]. Larger tumors are
treated with partial to total glossectomy.
Reconstruction is planned when approximately

one-third volume loss is expected [3]. Further
invasion occurs medially into the intrinsic muscles
and can extend across the lingual septum into the
contralateral side (Fig. 5.10a). This is associated
with greater incidence of contralateral nodal
metastases. Inferior extension can occur into the
sublingual space with encasement of the lingual
neurovascular bundle (Fig. 5.10b). Involvement of
both neurovascular bundles by contralateral spread
requires total glossectomy [3] (Fig. 5.10c). Inferior
extension can also invade extrinsic muscles (genio-
glossus and hyoglossus) (Fig. 5.10d). It is impor-
tant to note that extrinsic muscles are well seen on
T2W MRI but are difficult to visualize intraopera-
tively or on the histopathology (HP) specimen,
hence in the 8th edition AJCC staging, the criteria
of extrinsic muscle invasion has been excluded in
the T4a staging of oral cancers [3].

Tongue cancers that extend to extrinsic muscles
can further invade the FOM muscles (Fig. 5.11a).
Tumors that reach the FOM or primary FOM can-
cers can erode the adjacent mandible (Fig. 5.11b)
and even invade the skin. These are resectable but
require major reconstruction. Posterior extension
in the FOM can reach up to the hyoid and can con-
traindicate surgery (Fig. 5.11c). Posterior exten-
sion from the tongue dorsum may reach into the
base tongue and across the anterior tonsillar pillar
into the tonsil and lateral pharyngeal wall
(Fig. 5.11d). Posterior and inferior spread into the
valleculae, pre-epiglottic space, and up to the
hyoid bone may also be seen [3, 9]. All the above
types of posterior spread may require radical sur-
gery and hence are often treated with chemoradia-
tion instead [3]. Far posterior extension into the
masticator space and pterygoid plates constitutes
T4b disease, and this is unresectable [4].

Nodal spread from tongue cancers are usually
to ipsilateral level I and II nodes (Fig. 5.10a), but
skip metastases to levels III and I'V and contralat-
eral metastases are known. Midline FOM SCC
can spread to bilateral nodes [3].

Prognostic markers: The issues that influence
prognosis and therapy in tongue cancers are depth
of invasion (DOI) previously called tumor thick-
ness (TT), T stage, posterior soft tissue extent, and
perineural invasion, apart from nodal spread [3,
4,7, 39]. TT is the single best prognostic factor
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Fig. 5.9 Early carcinoma of tongue. (a) Axial T2W and
(b) contrast-enhanced TIW MR images of tongue show-
ing small enhancing lesion confined to left lateral border
of tongue (arrows). There is no extension across midline
or involvement of genioglossus (long arrow). (¢) Coronal

STIR and (d) post-contrast coronal MR images in same
patient show no evidence of extension into sublingual
space (curved arrows) or involvement of neurovascular
bundle (dashed arrows)
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Fig. 5.10 Advanced carcinoma of tongue. (a) Axial post-
contrast MR image showing enhancing tumor in left lateral
aspect of tongue extending across midline with involve-
ment of genioglossus muscle (short arrow). A necrotic
metastatic left level II lymph node is seen (dashed arrow).

(b) Coronal post-contrast MR image showing tumor involv-
ing ipsilateral neurovascular bundle (block arrow) and in
(c) bilateral neurovascular bundles (arrows). (d) Sagittal
T2W MR image showing extension of tumor into genio-
glossus and intrinsic muscles of the tongue (block arrow)
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Fig. 5.11 Advanced carcinoma of tongue (a) coronal
post-contrast MR image showing extension of tumor into
submandibular space (curved arrows) across the mylohy-
oid (dotted lines). (b) Axial post-contrast MR image
showing tongue SCC invading mandible which shows
tumor signal intensity within (arrow) and extending into

for predicting survival in early tongue cancers in
several multivariate analyses [7]. different reports
[59], and a meta-analysis by Huang et al. has
shown an association of TT greater than 4 mm on
histopathology with significant increase in neck
node metastases [7]. This has led in the past, to
the recommendation of the practice of elective
neck dissection when TT exceeds 4 mm [4]. The
8th edition AJCC staging of oral cancer incorpo-
rates DOI (earlier referred to as TT) for defining
T1-T3 stage (Table 5.1). The DOI measurement
depends on the epicenter of the lesion [3]. In those
tumors with epicenter along the lateral border of

oral vestibule. (¢) Sagittal T2W MR image showing tumor
of intermediate signal intensity extending into the hyoid
bone (block arrow). (d) Post-contrast axial image showing
tumor extension into base of tongue (BOT), right vallec-
ula (*), and lateral pharyngeal wall (curved arrow)

the tongue, the lateral to medial spread within the
tongue is the DOI, while for tumors with epicen-
ter along the ventral surface or dorsum of tongue,
the cranicaudal spread of tumor (vertical dimen-
sion) is the DOI. The method of measuring DOI
on imaging has been described [3, 60].
Preoperative and intraoperative US have
shown satisfactory accuracy for measurement of
TT/DOI in prospective studies [12, 13]. Lam
et al. demonstrated the technique of measurement
of tumor thickness on MRI (Fig. 5.12). They
found contrast-enhanced T1W images had higher
concordance (83%) than T2W images (52%) for
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TT/DOI measurements as compared to HP [60].
Okura et al. in a prospective study comparing
MRI with HP found a TT of >9.7 mm on MRI
associated with significant increase in nodal
metastases [61]. In practice though, in early
tumors (with TT/DOI <4 mm), imaging is often
not ordered, and hence role of imaging in mea-
suring DOI becomes limited.

Fig. 5.12 Coronal post-contrast MR image showing
measurement of tumor thickness (now called depth of
invasion) in carcinoma tongue. The vertical white line is
the reference line drawn between two tumor-mucosa junc-
tions. Perpendicular measurements on either side of this
reference line (double-ended black arrows) to maximum
points of tumor projection are added to obtain depth of
invasion

MRI has an established role in accurately
defining the posterior extent and T stage that
influences therapy and prognosis in advanced
cancers [62, 63]. Perineural invasion is a prog-
nostic factor, but refers to microscopic invasion
of small nerves, not seen on imaging [40, 41].
Perineural spread in contrast refers to macroscopic
spread inferred from imaging [41], is best seen
on contrast enhanced MRI and is described fur-
ther later in this chapter. In oral tongue and FOM
SCC, perineural spread can occur along the lin-
gual nerve to reach the mandibular nerve in the
masticator space. Involvement of mandibular
nerve can cause denervation changes and atrophy
in the masticator muscles (indirect sign of peri-
neural spread) [40, 41]. The other factors that
influence prognosis are nodal metastases and
extranodal spread. CT and MRI are comparable
for assessment of nodal metastases and extrano-
dal spread (Figs. 5.10a and 5.13) [64].

Contribution of various MRI sequences:
Optimal MR imaging requires multiplanar
sequences including post-gadolinium TIW
sequences and preferably diffusion-weighted
imaging. The tumor-tongue contrast is maximum
on contrast-enhanced TIW sequences [62].
Extrinsic muscle involvement is best appreciated
on axial and coronal T2W sequences [62, 63].

Fig. 5.13 Features of metastatic nodes. (a) Post-contrast
axial MR images showing enlarged peripherally enhanc-
ing right level II lymph node with central necrosis and (b)

enlarged right level II lymph node with extracapsular
spread (shown by ill-defined margins and invasion of sur-
rounding structures)
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Cortical bone erosion is well depicted on non-
contrast TIW sequences, while marrow involve-
ment is studied on unenhanced T1W, STIR, and
post-gadolinium T1W sequences [26]. We evalu-
ate nodes on axial T2W, coronal STIR, and post-
contrast TIW sequences.

Lips, gingiva, buccal mucosa, and RMT:
SCC of the lips can spread posteriorly into the
buccal mucosa and medially across the gingivo-
buccal sulci to abut or erode the mandible.
Perineural spread through mental foramen is seen
as a widened foramen on CT and enhancement
around the foramen on contrast-enhanced MRI
[3,39].

Lower gingival/alveolar ridge SCC frequently
erodes the mandible and can spread medially into
the tongue muscles. The most common OCSCC
in the Indian subcontinent is that of the lower
gingivo-buccal complex due to tobacco chewing
and has been described as the “Indian oral can-
cer” (Fig. 5.14) [65]. SCC arising or reaching the
upper gingival/alveolar ridge can erode the max-
illary alveolus and invade the maxillary sinus
(Fig. 5.15).

Buccal SCC can also extend across the upper
and lower gingivo-buccal sulci to the mandible/
maxilla. The route of tumor entry in the dentate
mandible is the point of abutment of tumor to the

Fig. 5.14 Early lower gingivo-buccal carcinoma. (a)
Axial and (b) coronal contrast-enhanced CT images
showing enhancing proliferative lesion (short arrows)
confined to left buccal mucosa near the lower gingivo-

buccal sulcus which is well appreciated with the puffed
cheek technique. The upper gingivo-buccal sulcus (curved
arrow) is spared. There is no extension of tumor into the
subcutaneous tissue or skin

Fig. 5.15 (a) Axial, (b) sagittal, and (c) coronal contrast-enhanced CT images showing upper alveolar carcinoma
(arrows) eroding floor of maxilla with extension into the maxillary sinus
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mandible (Fig. 5.16a, b), while in the edentulous
mandible, spread occurs through the occlusal
ridge [66]. Lateral or inferior spread into the skin
influences resection and reconstruction and is

usually assessed clinically. Linear reticulations in
the dermis and subcutaneous fat seen on CT adja-
cent to the tumor need to be recorded, but Spector
et al. reported that this was often due to peritu-

Fig. 5.16 Contrast-enhanced axial CT images in (a) soft
tissue window and (b) bone window showing carcinoma of
left buccal mucosa invading the mandible at the point of
abutment, i.e., junction of the body and ramus (straight

arrows). (c) and (d) Contrast-enhanced axial CT images of
left retromolar trigone (RMT) carcinoma (dashed arrow)
showing loss of fat planes with medial pterygoid (curved
arrow) suggestive of extension into masticator space
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moral inflammation in 11/12 cases in their series
[67].

RMT SCC can spread anteriorly and laterally
into the buccal mucosa and body of mandible,
anteriorly and medially into the base tongue or
FOM, posteriorly into the mandibular vertical
ramus and muscles of masticator space
(Fig. 5.16¢, d), posteriorly and medially into the
tonsil, and superiorly into the nasopharyngeal
wall and pterygopalatine fossa.

Invasion of the skin, cortical bone, and maxil-
lary sinus constitute T4a disease. Although con-
sidered moderately advanced, this is resectable if
no other comorbidities are present. However pos-
terior spread to invade the masticator space, pter-
ygoid plates, carotid vessels, or skull base is
classified as T4b and is considered a very
advanced disease. No uniform criteria for
resectability of T4b disease exist, but spread of
disease to the carotid vessels, pterygopalatine
fossa, (Fig. 5.17) and skull base is considered
unresectable.

Perineural spread from gingival, buccal, and
RMT SCC can reach the mandibular nerve in the
masticator space and spread intracranial through

Fig. 5.17 Advanced carcinoma of buccal mucosa. Axial
contrast-enhanced CT image shows enhancing solid
tumor in right pterygopalatine fossa (arrow), suggestive of
unresectable T4b disease

Fig. 5.18 (a) Coronal post-contrast MR image showing
enhancement of mandibular nerve (black arrows) along its
course from mandibular foramen (curved arrow) to the
foramen ovale (dashed arrow) suggestive of perineural

spread. (b) Coronal contrast-enhanced CT image in
another patient with carcinoma left buccal mucosa show-
ing thickening and enhancement of left mandibular nerve
(straight white arrows) indicating perineural spread
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the foramen ovale. This is best demonstrated on
coronal fat-suppressed contrast-enhanced MRI
sequences and is seen as increased enhancement
around the mandibular foramen or foramen ovale
and along the nerve (Fig. 5.18). CT depicts more
advanced cases as foramen widening or erosion
with loss of normal fat density [39-41]. Nerve
invasion was found to be the sole adverse factor
in advanced OCSCC from gingival, buccal, and
RMT regions to predict local control [68]. The
accuracy of imaging to detect perineural spread
approaches 70% [39].

Nodal metastases from the above subsites are
to ipsilateral level I and II regions and in more
advanced cases to contralateral level I and
II. Necrosis is the most reliable criterion for met-
astatic nodes and is best seen on contrast-
enhanced images (Fig. 5.13). For non-necrotic
nodes, size criteria have also been defined
although false negatives and false positives are
15-20%, based on size alone [69].

Prognostic markers: In gingival, buccal, and
RMT SCC, the posterior soft tissue extent, bone
erosion, and nodal metastases are factors that
influence prognosis and therapy [69-71]. The
extent of posterior soft tissue spread influences
resection as some cases of masticator space
involvement although labeled T4b could be
offered definitive treatment with radical surgery
and appropriate reconstruction. Liao et al.
described surgical outcomes of buccal, gingival,
and RMT cancers that extended to the masticator
space [67, 72]. On CT or MR imaging, T4b dis-
ease that extended to a level below a line of
demarcation passing through the mandibular
notch (between condyloid and coronoid pro-
cesses shown in Fig. 5.3) had a favorable out-
come similar to T4a disease (Fig. 5.19) [72].

The presence or absence of bone erosion and
its extent influence decision between segmental
mandibulectomy and marginal mandibulectomy.
Segmental mandibulectomy is performed when
there is significant cortical erosion and invasion of
the marrow and of the inferior alveolar canal. It is
also offered in edentulous and irradiated mandi-

Fig.5.19 Contrast-enhanced axial CT image in a patient
with advanced carcinoma of right buccal mucosa (arrows)
involving the right buccal space and retromolar trigone
with invasion into low masticator space below mandibular
notch. The normal buccal space (*) and masseter (M) are
seen on the left side

bles or when a large soft tissue component of
OCSCC abuts a significant height of the mandi-
ble even without eroding it [5, 73]. Marginal man-
dibulectomy retains mandibular continuity
preserving cosmesis and function. It can be
offered only when there is minimal erosion of the
alveolar margin or when a small soft tissue com-
ponent abuts the alveolar crest of the mandible but
does not erode it, in order to achieve oncologi-
cally safe resection margins [5, 65, 73]. An at least
1.0 cm height of the shaft of the mandible needs to
be preserved to prevent fracture. Imaging can pro-
vide information on the height and length of ero-
sion, helping plan surgery (Fig. 5.20).

Hard Palate: Hard palate SCC can spread to
the nasal cavity and maxillary sinus by destroy-
ing the medial wall of the sinus. Spread to soft
plate and nasopharynx can occur. The prognostic
markers are perineural spread and bone erosion.
Nodal metastases are infrequently seen with hard
palate SCC. Perineural spread through the greater
palatine canal to the pterygopalatine fossa is fre-
quent and contraindicates surgery. Contrast-
enhanced MRI using T1W fat-suppressed coronal
sequence best demonstrates perineural spread
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Fig. 5.20 16-row MDCT, bone algorithm images show-
ing height and length of mandibular erosion. (a) Oblique
sagittal reformation. (b) Coronal reformation. (¢) Axial
image. Arrow in (a) shows inferior alveolar canal inva-
sion, which is well seen in the oblique sagittal plane.

Fig.5.21 Coronal post-contrast MR image showing car-
cinoma of hard palate extending into greater palatine
canal suggesting perineural spread (arrow)

(Fig. 5.21). MRI is the most accurate method for
marrow invasion. However MDCT may be useful
for studying cortical bone erosion.

Conclusion

Imaging has an established role in the man-
agement of OCSCC. The primary role in the
pretreatment setting is accurate staging that
helps choose appropriate therapy. Imaging
helps decide resectability, plan surgical resec-
tion of bone and soft tissue, as well as subse-
quent reconstruction that is essential for
preserving form and function. Imaging fea-

Dotted lines show planned incision lines for segmental
mandibulectomy. Arrows in (b) and (c) show loss of corti-
cal continuity (erosion). Height (depth) of erosion is mea-
sured on the coronal reformat

tures can also indicate prognosis. Detection is
aided in those cancers where clinical examina-
tion is restricted. In treated cases, imaging can
help assess response to treatment, detect
recurrence suspected clinically, and distin-
guish it from post-therapy changes.
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Biopsy and Oral Squamous Cell
Carcinoma Histopathology
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Abstract

Oral cancer is a fairly common disease, which
is unfortunately often diagnosed when it has
reached an advanced stage. Early diagnosis is
crucial for better prognosis and survival. In
addition to better survival figures, early diag-
nosis also provides sufferers with a better
quality of life. Biopsy is widely accepted as
the “gold standard” diagnostic method for
lesions raising suspicion of malignancy. There
are several types of biopsy including inci-
sional biopsy, excisional biopsy, fine needle
aspiration, punch biopsy, and brush biopsy,
each with specific indications, special meth-
odology, advantages, and disadvantages. The
use of biopsy and analyzing the results under
the microscope is the gold standard for con-
firming a diagnosis of oral squamous cell car-
cinoma diagnosis. Biopsy is indicated in
mucosal lesions (especially ulcers), and it is of
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critical importance to reveal oral dysplasia, to
confirm the clinical suspicion for an early
invasive cancer, or to establish the grade of
differentiation of oral squamous cell carci-
noma for accurate therapeutic procedure and
in the determination of prognosis.

6.1 Biopsy

6.1.1 Introduction

In 2012 there were 300,373 new cases of oral
cancer worldwide as well as 145,353 deaths asso-
ciated with this type of cancer. Tobacco and alco-
hol consumption constitute the main risk factors
for oral cancer together with HPV infections,
principally HPV-16 [1-3]. Oral cancer is initially
often asymptomatic resulting in a delayed diag-
nosis. Early oral cancer diagnosis is crucial for a
good prognosis, with patient survival being
approximately 60-80% after early prognosis
compared with 30-40% for late diagnosis and an
advanced stage. An early diagnosis can also elim-
inate the need for extensive surgery and contrib-
utes to a better quality of life for patients [4-6].
Biopsy with a histological examination of the
specimen is considered to be the “gold standard”
diagnostic method for suspicious oral lesions. Its
high reliability and its long history, more than
150 years, underpin this characterization [6-8].
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6.1.2 Terminology

In this investigative method, a small amount of
tissue is taken from a living organism to be micro-
scopically examined. The term biopsy consists of
two parts; the first is “bios” which means life, and
the second is “opsis” which means sight [9-11].

6.1.3 Indications

e Lesions which present neoplastic or premalig-
nant characteristics or lesions whose dimen-
sions increase [9]

* Lesions which are characterized by few or no
signs and symptoms that could lead to diagno-
sis [12]

» Persistent lesions without response to treat-
ment [13]

e Persistent ulcerations present for more than
10-14 days after removal of any possible
causative agent [13]

e Indicative diagnosis of some systemic dis-
eases such as Sjogren’s Syndrome [10]

* Persistent vesicular or bullous lesions present
for more than 7-15 days [9]

* Confirmation of an apparent clinical diag-
nosis [12]

* Intraosseous lesions undetectable by radiogra-
phy [14]

* Diagnosis of granulomatous diseases [15]

e In patients who are particularly anxious about
possible cancer diagnosis [12]

6.1.4 Contraindications

e In patients treated with:

* Anticoagulants

* Corticosteroids

e In immunocompromised patients [9].

* In vascular lesions incisional biopsies are con-
traindicated [15].

 In patients suffering from blood disorders [13].

* In pigmented lesions raising suspicion of mel-
anoma [13].

 Inlesions that are either very deep or difficult for
the surgeon to access and if the biopsy procedure
could harm the surrounding tissues [10].

6.1.5 Advantages

It is a small, uncomplicated, and cheap proce-
dure and well tolerated by patients [16].

Few instruments and materials are required
for a biopsy [14].

Biopsy is a short and easy procedure [12].

On many occasions a definitive diagnosis is
reached through biopsy [9].

6.1.6 Disadvantages

It is an invasive procedure [9].

The pathologist’s findings by diagnosis of
dysplasias (mild and moderate), early-stage
carcinomas in situ, and squamous cell carci-
nomas are quite diverse [17].

Overuse of this method could deter the patient
from visiting the dentist in the future [18].
Experience is crucial for the proper biopsy of
soft tissues, while in some bone biopsies, a
specialist is needed (lack of experience or
when a sample from an anatomically critical
area is required) [19].

The histological findings may not be indica-
tive of diagnosis if histological examination is
conducted for a nonrepresentative tissue
specimen or if the sample is inappropriately
handled [20].

6.1.7 Instruments and Materials

Necessary for a Biopsy
(Fig.6.1) [9, 13, 21-24]

Local anesthetics

Syringe and needle

Scalpel with a No.15 blade

Tissue forceps

Needle holder

Sutures

Scissors

Gauzes

Hemostatic agents

Electrocautery

A screw-top vial which contains fixative (10%
formalin, whose volume is 10 times the vol-
ume of the specimen)
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Fig. 6.1 Necessary
instruments for biopsy

¢ Disinfectants (for disinfection of the tissue
over the investigated area in fine needle
aspiration)

22,23, 25, or 27 gauge needle (for fine needle
aspiration)

* A single use, sterile, plastic 10-ml syringe (for

fine needle aspiration)
e Biopsy punch (for punch biopsy)
e A specially designed brush (for brush biopsy)

6.1.8 Types of Biopsy

¢ Incisional biopsy

* Excisional biopsy

* Fine needle aspiration

e Punch biopsy

* Brush biopsy and exfoliative cytology

6.1.8.1 Incisional Biopsy

In incisional biopsy, a portion of the lesion is
taken along with a small portion of normal adja-
cent tissue in order to help the pathologist in rec-
ognizing the borders of the tumor (Fig. 6.2). In
this type of biopsy, a scalpel is often employed

although punch, aspiration, and needle tech-
niques are also used. Sufficient size and depth are
crucial for an incisional biopsy to ensure obtain-
ing tissue specimen from one or multiple sites
(Fig. 6.3) of the tumor margins. Surface speci-
mens are frequently nonrepresentative of a lesion
and include mainly necrotic tissue or crust [14,
25-27].

Indications of incisional biopsy include large
lesions, whose diameter is larger than 1-2 cm, as
well as lesions which are associated with
increased risk of malignancy, whose diagnosis
and treatment planning require a biopsy. The
treatment of the lesion usually requires a second
procedure. It is still controversial as to whether
incisional biopsy can lead to dissemination of
cancer cells especially in cases of melanoma.
Incisional biopsy in lesions whose parts present
different histological features could lead to
unnecessarily mild or more aggressive treatment
[27-31].

The method includes administration of topi-
cal anesthetic through injection around the
lesion in order to avoid distortion of the tissue
and removal of a wedge-shaped portion of the
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Fig. 6.2 Tissue
incisional biopsy from
ulcerative lesion
suspected for oral
squamous cell
carcinoma

Fig. 6.3 Tissue multiple
incisional biopsies from
lesions suspected for
leukoplakia-dysplasia
(red) and malignancy
(blue)

lesion (preferably at the periphery of the lesion
rather than its central area, where necrotic areas
are possible, with inclusion of background nor-
mal tissue), which is transferred immediately
into a screw-top vial that contains fixative, fol-
lowed by suturing of the open wound. In cases
of tissue specimen taken from the palate or the
gingiva, healing takes place via secondary inten-
tion. It is necessary to avoid harming major ves-
sels and nerves during biopsy, and parallel
incisions to the common position of smaller
structures are crucial for their protection [1, 15,
21, 24-26].

Toluidine blue, a dye by which pathological
areas are stained blue, can be helpful for
assessing the best location from which a biopsy
specimen should be taken. Specimens taken
from different areas of extensive lesions, or

lesions with various characteristics, could con-
tribute to the reliability of the biopsy outcome
[9, 16, 32].

6.1.8.2 Excisional Biopsy
In excisional biopsy, the entire lesion is removed
together with a part of normal tissue from its
periphery (Fig. 6.4). Indications of this biopsy
type include lesions whose diameter is smaller
than 1 cm and some larger lesions whose removal
does not require an extensive surgical procedure
but also include areas with possible preoral
malignancy (Fig. 6.5). Excisional biopsy is often
preferred as it leads to diagnosis without a waste
of time, and there is no need for a second proce-
dure [12, 16, 21, 26].

The method includes the following: local
anesthetic is administered around the lesion at a
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distance of 2—4 mm from it, the lesion is then sta-
bilized through a suture or forceps (gentle manip-
ulation of the sample is crucial in order to avoid
tissue artifacts), two elliptical incisions are made
around the lesion in normal tissue at a distance of
2-3 mm from the lesion and the specimen is
removed and transferred immediately in a screw-
top vial containing fixative, and finally the wound
is sutured. Malignant lesions may not be
completely treated by excisional biopsy, while
benign lesions may be overtreated. An excisional
or incisional biopsy in cases of vascular tumors
could cause a severe hemorrhage [13, 16, 18, 21,
24, 26, 27].

6.1.8.3 Fine Needle Aspiration
Fine needle biopsy indications include lesions
located deep in the tissues and lesions which are

Fig. 6.4 Tissue excisional biopsy from lesion suspected
for oral squamous cell carcinoma

Fig. 6.5 Tissue
excisional biopsy from
lesion suspected for
leukoplakia-dysplasia
and possible malignant
nest (arrow)

difficult to access [18, 26]. In this technique a 22,
23,25, or 27 gauge needle is used in combination
with a single use, sterile, plastic 10-ml syringe;
more specifically the method includes disinfec-
tion of the tissue over the investigated lesion, pal-
pation, and lesion stabilization; the needle then
reaches the lesion through the skin and suction
follows. Subsequently, the needle is moved
quickly back and forward to obtain specimens
from various areas and then is removed and sepa-
rated from the syringe, which is filled with air.
Finally, the needle is attached again to the syringe
and the specimen ejected onto a microscopic
slide, followed by fixation and staining [4, 22]. In
comparison to other biopsy types, more experi-
ence is needed [18]. Also it is possible that the
sample tissue may not be representative of the
investigated lesion [16].

6.1.8.4 Punch Biopsy

In this type of biopsy, a small portion of tissue
is obtained using an instrument similar to a for-
ceps. It consists of a cylindrical blade con-
nected to a plastic grip. Various diameters
ranging from 2 to 10 mm are available [15]. The
method involves local anesthesia (around the
biopsy area to prevent distortion of the speci-
men); the punch is rotated into the tissue and
the specimen is obtained. Then it remains for
1 min on a piece of paper to avoid a change of
its shape before being immediately transferred
to a screw-top vial containing fixative. The
wound is finally sutured [32]. This type of
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biopsy offers a controlled incision, a sufficient
specimen is taken, and scalpel which could
cause some disturbance to the patient is avoided,
and it is also possible that no suturing of the
wound is sometimes needed [9]. Several tissue
specimens from different sites can also be taken
in the same session [10].

A specific instrument is needed for this biopsy
type, which is also associated with the risk of dam-
age to the tissue. It is crucial that the laboratory
knows how to deal with the specimens obtained
from the punch biopsy, while the punches with
larger diameters could contribute to the prevention
of clinical and laboratorial problems [15].

6.1.8.5 Brush Biopsy and Conventional
Exfoliative Cytology

In 1999 the computerized analysis of brush biop-
sies (OralCDx®, CDx Laboratories, Suffern, NY)
was presented to assess lesions of the oral mucosa
which seem clinically benign and, for which, in
other circumstances, no conventional biopsy
would have taken place. It detects atypical cells
in samples that were obtained with brush biop-
sies from potentially malignant lesions [33].

The method involves taking the specimen con-
sisting of epithelial cells by using a specially
designed brush, followed by specimen fixation,
staining, and microscopically examination,
which is mediated by computer [23].

As local anesthesia is not necessary, brush
biopsy can be used in cases with local anesthetic
allergy [8]. This type of biopsy is well tolerated,
painless, and not invasive [14]. It can also be used
in numerous or large lesions and in cases in
which the patient is not willing to undergo a con-
ventional biopsy [31].

Various studies have been conducted in order to
evaluate the sensitivity and specificity of brush
biopsy, with the sensitivity varying from 43.5 to
92.3% and specificity varying from 32 to 94.3%
[33-37]. In a study by Delavarian et al. in 2010,
conventional biopsy was compared with a combi-
nation of brush biopsy and liquid-based cytology,
in which a cell suspension was taken by inserting
the brush with the sample into liquid. The sensitiv-
ity of this liquid-based brush biopsy was found to
be 88.8%, and the specificity was 100% [38, 39].
In cases where the result indicates a pathologic
situation, a conventional biopsy is necessary to

confirm the diagnosis [39]. A mild hemorrhage
caused by the brushing is expected, as basal cells
are required for the test. A false negative result is
possible in cases with intense keratinization or
deep lesions, as no adequate specimen from these
lesions can be obtained [40].

Exfoliative cytology is a painless, noninvasive
biopsy method where a smear is taken from the
surface of the suspected lesion unto a micro-
scopic slide to examine cellular dysplastic find-
ings under bright field microscope after staining.
In a typical exfoliative cytology test, result is
reported as negative, atypical (uncertain diagnos-
tic significance) and positive. It is a feasible
chairside method for mass screening and for ini-
tial judgement (decision making) before a painful
biopsy is taken. The technique of conventional
exfoliative cytology is slowly changing into com-
puterized cytomorphometry, through DNA index
measurement, micronucleus analysis and assess-
ment of nucleolar organizer regions. An addition
of molecular methods like immunohistochemis-
try, and high throughput methods like real time
PCR and microarrays can significantly improve
the efficiency and revolutionize the technique.
Lin et al have devised a oral cancer risk index
through measurement of DNA index (DI) in
exfoliative brush biopsy for risk stratification of
oral leukoplakia [41]. In the most most recent
ADA report (2017), it was confirmed that cytol-
ogy testing can be chosen as a adjuvant in case a
clinician is unable to take a biopsy [42, 43].

Exfoliative cytology has a high potential for
upgradation and developments in technique can be
highly rewarding in terms of ease of judgment in
favor of biopsy, that is to filter patients who may not
be recommended for a biopsy (negative test result).
The technique of conventional exfoliative cytology
is evolving into oral rinse based biopsy which has
also shown superior result due to the potential for
capture of whole oral exfoliated epithelial cells [41].

6.2  Oral Dysplasia and Oral
Squamous Cell Carcinoma

under the Microscope

The use of biopsy and analyzing the results under
the microscope is the gold standard for confirm-
ing an oral squamous cell carcinoma diagnosis.
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Biopsy is indicated in mucosal lesions (especially
ulcers), which are suspected of being neoplastic
and persist over 2 weeks without resolution after
the elimination of possible local traumatic fac-
tors. During incisional biopsy (excisional biopsy
is suggested only for minor <1 cm, superficial
lesions suspected of being cancerous) an impor-
tant intact part of the lesion is retrieved with ade-
quate depth and with the avoidance of necrotic/
ulcerative areas. Biopsy of a peripheral part of
the tumor is optional in order to detect the cellu-
lar tissue-invasive behavior and a representative
sample for histological grading, something valu-
able for prognostic purposes [44, 45].

6.2.1 Oral Dysplasia

By definition, dysplasia precedes OSCC, and
OSCC always arises from the covering oral
mucosal epithelium with dysplastic features.
Hence, dysplasia can be considered as the first
histological stage (change) with an increased risk
of progression to malignant transformation. Oral
dysplasia is found in some of potentially malig-
nant oral disorders such as leukoplakia and
(mainly) erythroplakia, as well as submucous
fibrosis, oral lichen planus, actinic keratosis, etc.
(as analytically described in introduction chapter
of this book). Common cellular and architectural
changes that constitute dysplasia include abnor-

Fig. 6.6 Oral
hyperkeratosis:
hyperkeratotic
epithelium with
acanthosis without
atypia due to trauma
(x100)

mal variation in nuclear size/shape, cell size/
shape, increased nuclear-cytoplasmic ratio, atyp-
ical mitotic figures, increased number/size of
nucleoli, nuclear hyperchromatism, irregular
stratification of epithelium, loss of basal cell’s
polarization, drop-shaped rete ridges, frequent
and abnormally superficial mitotic figures, pre-
mature keratinization in single cells, keratin
pearls within rete ridges, and loss of epithelial
cohesion. Oral epithelial dysplasia is subdivided
into three grades depending on the width of
affected epithelium: mild dysplasia refers to
changes in basal-parabasal layers, moderate dys-
plasia corresponds to changes from basal layer to
middle layers, and severe dysplasia is dysplasia
spanning from basal layer to upper layers.
Interestingly, a subset of dysplasias with HPV
infection reveals epithelial karyorrhexis and
apoptosis [45-50].

The abovementioned microscopic features
(not in the single epithelial hyperplasia) can be
suggestive of mild, moderate, and severe
dysplasia:

Hyperplasia: Increased number of spinous
epithelial cell layers with normal maturation
leading to orthokeratosis/parakeratosis, without
cellular/architecture ~ dysplastic  alterations

(atypia) (Figs. 6.6, 6.7, and 6.8).

Mild dysplasia: Dysplastic changes are mini-
mal and limited to basal/parabasal layers (lower
third of the epithelium) accompanied by occa-
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Fig.6.7 Oral
hyperkeratosis:
excessive production of
keratin layer (yellow
bracket) and increase of
spinous epithelial cell
layers (stratum
spinosum) with normal
architecture (blue
bracket) (x200)

Fig. 6.8 Oral
hyperkeratosis: strong
presence of granular cell
layer (stratum
granulosum) (bracket)
below keratin layer
(star) (x400)
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sional lymphocytes of the underlying stromal tis-
sue (Figs. 6.9a and b).

Moderate dysplasia: The alteration of the
epithelial architecture and dyskeratosis (Fig.
6.10) is extended from the lower third to the mid-
dle part of the oral epithelium including the spi-
nous layer. Drop-shaped rete ridges are present
and mild atypical cellular features are present.
When marked cellular atypia is noted, the lesion
should be categorized as severe dysplasia even
though the upper third of epithelium is not
involved. Moderate lymphocytic infiltration is
present (Figs. 6.11 and 6.12).

Severe dysplasia and carcinoma in situ
(CIS): The exact point at which dysplasia trans-
forms into malignancy in this stage is still unclear.
Architectural and cellular changes (marked cel-
lular atypia) are observed throughout the upper
third, including the total thickness of the epithe-
lium, which may be present as keratinized or
non-keratinized and hyperplastic or atrophic. The
lymphocytic infiltration is moderate to marked,
and, interestingly, squamous metaplasia and dys-
plasia may be present in salivary gland ducts of
the stroma subjacent to the epithelium [44—48].

However, even in this stage of severe dyspla-
sia/CIS, the basement membrane is intact.
Additionally, keratin pearl formation is extremely
unusual in CIS and, if present, is possibly an indi-
cation for invasive OSCC of adjacent area.
Subsequent careful examination of the epithelial-
lamina propria zone is needed to avoid microin-

vasion misinterpretation and is also required in
cases of incisional biopsies leading to the diagno-
sis of severe dysplasia/CIS; an excisional surgi-
cal procedure of the lesion is critical to exclude
other areas of invasion (Figs. 6.13, 6.14, 6.15 and
6.16) [49].

Differential diagnosis of oral dysplasia should
include reactive atypia in cases of epithelium
adjacent to ulcers (traumatic, aphthous-like,
viral, etc.) and in cases of fungal infection of leu-
koplakia and lichenoid dysplasia, an almost
meaningless term referring to dysplastic lesions
with a lichenoid pattern of inflammatory infiltra-
tion (Fig. 6.17) [45, 51].

6.2.2 Oral Squamous Cell
Carcinoma

6.2.2.1 Pattern of Invasion

OSCC invasion may be limited to the lamina pro-
pria (superficial invasion or microinvasion, depth
1-2 mm from basal membrane) or extends deeply
into subepithelial connective tissue and submuco-
sal tissue, which encloses muscle, bone, and fat.
The appearance of the invasive islands and the
cords of malignant cells is variable, as is the depth
of invasion. For example, invasion may consist of
the extension of the epithelium into the deeper sur-
rounding tissues and/or individual squamous cells
and cords/sheets/islands located at deeper sites of
subepithelial tissues, without any continuity with

1200 um

Fig. 6.9 (a, b) Mild dysplasia: mild disturbance of polarity of cells limited to basal and parabasal cell layers (bracket)
with hyperchromatic nuclei (arrow) and acanthosis as well (x200 and x100)
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Fig. 6.10 Dyskeratosis:
production of keratin in
unexpected deeper
layers of epithelium
(arrows) (x100)

Fig. 6.11 Moderate dysplasia: elongated, drop-shaped
rete processes. Loss of normal epithelial maturation and
architecture with irregular stratification. Nuclear and cel-
lular pleomorphism, increased number of mitoses, and

h
200 um i

loss of cellular polarization are presented extending to the
2/3 of the total epithelium (bracket). Moderate dysplasia
may be accompanied by lymphocytic infiltration (arrow)
(%200 and x100)
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Fig.6.12 Moderate
dysplasia: loss of normal
epithelial architecture
and cellular polarization
is presented extending to
the 2/3 of the total
epithelium. Nuclear and
cellular pleomorphism,
abnormal nuclear
enlargement (black
arrow), and increased
number of mitoses
(example of normal
mitosis, blue arrow)
even atypical mitoses
(yellow arrow) can also
be observed (x400)

Fig.6.13 Severe
dysplasia: elongated,
drop-shaped rete ridges
with intense dysplasia
extending to the total
thickness of epithelium
(bracket). Occasionally,
areas of invasive oral
squamous cell
carcinoma may be
present in adjacent
tissues. The total
excision of the lesion in
normal tissue boundaries
is critical in severe
dysplasia (x100)

Fig.6.14 Severe
dysplasia: excessive
nuclear and cellular
polymorphism, altered
nuclear enlargement,
dyskeratosis (yellow
arrow), abnormal
epithelial stratification
(circle), and cytological
atypia (blue arrow).
Lymphocytic infiltration
is also present under the
basement membrane
(star) (x200)
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Fig.6.15 Severe
dysplasia: pearl-like
abnormal production of
keratin into deeper
layers (yellow arrow) of
atrophic parakeratinized
(black arrow) epithelium
(x400)

Fig. 6.16 Severe dysplasia and microinvasion: areas of
invasive oral squamous cell carcinoma may be present in
adjacent tissues of severe dysplasia. Nests of neoplastic

the superficial epithelium invading and destroying
normal tissues. The thickness of OSCC at initial
diagnosis is correlated with the prognosis being
less favorable when >5 mm, and, obviously, when
the neoplastic cells are close to the periphery of the
excised tumor, the prognosis is even less optimis-
tic [47, 48].

The early stages of invasion are critical in
terms of diagnosis and prognosis. Epithelial cells
penetrating the basal membrane of dysplastic
epithelium with an unclear basal cell layer and

b
.

cells penetrate basal membrane invading lamina propria
(arrows) (x200 and x100)

expanding into the surrounding stroma (lamina
propria) as small projections or islands constitute
an early invasion (Fig. 6.18). Some authors have
described specific patterns of invasion. For exam-
ple, the tumor may contain cells which retain
cohesion and form broad bands, columns, and
bulbous formations presenting an asymmetrical
but rather more expansive than infiltrative pattern
at periphery. The criterion of peripheral penetra-
tion is critical. Indeed, tumor cell islands or
sheets that are not rounded, but sharp edged, thin
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Fig.6.17 “Lichenoid”
dysplasia: drop-shaped
rete ridges with mild to
moderate epithelial
dysplasia (yellow
bracket) accompanied
by subjacent intense
lichenoid-like
inflammatory infiltration
(blue bracket) (x200)

Fig.6.18 From severe
dysplasia (bracket) to
early invasive OSCC
(arrows): with unclear
grade of differentiation
(x100)

centrifugal projections, composed of dissociated,
more or less differentiated epithelial cells indi-
cate an infiltrative tendency for peripheral pene-
tration and an overall aggressive biological
behavior [44-46].

In addition, these neoplastic cells not only
have the capacity to invade blood and lymphatic
vessels but they can also induce the formation of

" 200um_|

new vessels (neoangiogenesis) as a progressive
metastatic process. OSCC is characterized by
lymph node invasion, starting as neoplastic cell
emboli in lymphatic vessels and progressing to
the dissemination of malignant cells into the
lymph nodal medullary sinuses. In cases of neo-
plastic cell survival, a metastatic nest is created
leading to node capsule invasion and to extracap-
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sular spread of the tumor. In addition, invasion
into the peri (into neural sheath) and endoneural
(into the main nerve) is critical to the process of
OSCC metastasis in aggressive cases. Finally,
OSCC may form metastases to the bones in cases
of adjacency (gingiva, alveolar bone in edentu-
lous patients, spreading through the inferior alve-
olar nerve). Malignant structures at the periphery
may erode bones with an interposed zone of con-
nective tissue and osteoclasts, or, in contrast,
malignant cells in islands or cords may infiltrate
the cortex of the bone. The preexistence of a
resorbed alveolar ridge and the increased func-
tion of proteases, cytokines, and growth factors
secreted from malignant cells are prerequisites
for this process [48, 50-54].

A very common feature under the microscope is
a strong lymphocytic inflammatory infiltration
occasionally presented as “lichenoid” and necrotic
areas of variable size as well as a dense stromal
fibrosis termed “desmoplasia” [44]. Tumor nests
consist of neoplastic cells with abundant eosino-
philic cytoplasm featuring large hyperchromatic
nuclei and varying cellular and nuclear pleomor-
phism. In an attempt to mimic the normal epithelial
function-differentiation, islets of neoplastic cells
form keratin in a co-centric pattern called keratin
pearl, and single neoplastic cells may show keratini-

Fig.6.19 From severe
dysplasia (bracket) to
well differentiated
invasive OSCC: with
islands of neoplastic
cells under
keratinization (arrow)
(x100)

zation. The histological grading is settled by mak-
ing a comparison between the alterations to the
affected cells and their parent epithelial tissue. A
variant of OSCC, with significantly better progno-
sis, is verrucous SCC. Microscopically, it is charac-
terized by excessive epithelial hyperplasia with
elongated rete but intact basal lamina, papillary sur-
face, and increased keratin formation, without
atypia, rare mitoses, and underlying strong inflam-
matory infiltration. Due to the extensive overgrowth
pattern of verrucous SCC development, biopsy of
large part or from multiple sites of the tumor is
essential to exclude microinvasive or invasive form
of OSCC (approximately 20%) [44, 45, 55].

6.2.2.2 Histological Grading

The histopathologic grade is based on the degree
of differentiation of the neoplastic tissue and the
resemblance of the neoplastic cells and their
structures to normal epithelium in terms of kera-
tinization, intercellular cohesion, cellular/nuclear
polymorphism, and mitotic activity. The histo-
logical grade is an indication of the biological
behavior of a tumor.

The histological grading of oral squamous cell
carcinoma is divided into well differentiated or
low grade (pG1) (Figs. 6.19 and 6.20), moderately
differentiated (pG2) (Figs. 6.21a, b and 6.22), or
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Fig. 6.20 Pearl of
keratin (yellow arrow)
formed by surrounding
neoplastic cells (black
arrow) in well-
differentiated OSCC
(x400)

Fig. 6.21 (a, b) Moderately differentiated OSCC with aggressive sheets of neoplastic cells showing pleomorphism
increased mitotic activity and atypia, without keratin formation (x100 and x200)
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poorly differentiated or high grade (pG3) (Figs. blance compared to normal epithelium including
6.23a, b and 6.24) depending on the maturity of keratinization, cellular/nuclear pleomorphism, and
the neoplastic cells and their morphologic resem- mitotic activity as well as intercellular connec-

Fig. 6.22 Moderately
differentiated OSCC
with marked cellular
pleomorphism, atypia,
abnormal mitoses, and
multinucleated
neoplastic cells (arrow)
(x400)

Fig. 6.23 (a, b) Poorly differentiated OSCC with aggressive sheets of spindle-like cells, with marked cellular and
nuclear pleomorphism, without keratinization (x100 and x200)
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Fig. 6.24 Marked
cellular and nuclear
pleomorphism,
spindle-like neoplastic
cells, with atypical,
bizarre mitoses (yellow
arrow) in poorly
differentiated OSCC
(x400)

tions. Well-differentiated OSCC (most of the oral
SCC are keratinized) closely resembles normal
epithelial morphology, with tendency of malignant
cells toward “normality” (low mitotic activity,
minor cellular/nuclear pleomorphism, keratin pro-
duction pearls) with subsequent slow growth and
low metastatic capacity. On the other hand, the
higher and marked cellular/nuclear pleomorphism,
limited or absent keratin formation, and unclear
intercellular connections indicate immature often
basaloid-in-phenotype neoplastic cells, difficult to
evaluate in origin, with potential to form rapidly
expanding tumors, and high metastatic potential
consisting of poorly differentiated high-grade
OSCC. Moderately differentiated OSCC comprise
a tumor with intermediate features between the
two grades of differentiation described above.
Overall the grading of OSCC represents the pic-
ture of the tumor from biopsy sample and depends
on the area of the tumor and pathologist’s criteria
[44-48].

6.2.2.3 Correlation between

Microscopy and Prognosis
Beyond clinical parameters (TNM T-stage,
N-Nodal status, M-Metastasis), some histologi-
cal features are pointers in prognosis. These
microscopic features include the grade of differ-
entiation which has to be considered together

with the pattern of invasion, tumor thickness
(lower than 4 mm generally indicates favorable
prognosis, as opposed to greater than 9 mm),
degree of keratinization, mitotic rate (Ki67 is
used as a proliferative marker: the lower its
expression, the better the prognosis of tumor),
neoplastic cells-immune inflammatory response
interface, pattern and level of invasion especially
in the tumor periphery (including the thickness of
clear normal tissue around excised tumor mar-
gins), invasion of nerves or bone, and extracapsu-
lar spread in nodal metastasis. Concerning the
pattern of invasion, the existence of irregular
cords and separated islands of cancer cells in

deeper tissues indicates a less favorable progno-
sis [44, 45, 48, 53].

Conclusion

The current gold standard for diagnosis of oral
dysplasia and oral squamous cell carcinoma
remains to be clinical and histological exami-
nation. Through biopsy the grade of dysplasia
in oral potentially malignant disorders, or
grade of differentiation and pattern of invasion
in oral squamous cell carcinomas can be
objectively estimated, being the critical deter-
minants of treatment plan and prognosis.
During the biopsy procedure the incision of
adequate representative areas is critical for
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accurate diagnosis. Biopsy methodologies
like brush biopsy and exfoliative cytology
have a special role in early detection and can
be applicable in mass screening of oral cancer,
where tissue biopsy cannot be conducted. In
the context of suspicious oral lesions, selec-
tion of appropriate biopsy site remains as a
challenging area and with the advent of tech-
nology, selection of biopsy site can become
more objective and standardized.
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Abstract

An essential first line of investigation in oral
oncology is clinical examination of high-risk
oral sites. Given the elevated DNA content in
cancers, vital dyes such as toluidine blue,
methylene blue, Lugol’s iodine, and rose ben-
gal, which have an inherent chemical capacity
to bind to DNA, have been studied for their
clinical utility in screening malignant changes
in the oral cavity. In this chapter, we cover the
basics of clinical examination and review the
literature on the use of vital stains as adjunct
diagnostic aids in patients with clinically sus-
picious oral lesions such as leukoplakia and
erythroplakia. The goal of this chapter is to
provide the reader with an overview of the
vital stains available on the market and their
potential for clinical application. A discussion
of their strengths, limitations, and the ratio-
nale for development of new screening meth-
ods, has also been provided.
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7.1 Introduction
Oral cancer is rampant in South-Central Asia
accounting to 48.7% of total cases in 2012 [1].
India contributed to one-third of the global oral
cancer burden (270,000 incident cases and
145,000 deaths) in 2009 [2, 3]. The morbidity
and mortality associated with this disease pres-
ents a significant burden on health care.
Histologically, over 90% of these cancers are oral
squamous cell carcinomas (OSCC) and are asso-
ciated with tobacco and betel nut use. Most oral
cancer patients are diagnosed with advanced
stage disease (stages III-IV) limiting their treat-
ment options. Standard of care typically involves
wide local excision and radical neck dissection.
Detection of oral cancer at an early stage
(stage I or II) has a significant impact on the
prognosis and overall survival of patients. For
example, the 5-year survival rate for patients with
OSCC of mobile tongue is 80% at stage I (local
disease) and drops to 15% at stage IV [3]. Despite
occurring in an easily accessible site, patients
often present with advanced tumors at initial
diagnosis. A majority of oral cancers present ini-
tially as oral potentially malignant disorders
(OPMDs), and it is best to identify such precur-
sor lesions to halt progression into invasive oral
cancer. Although OPMDs have characteristic
clinical presentation, some precancerous changes
cannot be readily detected by visual examination
under white light illumination. When a dentist or
oral surgeon identifies a suspicious lesion, it is
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Fig. 7.1 A tobacco chewer and smoker for nearly 15 years showing diverse mucosal changes. In such relatively larger
lesions, especially involving the tongue, a decision on representative biopsy location is critical

critical to perform a biopsy for histological
examination. However, the lesion in question
may often appear benign with no color change,
making it difficult to rationalize a biopsy. To
overcome this difficulty, adjunct techniques such
as vital staining methods have been used as
screening tools to assist in the selection of a suit-
able representative biopsy site (Fig. 7.1). In this
chapter, we will broadly discuss the clinical util-
ity of these vital staining methods as adjuncts to
conventional examination in the context of oral
cancer screening and evaluation.

Oral cancer screening and prevention pro-
grams are frequently conducted for the following
reasons: (a) oral cancer is a common health-care
burden; (b) early detection results in significant
reduction in morbidity and mortality [4]; (c)
treatment is well defined for each stage (I, II, III,
or IV), and therefore, a precise treatment plan can
be implemented; and (d) incisional biopsy is
invasive and can potentially seed tumor cells into
deeper tissue, increasing chance of metastasis
[5]. Additionally, performing a biopsy of the nor-
mal mucosa is unethical. While biopsy is the cur-
rent gold standard for diagnostic evaluation of
OPMDs, development of cheap and effective
screening strategies and diagnostic approaches

can reduce the need for invasive biopsies of sus-
picious lesions and have a significant clinical
impact, especially for high-risk patients.

Evaluation Criteria for
Screening or Diagnostic
Tests

7.2

A good screening technique should identify dis-
ease at the asymptomatic stage. An ideal screen-
ing tool should be noninvasive, cost effective,
easy to conduct, acceptable to the patient, and
must have high sensitivity and specificity.
Established examples of good cancer screening
methods include the “Pap smear” for cervical
cancer and mammography for breast cancer. In
the United Kingdom, 22 criteria set by the
National Screening Committee have to be met
before a screening tool is introduced for clinical
use [6]. Each diagnostic approach has a certain
sensitivity and specificity, and the efficacy of any
method is interpreted using these parameters.
For example, conventional oral examination for
melanoma has a very high sensitivity and speci-
ficity, due to the characteristic color change
(Fig. 7.2a). On the contrary, many oral cancerous
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Fig. 7.2 Malignant melanoma is a rare oral cancer with typically black color change (a), unlike conventional oral
cancer which does not show such classic color pattern (b)

Table 7.1 Evaluation of diagnostic power of a screening test

Total Test result

observations = 60 Positive Negative

Disease = 30 A =26 (true B =4 (false
positive) negative)

No disease =30 i.e., C =5 (false D =25 (true

controls positive) negative)

Sensitivity: The true positive rate i.e., A/A + B =
26/30 = 0.86 or 86%.

Specificity: The true negative rate i.e., D/C + D = 25/30
=0.83 or 83%.

Positive predictive value: A/A + C =26/31 = 0.83.
Negative predictive value: D/B + D = 25/29 = 0.86.

lesions appear benign and escape detection by
clinicians by ‘“conventional oral examination”
(Fig. 7.2b).

Sensitivity is defined as the probability of a
positive test result when disease is present.
Specificity is defined as the probability that a
result will be negative when disease is absent.
Diagnostic sensitivity and specificity may be
expressed in various terms, which include true
positive, true negative, false positive, and false
negative (Table 7.1). When a diagnostic test iden-
tifies a patient with a disease correctly, the test
result is true positive. When a test implies that a
patient is positive in the absence of disease, the
test result is false positive. When a test result
implies that a patient does not have disease in the
true absence of disease, the test result is true neg-
ative. A test result is false negative when the test
implies there is no disease in a patient despite the
presence of disease. False positive and false neg-

atives are dangerous and make a diagnostic test
less dependable and potentially unsuitable. If a
particular test yields a false positive result, it may
lead to clinical misdiagnosis and unnecessary
treatment that result in negative physical and
psychological consequences to the patient.
Alternatively, a false negative test result can lead
to undertreatment. Positive predictive value is the
probability that disease is present when a test is
positive, while negative predictive value is the
“probability that disease is absent when test is
negative” [7]. Screening studies or oral cancer
screening methods should always be evaluated
based on their sensitivity, specificity, and predic-
tive values. Although there is no defined value for
an ideal screening test, it is desirable to have both
high specificity (few false positives) and high
sensitivity (few false negatives) [7].

In medicine, the test with the highest sensitiv-
ity and specificity is often considered as the
choice of investigation, a “gold standard.” In the
assessment of any diagnostic test, ideally a gold
standard should be used for comparative pur-
poses. It is also noteworthy that in many research
papers on oral cancer adjuvant screening meth-
ods, the test method was compared to conven-
tional oral examination (not a gold standard),
instead of surgical biopsy (histological findings)
[8]. It is also important to include both normal
and abnormal subjects to understand the results
of any diagnostic test. Studies conducted on diag-
nostic accuracy show receiver operating charac-
teristic (ROC) curves plotted between true
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Table 7.2 Simple accuracy classification for different
oral cancer methods

Oral cancer

Accuracy  diagnostic

range method Comments

1 Biopsy Gold standard reference

test

AUC < 1.0 Cytology As per existing data it is
Light based hard to say which method
methods is superior over other
Vital stains methods and each method
Mouth self if used correctly may
examination  Support an experienced
e —r and skilled clinician
oral
examination

positive rate (sensitivity) and false positive rate
(1-specificity). The area under the ROC curve
gives the accuracy of any diagnostic test [9] with
a larger area under the curve indicating greater
accuracy. Although studies report on sensitivity
and specificity of diagnostic methods, predictive
values are often not mentioned in oral cancer lit-
erature limiting the determination of accuracy [8]
(Table 7.2).

7.3  Clinical Examination
of Oral Cavity
7.3.1 Relevant Anatomy

The oral cavity is oval shaped and separated into
the oral vestibule and oral cavity proper. It is
bound by the lips anteriorly, the cheeks laterally,
the floor of the mouth inferiorly, and the orophar-
ynx posteriorly with the palate forming the roof.
The bony base of the oral cavity is represented by
the maxillary and mandibular bones. The oral
cavity also includes the lips, gingivae, retromolar
trigone, teeth, hard palate, cheek mucosa, mobile
tongue, and floor of the mouth. The oropharynx
begins superiorly at the junction between the
hard and soft palate and inferiorly behind the cir-
cumvallate papillae of the tongue. Cancer, lim-
ited to the regions of mouth anterior to the
oropharynx, is referred to as “oral cancer.” Cancer
occurring below this region is referred to as “oro-
pharyngeal cancer.”

7.3.2 Conventional Oral
Examination

Conventional oral examination (COE) is a stan-
dard procedure and a traditional method of oral
cancer screening. Most oral precancerous lesions
can at least be suspected on thorough oral exami-
nation, and frank lesions (Fig. 7.3) or warning
signs (Table 7.3) in particular can be directly iden-
tified by clinical examination. The COE is con-
ducted under proper lighting using a halogen white
light illumination source. Examination instruments
include mouth mirror, tongue depressor for exami-
nation of posterior oral cavity, gauze squares to
inspect the lateral borders of the tongue, and exam-
ination gloves for palpation. A good knowledge of
high-risk oral sites is critical for effective screen-
ing. The identification of precursor lesions by a
clinician can significantly reduce future oral can-
cer burden. A thorough screening should include a
methodic intraoral examination of high-risk oral
sites and the head and neck lymph nodes. Special
care and attention should be given to the tongue
and floor of the mouth as a delay in diagnosis at
these locations increases mortality and morbidity
[1]. Epidemiologic data strongly suggests that cer-
tain oral sites are at increased risk for malignant
transformation [3]. Clinicians should therefore
inspect and thoroughly screen these high-risk sites
which include the tongue, buccal mucosa, floor of
the mouth and gingivae, and also poorly accessible
sites like the vestibule [3]. Visual examination,
according to the “International Agency for
Research on Cancer (IARC) and World Health
Organization (WHO),” can minimize a significant
proportion of oral cancer-related deaths [4].

A clinician may also notice a palpable, non-
tender, lymph node during neck examination on
the same side of a suspicious lesion. An associa-
tion of a solitary lesion, i.e., nonhealing ulcer and
cervical lymphadenopathy (anterior cervical
chain), should raise serious suspicion of malig-
nancy. If a lymph node is positive, an incisional
biopsy or brush biopsy is recommended. If the
lesion appears benign, it is a challenging decision
to determine whether or not to perform biopsy
and is dependent entirely on the clinician’s
expertise. A good diagnostic algorithm can



7 Oral Cancer Screening: Application of Vital Stains as Adjuncts to Clinical Examination 157

Fig. 7.3 A frank lesion of carcinoma (which includes
relatively large proliferative lesions (a), grossly destruc-
tive lesions (b), and classic non-healing ulcers with raised

Table 7.3 Common warning signs of oral cancer

1. Non healing oral ulcer (most common presentation)
2. Persisting red/white lesions

3. A nodular thickening

4. Obstructive feeling or lump in mouth.

5. Increasing trismus or decrease in tongue mobility
6. Poor fit of dentures

7. Increasing tooth mobility or pain

8. Voice changes

9. Loss of weight/loss of appetite

minimize the rate of morbidity and mortality
associated with oral cancer. Generally oral cancer
patients are diagnosed at either stage III or stage
IV, and immediate referral for biopsy at initial
suspicion can reduce mortality significantly. The

borders (c)) requires no further investigations, except
biopsy to initiate a treatment plan

presence of neck masses (enlarged lymph nodes
in anterior cervical chain) is not an uncommon
finding in patients (30%) with oral cancer, and
are frequently enlarged in patients with advanced
oral malignancies [10]. Lymphadenopathy sec-
ondary to infection is mobile and tender, whereas
a metastatic lymph node is asymptomatic and
fixed to the underlying structures giving a solid
feel on palpation.

All oral cancers are preceded by visible changes
on the oral mucous membrane and hence represent
preventable clinical scenarios. Lesions may range
from homogenously white areas as in leukoplakia,
to deep red areas as in erythroplakia, or show mixed
(red-white) appearance as in speckled leukoplakia.
Inflammatory, habit-related disorders such as
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lichen planus present as white lesions in striated
pattern, and oral submucous fibrosis presents with
a blanched appearance. Potentially malignant
lesions occurring on lateral tongue have a high
malignant potential [10, 11], and carcinomas at this
location are likely to be associated with poor out-
comes. Carcinoma involving buccal mucosa can
present as a benign red-white lesion or ulcers, car-
cinoma involving the tongue may present as an

indurated ulcer or nodule, and maxillary and man-
dibular vestibular lesions are often present as a fis-
sure. The presence of a nonhealing ulcer for more
than 3 weeks is suggestive of either OSCC or
lesions similar in nature, such as eosinophilic gran-
uloma and tuberculous ulcer (Fig. 7.4). If trauma is
suspected, the traumatic insult should be elimi-
nated, and a follow-up examination of the patient
performed after approximately 3 weeks (Fig. 7.5).

Day 1

Day 14

Fig. 7.4 A fibro-proliferative lesion mimicking carcinoma showed complete regression in 14 days following removal

of third molar

| 1. Clinical Examination

2. Application of Dye

| | 3. Make Clinical Decision |

Rinse mouth with
weak acid or water

Suspicious
area

Fig. 7.5 Vital staining for detection of oral lesions

Rinse again with
weak acid or water

Identify
lesion
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The presence of ulceration, nodularity, induration,
and fixation are suggestive clinical parameters and
direct indicators of OSCC. With oral malignant
melanoma (MM), the diagnosis is relatively easy,
as color change is a direct indicator of this disease
(Fig. 7.2a). However, a tumor like MM is rare in
the clinical setting, and on most occasions “oral
cancer” refers to the more common squamous cell
carcinoma (Fig. 7.1b).

The history and frequency of adverse habits
such as smoking and betel nut use should be
noted in clinical history for correlation with clini-
cal findings (Fig. 7.5). A diagnosis is often based
on duration of growth, rapidity of progression,
associated pain or loss of sensation, difficulty in
swallowing, speech or function, and weight loss
(Table 7.3).

The strongest evidence for COE comes from
a long-term, cluster randomized control trial
(RCT) conducted by the Trivandrum Oral
Cancer Screening Study Group in Kerala, India.
The research team divided the entire patient
cohort of 130,000 individuals into control and
screening groups. The investigators published
their results at 3-, 6-, and 9-year intervals [12—
14]. No difference in 3-year survival was
observed between the two groups. However,
9 years later, the authors reported that male
patients with habits showed significant increase
in survival rate. The authors concluded that
visual screening can reduce mortality of at least
37,000 oral cancer-related deaths. It should be
noted that the study by the Kerala group had
some weaknesses in methodology and risk of
bias was high [15]. At the 15-year follow-up,
there was a sustained reduction (24%) in mor-
tality in individuals who adhered to repeated
screening rounds further supporting the role of
oral screening [16]. Nevertheless, additional
RCTs are warranted to further support the
results of this study. According to a meta-analy-
sis of five studies, the sensitivity and specificity
of screening in the detection of oral cancer were
0.85 and 0.97, respectively [17]. While this
result is satisfactory, early lesions may present
with subtle features which could escape detec-
tion by visual examination white light illumina-
tion (Fig. 7.2b). Adjuvant methods are therefore

needed to improve our ability to detect and diag-
nose oral cancers at an early stage.

7.3.3 Low Cost, Digital Camera
Technology Supplements COE

Making use of good cameras for capturing
images of suspected oral lesions is undoubtedly a
useful and beneficial strategy for clinicians.
Clinical photographs create strong impact in
diagnosis and improve understanding of chal-
lenging cases. A suspicious case can be followed
over time to record the changes for further evalu-
ation. Digital photographs can also be used as
efficient tools for patient education and chairside
discussion to improve awareness on oral cancer.
The transfer of digital photographs from remote
sites to trained clinicians and dentists can also
allow for distant diagnosis of patients where oral
health specialists are inaccessible.

7.3.4 Mouth Self-Examination

Some data is also available on mouth self-
examination (MSE) as a tool for oral cancer
screening. In this method, the target population is
supplied with a brochure demonstrating suitable
figures showing the appearance of potentially
malignant lesions and oral cancer. MSE is a fea-
sible test which improves oral cancer awareness
and was identified as an effective tool for early
detection of cancer in high-risk populations [18,
19]. The sensitivity of MSE was low (18%), but
specificity was 99.9%. In MSE, the detection rate
of red and ulcerative lesions was high whereas
white lesions often escaped detection [19].
Additionally, MSE may also reduce patient delay
in seeking treatment.

7.4  Vital Stains: Dyes Reveal Oral

Cancer

In vivo staining is an easy to use, inexpensive
screening method for oral cancer commonly
practiced in community programs for mass
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screening. It is a method of staining viable cells
and tissues. There are two types of vital staining,
intravital staining, which refers to staining of tis-
sues in the body (in vivo), and supravital staining,
which is conducted outside the body and involves
staining of detached cells on a glass slide (ex
vivo). Currently, four vital stains for in vivo
application are described in the oral cancer litera-
ture. These include toluidine blue, methylene
blue, Lugol’s iodine, and rose bengal.

7.4.1 Toluidine Blue

Toluidine blue (TB) is also referred to as “tolonium
chloride” and is one of the oldest oral cancer screen-
ing methods. This blue, cationic metachromatic
stain has an affinity for nucleic acids. It therefore
highlights abnormal malignant areas of the oral
mucosa. TB is a member of the thiazine family and
is soluble in water or alcohol. The clinical applica-
tion of TB in neoplasia was first attempted by
Richart in 1963 in cervical carcinoma, but is now
routinely practiced for identification of suspicious
and occult oral lesions [20, 21]. Although not
approved by the FDA for cancer screening, TB
staining frequently used in many parts of the world
especially for clinically challenging lesions to rule
out dysplasia [22]. TB staining has been shown to
exhibit good sensitivity and specificity yielding an
86% accuracy when compared to histology [23].
Several studies recommend TB as a useful adjuvant
method to clinical examination [4, 24, 25], and
combining TB with conventional examination can
reduce false negatives (underdiagnosis) [26].

7.4.1.1 Working Principle

TB selectively stains acidic cellular and tissue
components to sulfates, carboxylates, and phos-
phate groups [21]. As nucleic acids are rich in
phosphates, TB naturally stains cells rich in DNA
and RNA such as cancerous and dysplastic cells.
DNA, RNA, and glycosaminoglycans (GAG) are
negatively charged polyanions. TB contains sev-
eral electronegative groups allowing it to interca-
late and interact via electrostatic interactions
with these macromolecules [27, 28]. The prefer-
ential affinity of TB for DNA is superior to other

phenol-thiazinium azure based stains [28]. In calf
thymus DNA, TB has been shown to bind to neg-
atively charged phosphate groups on DNA at
high concentrations [29]. Proteins, being the
most abundant macromolecules in cell cytoplasm
or tissue, do not stain with TB, giving more con-
trast due to limited background staining [21].
Logically, the degree of dye intercalation depends
on the amount of DNA present, which is related
to the number of cells and average size of nuclei
located in the epithelium. Tumor tissues are often
more acidic than normal tissue due to an accumu-
lation of lactic acid caused by a shift toward
anaerobic metabolism also known as the Warburg
effect [21, 30]. As TB is an acidophilic dye, it
may also stain the acidic environment of tumor
tissues.

TB has been shown to reveal high-risk prema-
lignant lesions that exhibit loss of heterozygosity
(LOH) at multiple loci [31]. A sixfold increase in
cancer risk was associated with areas positive for
TB indicating its role in detection of high-risk
oral lesions; retention occurred in 12 of the 15
lesions that progressed to cancer [31]. An impor-
tant feature of TB is its property of “metachroma-
sia,” its ability to color tissue in a shade different
from the color of the stain itself. The dye absorbs
light at multiple wavelengths depending on its
concentration and aggregation caused by Vander
Waals forces that induce polymerization [21]. In
the monomeric form, TB is orthochromatic and
in polymeric form is metachromatic. Staining of
frozen sections has shown that the dark blue
uptake of stain is significantly related to nuclear
uptake and pale blue uptake is not associated
with any nuclear uptake [32].

7.4.1.2 Method of Application
Step 1: Conduct clinical examination of suspi-
cious oral lesion.

Step 2: Rinse mouth with water, followed by
rinsing with 1% acetic acid for 20 seconds to
remove debris.

Step 3: Apply 5-10 cm? of 1% (w/v) TB solu-
tion. It contains 86 ml distilled water, 4.19 ml
absolute alcohol, 10 ml of 1% acetic acid, and 1 g
toluidine blue powder [25]. If the lesion is not
clinically visible, the patient is asked to gargle
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the solution for 1 min before expectoration, or the
TB can be applied using a cotton swab if the
lesion is small in size or clearly visible.

Step 4: Rinse again with 1% acetic acid to
remove excess stain, followed by a final water
rinse of the mouth.

Step 5: Based on dye retention, select biopsy
site with dark blue staining (TB positive area)
and do punch biopsy. Interpretation is done under
well-illuminated conditions. Besides color, the
location, size, and shape are key features that
should be documented.

“Dark blue staining” is considered as “posi-
tive”. Lesions that exhibit dark blue color or
striped staining are considered positive uptake,
and lightly or faintly stained areas are not given
weightage. TB is a useful method to check the
extent of a dysplastic lesion. However, false posi-
tives do occur mainly with respect to keratotic
lesions, erosions, and ulcer edges. To reduce false
positives (i.e., overdiagnosis), patients with sus-
pected inflammatory lesions can be recalled after
a 10-14-day waiting period [26]. The false nega-
tive (underdiagnosis) impression can also occur;
however, the percentage is quite low for invasive
lesions. TB is of value following radiation ther-
apy as unnecessary biopsies can be avoided in
patients given the poor healing ability of mucosa
exposed to radiation. It should be used only as an
adjunct method and is not recommended as a
diagnostic tool.

TB is especially important in screening high-
risk populations mainly in patients with carci-
noma in situ (sensitivity rate of 96.7%) and
high-grade dysplasia. It is better than conven-
tional oral screening. The overall sensitivity and
specificity values range from above 90 to 100%
and 73.3% t0 92.9%, respectively [7, 33]. Despite
the abundant literature, a recent systematic
review showed that only 14 out of 77 publica-
tions evaluated the importance of TB as com-
pared to COE. Standardization of TB application,
the development of proper guidelines for shade
matching, and criteria for interpretation can
improve our understanding of the true efficacy of
this staining method. Other oral cancer methods
(ViziLite Plus) are also based on the clinical
application of TB, and a deeper understanding is

necessary. A TB mouth rinse was also introduced
under the name “OraScan” which has more
potential for oral cancer identification [34]. This
ready to use kit demonstrated sensitivity of
79.5% and specificity of 64% for epithelial dys-
plasia. Five cases were identified solely by this
kit [34]. According to randomized control trials,
TB identified more oral submucous fibrosis and
leukoplakia [24, 35]. The overall sensitivity of
TB ranges from 70 to 100%, but has less specific-
ity due to risk of false positives. TB however was
shown toxic to fibroblasts and on swallowing as
per material data safety data sheet [36].

TB stain is frequently used to rule out dyspla-
sia in suspected oral lesions. Although not abso-
lutely reliable, it is highlighted as a potential
method to detect widespread dysplastic changes.
While the effectiveness of TB is not fully proven,
studies have shown an added benefit over con-
ventional oral examination [4, 24, 25, 31, 33, 35].
The lack of sufficient RCT evidence is an impor-
tant limitation, and long-term prospective data
can further improve our understanding.

7.4.2 Methylene Blue

Methylene blue (MB) is a phenothiazinium dye
with chemical structure and properties similar to
TB [36]. MB has previously been used to detect
gastric, prostrate, and bladder cancers, Barrett’s
esophagus, intestinal metaplasia, dysplasia or
carcinoma [37]. Recent RCTs suggest its use in
parotid surgery for localization of tumor, preser-
vation of facial nerve, and complete removal of
glandular tissue in parotid malignancies [38]. In
the last few years, MB has emerged as a new tool
for mass screening for oral cancer. Solutions of
1% MB were used as a vital stain which showed
remarkable accuracy (90%) [36, 39]. Considering
the low toxicity and lower price, it is an excellent
substitute to TB for screening in high-risk popu-
lation [40]. As such, evidence also suggests that
MB is an effective method for oral cancer screen-
ing. The 90% sensitivity of MB is certainly com-
parable to the results obtained in TB staining.
The MB stain has two solutions, (a) a dye
solution consisting of 1% methylene blue, 1%
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malachite, 0.5% eosin, glycerol, and dimethyl
sulfoxide and (b) pre- and post-rinse solution that
contains 1% lactic acid and purified water. The
application of MB is as follows [36]:

7.4.2.1 Working Principle

The acidophilic nature of malignant tissues,
resulting from their abnormally high levels of
nucleic acids and altered metabolism, results in
the differential uptake of MB, similar to
TB. Spectroscopic data revealed strong binding
of MB with the DNA double helix. In early
experiments, the main mechanism was identified
as minor groove binding with DNA [41]. Recent
data suggest strong binding in intercalative mode
and weak binding in electrostatic mode as the
most important binding mechanisms [42, 43].
Differential binding mechanisms may also occur
at the AT and GC sequences based on varying
ionic strengths of MB [42]. Investigators observ-
ing interactions between MB and calf thymus
DNA have noticed similar results with binding
modes being dependent on molar concentration
(gamma = [DNA/MB]). At low gamma, MB cat-
ions were bound at the phosphate location, and
at high gamma intercalation binding was noticed
in the space between two adjacent DNA base
pairs [43]. These studies have established the
fact that MB shows proportionate binding to
DNA molecules, which accounts for an increase
in intensity of stain with increase in the amount
of chromatin material in OPMDs and trans-
formed lesions.

7.4.2.2 Method of Application
Step 1: Rinse mouth with 1% lactic acid for 30 s
to remove food debris and excess saliva.

Step 2: The suspected lesion (target area) is
gently dried with gauze and air sprayed to ensure
that lesion is saliva free.

Step 3: 5-10 ml of dye was either directly
applied to lesion with cotton bud or kept for 30 s.

Step 4: Rinse again with 1% lactic acid for
30 s to wash out the excess dye.

Step 5: The pattern of dye retention is assessed
based on intensity of stain retention on the lesion.
The overall sensitivity of deep blue MB stain and
histology was high for potentially malignant and

cancerous lesions, with a high sensitivity and
specificity. False positive rates are related to the
retention of stain in inflamed and traumatic areas.
Other factors can be irregular, papillary surfaces
of lesions, which may cause the mechanical
retention of dye, retention of dye material in
papillae of the tongue or minor salivary gland
ducts over the mucosa.

There are only few studies to date on estab-
lished use of MB method in detection of oral pre-
cancerous/cancerous lesions with positive results
[36, 39, 44, 45]. In a study conducted on 100
patients (50 cancerous, 50 precancerous), 88 out
of 100 pathologically proven precancerous or
cancerous lesions showed positive staining with
localized and deep blue stain. There was high
sensitivity (90%) and a negligible false negative
rate [39]. Based on existing literature, MB dye
may be useful for diagnostic screening. However,
prospective studies are recommended to establish
accuracy of MB to confirm its efficiency in dif-
ferentiating benign and malignant oral conditions
and in the characterization of LOH in the regions
showing high uptake. This stain is recommended
for mass screening [44]. Double vital staining
with MB and Lugol’s iodine has also been
reported [45].

7.4.3 Lugol’s lodine

Many papers were published on the superior effi-
cacy of Lugol’s iodine solution. It is a cheap,
easy to use stain proved useful in the determina-
tion of margin status [46]. In some studies the
simultaneous use of TB and Lugol’s iodine has
also been explored and showed promise [47, 48].
Literature on application of Lugol’s iodine in
suspected esophageal lesions is extensive, but its
use in oral cancer and its potential precursors has
only been attempted recently [49].

7.4.3.1 Principle

The uptake of Lugol’s iodine is dependent on the
amount of glycogen in tissue. lodine is by nature
glycophilic, forming triiodide molecules in the
glycogen spiral. The oral mucosa is made of
15-20 layers of cells forming the stratified squa-
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mous epithelium and the cells in upper and mid-
dle layers containing glycogen in the cytoplasm.
Under normal circumstances, the oral mucosa,
which is rich in glycogen reserves, shows heavier
uptake of iodine, leading to chocolate brown
color. However, in oral cancer, there is compara-
tively less glycogen in local tissue; hence there is
“lighter stain” or “no uptake” [49, 50]. Due to
changes in proliferation and differentiation in
oral cancer, there is a shift in glycogen metabo-
lism which reduces the overall glycogen concen-
tration in tissue [50]. The reduced glycogen
concentration in transformed tissue is thought to
be due to the Warburg effect [49]. Areas of dys-
plasia and cancer therefore do not take up any
stain or appear as pale areas, due to reduced gly-
cogen reserve. In a study, the PAS (glycogen
stain in microscopy) reaction was limited or not
found in unstained areas [50].

7.4.3.2 Application

Lugol’s iodine is made up of iodine 2 g and potas-
sium iodide 4 g in 100 cm? of distilled water.
Typically 10-20 ml of Lugol’s iodine at 1.5%
(w/v) is considered safe [49].

Step 1: Suspected lesions are irrigated with
saline, 20 mL carbocisteine (125 mg/5 mL).

Step 2: A cotton swab is used to apply Lugol’s
iodine for 30 s.

Step 3: Tumor is irrigated with 0.9% saline
followed by interpretation. Photographs can sup-
port interpretation.

Step 4: Lesion is biopsied to include the area
of unstained mucosa or least uptake.

Brown stain is considered a negative result
and lesions without retention are considered pos-
itive [48]. Sometimes, surface mucous can impair
uptake and interpretation, and application of
1.25% carbocisteine solution before use of
Lugol’s iodine improves uptake. If local irritation
occurs with Lugol’s iodine, sodium thiosulfate
may be useful. Combined use of Lugol’s iodine
and MB has also been shown to be superior for
esophageal squamous cell carcinoma [45]. The
accuracy of double staining was superior to
Lugol’s staining in isolation [45]. Lugol’s solu-
tion is especially important as margin status is
critical, and dysplasia at this location can limit
locoregional spread, recurrence, and poor sur-

vival status. This stain can also be used for
screening margin dysplasia. Some amount of
expertise is also needed while interpreting
Lugol’s iodine staining result. Certain locations
in the mouth such as alveolar gingiva or hard pal-
ate have strong keratinization and lack glycogen
and therefore may not localize the stain.

The overall diagnostic accuracy of Lugol’s
iodine with TB is 90% [48]. This combination led
to easy delineation of inflammatory lesion. In one
study, the efficacy of TB and Lugol’s iodine was
comparable. Intense toxic reaction, esophagitis,
and gastric injury have been noted on some occa-
sions, but in general it is considered safe and reli-
able [51, 52]. As higher concentrations pose
some risk, the concentration was lowered from
3-5% to 1.5% recently [52]. Based on limited
evidence, Lugol’s iodine has potential for OSCC
detection and margin demarcation; however ran-
domized controlled are needed trials [46]. A well-
designed trial on the efficacy of Lugol’s iodine for
head and neck cancer surgery is currently under-
way and should provide useful results [49].

7.4.4 Rose Bengal

Rose bengal (RB) is a derivative of fluorescein. It
is commonly used in the diagnosis of ocular dis-
eases to delineate corneal and conjunctival neo-
plasm. First results of RB in premalignant lesions
and OSCC were identified in 1992 [8, 53]. Even
graded shade guides were prepared and color
measurements were standardized by spectropho-
tometry to measure positive reaction to RB stain
[54]. A shade guide was also used in a pilot study
[53] which was further refined in the second level
of investigation [54]. The sensitivity and specific-
ity to detect dysplasia and OSCC were 93.9%
and 73.7%, respectively. False positives were
attributed to inflammation [54].

7.4.4.1 Principle and Procedure
Step 1: Rinsing mouth with distilled water.

Step 2: Application of RB with cotton swab or
applicator tip for 2 min.

Step 3: Removal of excess RB with distilled
water.

Step 4: Evaluation of staining intensity.



164

P. Panta et al.

Table 7.4 1If used by experienced and skilled clinicians,
vital staining may be useful as an adjuvant method for
clinical examination for the following applications

1. Selection of biopsy site in suspicious oral lesions

2. Follow up of oral potential malignant disorders Eg:
High risk leukoplakia, erythroplakia or oral
sub-mucous fibrosis

3. Detection of margin status before surgical excision

4. Examination of recurrence following radiotherapy
or chemotherapy

Step 5: Incisional biopsy of the area showing
highest uptake.

The mucous layer may block RB uptake, and
late reaction may also be noted which can result
in false negatives. Grade of dysplasia and inten-
sity of RB staining were directly proportional
with an accuracy of 90%; thus RB acts as a suit-
able screening tool for OPMDs [55].

As with other vital stains, RB stain can also be
used in early diagnosis of OSCC. For mass
screening, vital stains (dyes) may help to identify
abnormal mucosa tissue giving clinicians
improved decision-making ability (Table 7.4) [4].
To avoid false positives, patients can be recalled
after 10-14 days. Since mild to severe dysplasia
is asymptomatic and largely subclinical, patients
may not understand the seriousness to return to
clinics. To enhance the quality of interpretation, a
standardized shade guide can be used for each
stain. Patients with positive reaction to any of the
aforementioned stains after careful interpretation
can be referred to oral surgeons for further explo-
ration or biopsy. Vital staining can be used for
choice of biopsy site, in the follow-up of prema-
lignant lesions, and for demarcation of surgical
margins during excision of oral cancer or poten-
tial lesions. A pathology report based on biopsy
will always remain the gold standard for accurate
diagnosis of any lesion before a treatment modal-
ity is applied.

Conclusion

Early detection of the neoplastic process is the
best method to improve survival rate in
patients with oral cancer. COE is the most
basic method for screening patients with
OPMDs and oral cancer, and on many occa-
sions, performing a biopsy at this stage can

prevent associated high morbidity and mortal-
ity. Followed by conventional oral screening,
vital staining methods are easy to use, but not
conclusive, as they have demonstrated a wide
range of diagnostic accuracies in different
studies. Making use of graded shade guides
and spectroscopy assisted color measurement
can improve overall diagnostic power of stain
results. As such, the use of adjunct aids includ-
ing vital staining dyes may be better suited for
use by experienced clinicians in specialty care
settings for evaluating high-risk patients rather
than routine use in primary care settings.
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in Oral Cancers
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Abstract

The routine oral cancer screening involves a
clinical oral examination followed by biopsy.
The biopsied sample is subjected to histopa-
thology, the gold standard. As this procedure is
prone to subjective errors, requires experi-
enced pathologists and is time consuming, it is
pertinent to explore newer diagnostic adjuncts/
methods. The changes in the biochemical
properties of an organ/tissue are also known to
be reflected in the optical properties which can
be conveniently exploited through optical tech-
niques. Optical techniques are shown to be
rapid, objective, and noninvasive and are sensi-
tive to tissue biochemistry. Since biochemical
changes often precede visible morphological
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alterations, these techniques can serve as
potential screening/diagnostic tools. This
chapter highlights the advancements of opti-
cal/spectroscopic techniques, such as fluores-

cence  spectroscopy, elastic  scattering
spectroscopy, diffuse reflectance spectroscopy,
optical coherence tomography, Fourier-

transform infrared spectroscopy, and Raman
spectroscopy, in the field of oral cancer diag-
nostics/screening. The chapter begins with dis-
cussion on scope of optical techniques and
basic principles of these techniques, followed
by a brief discussion of multivariate statistical
tools which play a major role in data analysis.
The last section provides an overview on
explorations of optical techniques in oral can-
cer screening/diagnosis.

The routine oral cancer screening involves a clin-
ical oral examination followed by biopsy. The
biopsied sample is subjected to histopathology,
the gold standard. As this procedure is shown to
be prone to subjective errors, requires experienced
pathologists and is time consuming, it is pertinent
to explore newer diagnostic adjuncts/methods.
The changes in the biochemical properties of an
organ/tissue are also known to be reflected in the
optical properties which can be conveniently
exploited through optical techniques. Optical
techniques are shown to be rapid, objective, and
noninvasive and are sensitive to tissue biochemis-
try. Since biochemical changes often precede vis-
ible morphological alterations, these techniques
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can serve as potential screening/diagnostic tools.
This chapter highlights the advancements of opti-
cal/spectroscopic techniques, such as fluores-
cence spectroscopy, elastic scattering
spectroscopy, diffuse reflectance spectroscopy,
optical coherence tomography, Fourier-transform
infrared spectroscopy, and Raman spectroscopy,
in the field of oral cancer diagnostics/screening.
The chapter begins with discussion on scope of
optical techniques and basic principles of these
techniques, followed by a brief discussion of
multivariate statistical tools which play a major
role in data analysis. The last section provides an
overview on explorations of optical techniques in
oral cancer screening/diagnosis.

8.1 Conventional Diagnosis

Vis-a-Vis Optical Techniques

Early detection of cancers is the most crucial
aspect of cancer management as it can signifi-
cantly improve prognosis [1, 2]. The conven-
tional screening procedures involve a clinical
oral examination (COE) of the oral cavity fol-
lowed by biopsy of suspected sites. The biopsied
specimen is subjected to histopathology where
tissue sections are stained using hematoxylin and
eosin dyes and evaluated by trained pathologists.
Histopathology, the horseback for confirmatory
diagnosis, is the gold standard and has been irre-
placeable in clinics though several new methods
have been explored [3, 4]. However, existing
methodologies are shown to have several limita-
tions in terms of scope and applications.

(a) COE demands experienced medical practi-
tioners. Clinical risk stratification often lacks
accuracy and reproducibility. Studies have
shown that conventional visual screening
was effective mainly in the high-risk groups,
i.e., tobacco/alcohol habitués [2]. Thus, bet-
ter tools are needed for screening the general
population.

(b) Histopathology is prone to subjectivity, is
time consuming, and, most importantly, is
invasive, which makes it inconvenient as a
screening  methodology  of  choice.
Additionally, it has practical limitations in

the hugely populated nations such as India

where oral cancers are almost epidemic.
(c) It is often difficult to recognize subtle clini-
cal changes which are indicative of early
neoplastic transformation in precancers. This
can also lead to the dilemma of when and
where to biopsy. Thus, histological risk strat-
ification requires highly trained pathologists
and clinicians.
Reliable biomarkers with good sensitivity/
specificity in for oral cancers are still under
exploration. Moreover, the storage and trans-
portation conditions can influence results.
Other methodologies based on vital dyes,
transcriptomics still need the scrutiny over
large clinical samples as studies have revealed
reduced accuracy and increased false-positive
findings in low-risk populations [3].

(d)

8.2  Optical Techniques: Basic

Principles

Rapid, objective, and noninvasive technologies
which are sensitive to tissue biochemistry could
be more effective for early diagnosis and screen-
ing, as biochemical changes often precede visible
morphological alterations. These changes in bio-
chemical properties are also reflected in the opti-
cal properties. The electromagnetic spectrum
provides an array to explore potential tools to
probe and exploit the optical changes in biologi-
cal systems. Often, such optical techniques uti-
lize ultraviolet (UV), visible, near-infrared (NIR),
and infrared (IR) regions to measure absorption,
scattering, and/or fluorescence in biological sam-
ples. Thus optical techniques are being widely
explored, and as will be discussed, have shown
great promise in discrimination of diseased and
healthy tissues and organs. Multimodal method-
ologies involving two or more techniques to gain
additional and complementary information simul-
taneously are also being explored. The Jablonski
diagram (Fig. 8.1), first proposed by Professor
Alexander Jablonski in 1935, summarizes some
optical phenomena in response to interaction of
light and matter, in terms of energy exchange.
Typically, optical techniques employ a source
of excitation (often lasers). Detectors are used to
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record the output signals. The detection system
mostly consists of a charge-coupled device
(CCD) in modern instruments. Nowadays, fiber-
optic probes are used for transmission of light
from excitation source to samples as well as
collection of signals to detectors. The probes usu-
ally contain a combination of optical elements
(lenses, filters, and mirrors) to facilitate collec-
tion of desired signals. A schematic for a typical
optical technique is shown in Fig. 8.2.

8.2.1 Fluorescence Spectroscopy

Sir David Brewster reported several observations
related to fluorescence, a term which was coined
by Sir George Gabriel Stokes in the 1840s [5].

Explained as Stoke’s law, fluorescence is often
characterized by the wavelength of the emitted
light, longer than that used for excitation [6].
Fluorescence spectroscopy can exploit endoge-
nous fluorophores present in the tissues (autoflu-
orescence) or  exogenous  fluorophores
(light-sensitive chemicals/photosensitizers)
which can be introduced in the biological system
to induce fluorescence (induced fluorescence).
Typically, this technique involves irradiation of
organs/tissues at some specific wavelength
(mostly near-ultraviolet or visible) to excite fluo-
rophores. The selection of wavelength depends
on the fluorophore being targeted. The fluores-
cent emission is represented as an emission spec-
trum (fluorescence emission intensity vs.
wavelength) Fig. 8.3.
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Fig. 8.3 Schematics for

fluorescence Excitation

spectroscopy

Source

Excitation
Monochromator/
filter

Induced fluorescence: Photosensitizers or
precursors to photosensitizers are introduced in
subjects, which leads to a differential accumula-
tion of fluorophores in healthy and tumor tissues.
Some examples of such photosensitizers include
hematoporphyrin derivative (HpD), meso-tetra-
(hydroxyphenyl)-chlorin (MTHPC), benzopor-
phyrin derivative (BPD), and phthalocyanine [7].
The most commonly used fluorophore in oral
cancers is 5-aminolaevulinic acid (ALA) which
is a precursor of protoporphyrin IX (PpIX), a
fluorescent photosensitizer. ALA can be applied
topically to the oral mucosa/facial skin [8].
Subsequent irradiation of the ALA-applied area
with visible light, to excite the main absorption
peak of PpIX (405 nm), leads to red fluorescence
emission at 635 nm [8]. Nonphotosensitizers
such as Nile blue derivatives and caretenopor-
phyrins have also been explored as exogenous
fluorophores [9].

Autofluorescence: Few biomolecules, such as
amino acids (tyrosine and tryptophan), proteins
(collagen), coenzymes (FAD, NAD), vitamins,
and porphyrins, can fluoresce and thus contribute
to autofluorescence when excited with suitable
wavelengths. For the endogenous fluorophores,
excitation maxima often lie in the 250-450 nm
range (spanning the UV/visible spectral range),
whereas their emission maxima fall in the 280—
700 nm range (spanning the UV/visible/NIR
spectral range) [10]. Various pathological
changes can alter endogenous fluorophore distri-
bution. The changes may be in the structure (e.g.,
hyperkeratosis, hyperchromatin, and increased
cellular/nuclear pleomorphism) and metabolism
(e.g., flavin adenine dinucleotide (FAD) [11] and
nicotinamide adenine dinucleotide (NAD) con-
centration) in the epithelium and subepithelial
stroma (e.g., composition of collagen matrix and
elastin) [3, 12]. Many studies have explored util-
ity of fluorescence spectroscopy in oral cancers
[3, 12—-14] and have been described in detail in

Sample Dispersive

Element

Sects. 8.4.1-8.4.3. Fluorescence-based commer-
cial diagnostic systems such as VELscope® are
also available [15, 16].

8.2.2 Elastic Scattering
Spectroscopy (ESS)

The process of scattering may be classified as
elastic and inelastic scattering. When photons
interact with matter, the energy of the scattered
photons may remain same or undergo a change.
The former process is known as elastic while the
latter is referred to inelastic scattering. Elastic
scattering is also called Rayleigh scattering.
Inelastic scattering is discussed in Sect. 8.2.6.
ESS is wavelength-dependent phenomenon and
provides information about the structural and
morphological changes. Being sensitive to size
and shape of dense subcellular organelles like
nucleus, nucleolus, chromatin content, and
nuclear-cytoplasmic ratio, ESS is an attractive
technique as it provides information about the
subcellular morphology as well as the chromo-
phore content [17]. ESS is distinguished from a
similar technique, diffuse reflectance spectros-
copy (described in Sect. 8.2.3), wherein the
source-detector separation is very small in com-
parison to the scattering mean free path of ESS
[17]. In ESS, the tissue is subjected to short
pulses of white light, while the elastically scat-
tered light is analyzed to gain information
Fig. 8.4.

8.2.3 Diffuse Reflectance
Spectroscopy (DRS)

DRS measures tissue scattering/absorption prop-
erties to provide information like nuclear size,
distribution, collagen content, and the oxy/deoxy
status of hemoglobin, utilizing UV-visible-NIR
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Fig. 8.4 Schematic for
elastic scattering

spectroscopy Excitation
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excitation (300-800 nm). DR is generated from
single and multiple backscattering of the excita-
tion light and is sensitive to the absorption and
scattering properties of epithelial tissues. The
relationship between reflectance, absorbance,
and light scattering is given by the Kubelka-
Munk equation [18]. A simplified form of the
equation is as follows:

fn="3m

(1-R) K
2R S

(R = absolute reflectance; K = molar absor-
bance coefficient; S = scattering coefficient of the
specimen)

In biological samples, hemoglobin (both oxy-
genated, HbO,, and deoxygenated, Hb), in blood
vessels/stroma, are dominant absorbers, while
light scattering is caused mainly by cell nuclei
and other organelles in epithelium and stroma,
collagen, and cross-links in stroma. During neo-
plastic transformation, stromal layer absorption
increases due to angiogenesis, while scattering
in stroma decreases due to degradation of extra-
cellular matrix. On the contrary, epithelial scat-
tering increases due to hyperplasia, increase in
nuclear size and DNA content. DRS is useful
because of attributes such as cost-effectiveness,

rapidity, and high sensitivity. A novel DRS (light
distribution modulated DRS) method utilizes a
few diffuse reflectances measured at one source-
detector separation by using a liquid crystal (LC)
cell whose scattering property can be modulated
by the bias voltage. The LC cell is placed
between the light source and the sample, and the
spatial distribution of light can be varied as the
scattering property of the LC cell to induce
intensity variation of the collected diffuse reflec-
tance [19] Fig. 8.5.

8.2.4 Optical Coherence
Tomography (OCT)

OCT imaging in biomedical field was originally
introduced in 1991 for noninvasive imaging of
retina [20]. In the last two decades, OCT under-
went rapid and dramatic developments with
major applications in ophthalmology [21, 22],
oncology [23-25], cardiology [26], and devel-
opmental biology [27]. OCT has been used
ex vivo for 2D imaging as well as 3D en face
imaging [28, 29]. OCT images can also be used
to obtain functional information to detect the
presence of embedded blood vessels. Such
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measures can preclude bleeding or stroke-
related complications during surgery [30]. OCT
uses low-coherence interferometry to produce
two-dimensional images of optical backscatter-
ing from internal tissue microstructures analo-
gous to ultrasonic pulse-echo imaging [20]. One
can term OCT as an optical analog of ultrasound
imaging wherein backscattered intensity of light
is measured instead of sound. OCT enables
in vivo, noninvasive imaging of the macroscopic
characteristics of epithelial and subepithelial
structures Fig. 8.6.

8.2.5 Fourier-Transform Infrared
(FTIR) Spectroscopy

Vibrational spectroscopic techniques such as
FTIR and Raman spectroscopy (RS) are rela-
tively simple, nondestructive to the tissue and
require a very small amount of sample with mini-
mum sample preparation. In addition, these tech-
niques also provide molecular-level information
allowing investigation of functional groups,

bonding types, and molecular conformations.
Spectral bands in vibrational spectra are mole-
cule specific and provide direct information
about the biochemical composition, leading to a
“molecular fingerprint.” As biochemical compo-
sition is affected during pathogenesis, spectral
features are altered, which can be exploited for
disease detection. The bands are relatively nar-
row, easy to resolve, and sensitive to molecular
structure, conformation, and environment. Both
RS and FTIR exploit changes in vibrational
modes of biological tissues/organs with respect
to the changing tissue biochemistry in response
to pathological changes. However, while FTIR is
based on the principle of absorption, RS is based
on inelastic scattering. RS is described in Sect.
8.2.6. Raman and FTIR are complementary
techniques.

An infrared spectrum represents a fingerprint
of a sample with absorption peaks correspond-
ing to the frequencies of vibrations between the
bonds of the atoms that make up the material
being probed and can provide rapid information.
The energy of the absorbed infrared radiation by
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a molecule is equal to the difference between
two energy levels of the molecule’s vibration.
Thus, the absorption occurs on the basis of tran-
sition between the energy levels of molecular
vibration, leading to a vibrational spectrum of a
molecule. The advent of Fourier-transform
spectrometers, around 1970, revolutionized the
field of FTIR spectroscopy, permitting simulta-
neous measurement of spectra in the entire
wavenumber region with higher accuracy and
resolution Fig. 8.7.

8.2.6 Raman Spectroscopy (RS)

RS, based on the principle of inelastic or Raman
scattering, was experimentally verified by Nobel
Laureate Sir C. V. Raman [31]. Depending on
changes in energy or frequency, the scattered
light may be classified as inelastic (change in
energy) and elastic (no change in energy).
Inelastic scattering constitutes Raman scatter-
ing, further classified as anti-Stokes (the scat-
tered photon gains energy) or Stokes (the
scattered photon loses energy). As mentioned in
Sect. 8.2.3, RS is a vibrational spectroscopic

N

AN

technique which can detect biochemical pertur-
bations in an organ or tissue. Further, due to neg-
ligible interference of water, a major constituent
of living cells and organs, Raman can serve as a
promising tool for in vivo biomedical
investigations.

Since RS is a weak phenomenon, its applica-
tions were initially very much limited in bio-
logical systems. The development of powerful
lasers, Rayleigh rejection filters, and better
detection systems such as CCDs gave an impe-
tus to biological applications of RS. Many por-
table/transportable  instruments are now
available at reduced costs. A schematic for RS
is shown in Fig. 8.8. Typical pictorial presenta-
tions of Raman spectral acquisition from an
ex vivo tissue and an anesthetized animal are
shown in Fig. 8.9.

8.2.6.1 Raman Spectroscopy:
Adaptations for Enhancement
of Raman Signal
RS being an inherently weak process, several
modifications/adaptions are made to the conven-
tional Raman methodology to enhance the
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Fig. 8.9 In vivo Raman
spectra being acquired
from an anesthetized
animal. The inset shows
acquisition of Raman
spectra from an ex vivo
tissue with 785 nm laser

overall efficiency and the range of applications.
Some adaptions include surface-enhanced
Raman spectroscopy (SERS) [32, 33], reso-
nance Raman spectroscopy (RRS), coherent
anti-Stokes Raman spectroscopy (CARS) [34,
35], stimulated Raman spectroscopy (SRS) [36—
38], drop-coating deposition Raman (DCDR)
spectroscopy [39-41], spatially offset Raman
spectroscopy (SORS) [42], and surface-
enhanced spatially offset Raman spectroscopy
(SESORS) [43, 44].

8.3  Optical Techniques: Role

of Multivariate Analysis

Information derived from various optical
techniques are in the form of spectra or images
which may need further preprocessing and analy-
sis using various univariate and multivariate anal-
ysis tools to bring out an objective discrimination
among the classes/groups of samples explored.
Preprocessing is needed to get rid of spectral con-
tamination from optical components and back-
ground noise. The preprocessing steps vary
across the techniques.

Fiber Optic Probe

Spectroscopic techniques in conjunction with
proper chemometric tools can distinguish subtle
but significant changes in the complex biological
environment. However, it is important to know
the limits and assumptions employed in each
method for a reliable and reproducible diagnosis.
Both univariate and multivariate analyses can be
carried out for spectroscopic data. However, in
view of levels of complexity in living organisms,
multivariate analysis may be a suitable approach.
Multivariate analysis can be unsupervised or
supervised. In case of unsupervised methods, no
prior information is given and the method tries to
establish relationships or trends in classification
de novo. Principal component analysis (PCA) is
a commonly employed unsupervised method [45,
46]. In the absence of preliminary information,
unsupervised methods provide a first-hand esti-
mate about the nature of data and trends in clas-
sification. In the supervised methods, spectral
groups are trained for classification on the basis
of first-hand information. These models can be
evaluated with an independent data set. The fol-
lowing table highlights the salient features of
some commonly employed methods of analysis
Table 8.1.
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Table 8.1 Summary of some commonly employed anal-
ysis methods

Salient features

Corresponding p values are measure
of significance. Prone to false
positive unless corrected
significance limit is used
Classification scheme to divide data
in clusters. Hierarchical clustering
provides relationships between
clusters

Provides an overview for large data
sets. Identify outliers, clusters, and
trends in dataset

To predict a set of dependent
variables from a (very) large set of
independent variables

Ideal classification but a large
training set is needed
Discrimination method related to
multiple linear regressions. Number
of variables must be smaller than
number of observations

High flexibility in modeling
nonlinear data but prone to
overfitting

High flexibility in modeling

Statistical tool
Univariate
analysis

Cluster analysis

Principal
component
analysis (PCA)
Partial least
squares
regression
Bayes classifier

Linear
discriminant

analysis (LDA)

Neural networks

Support vector

machines nonlinearities. Careful model
selection reduces possibility of
overfitting

8.4 Optical Techniques:

Applications in Oral Cancers

Classification between tumor and normal condi-
tions has been demonstrated in many cancers.
But, for better prognosis, an ideal cancer detec-
tion should be in an early phase when clinically
palpable changes are not apparent. The explora-
tion of various optical techniques in oral cancers
has been mentioned in this section.

8.4.1 Animal Model-Based Studies

Owing to ethical and practical considerations,
many exploratory and feasibility studies are often
carried out on animal models. Palate cancer in
animal model was one of the first cancers to be
(DMBA) induced [47]; cancer in hamster buccal
pouch (HBP) is a widely used model for experi-
mental oral carcinogenesis [48, 49]. The Syrian

golden HBP has been widely used on account of
its anatomical and physiological features which
resemble the human oral mucosa [50]. One pouch
under the cheek muscles on each side of the
mouth opens into the anterior part of the oral cav-
ity and is associated with small salivary glands
that produce both serous and mucous secretions.
The pouches extend backwards along the oral
cavity, butnot as far as the pharynx. Histologically,
the buccal cavity is lined with squamous epithe-
lium. The hamster model reflects many aspects of
human oral cancer development [48, 51-54].
Repeated application of carcinogen results into
tumors through four histologically recognizable
stages: hyperplasia, papilloma, carcinoma in situ,
and squamous cell carcinoma (SCC). Changes in
oncogenic expressions of p53 and/or ras, expres-
sion of proliferation markers, early expression of
c-glutamyltranspeptidase, and downregulation of
keratin 76 expression are in concordance with
human buccal mucosa [54-59]. The exploration
of oral carcinogenesis in animal models employ-
ing optical techniques is described below.

Fluorescence spectroscopy: Initial studies
using 300 nm excitation on hamster buccal pouch
(HBP) tissues showed discrimination of healthy,
premalignant, and tumor tissues [60, 61].
Findings have shown concordance with interme-
diate stages available in literature: normal tis-
sues, hyperplasia, dysplasia and early cancers,
and invasive cancers using 320 nm excitation
[62]. Fluorescence lifetime imaging (FLIM) of
HBP tissues has shown the in vivo diagnostic
potential [63]. A handheld device, capable of
continuous lifetime imaging at multiple emission
bands simultaneously, has been also developed
[64].

DRS: HBP model was utilized for DRS stud-
ies with encouraging results in the 500-800 nm
spectral range [65]. SVM-based algorithms have
suggested significant decrease in the absorption
and reduced scattering coefficient at 460 nm in
neoplastic tissues, compared to normal tissues.
This study demonstrated 90% classification accu-
racy [66].

OCT: OCT studies have also employed HBP
model [67-71]. The earliest studies were carried
out by Wilder Smith et al. [71] and Mathney et al.
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[67] who demonstrated feasibility of detecting
malignancy in HBP model using OCT. 3D OCT
has also been reported [72]. In another study,
OCT was carried out on carcinogen (DMBA)
treated and normal HBP tissues [73]. Tissues cor-
responding to early and late stages of DMBA-
induced carcinogenesis were investigated. OCT
images showed well-distinguished layers of epi-
thelial and subepithelial layers in most controls
and early week DMBA-treated tissues. Two con-
trol tissues also showed disrupted epithelial
architecture. These observations were later on
confirmed by RS and were attributed to repeated
injuries incurred by regular pulling out of buccal
pouches [74]. Another recent multimodal study
has used combined FLIM and OCT features to
obtain an accuracy of 87.4%, which was statisti-
cally higher than accuracy based on only FLIM
(83.2%) or OCT (81.0%) features. Further, the
complementary information provided by FLIM
and OCT features resulted in high sensitivity and
specificity for the combined FLIM and OCT fea-
tures for discriminating benign (88.2% sens.,
92.0% spec.), precancerous (81.5% sens., 96.0%
spec.), and cancerous (90.1% sens., 92.0% spec.)
classes [75].

RS: Rodents have been commonly employed
in oral cancer research [76]. The earliest applica-
tions of Raman spectroscopy in animal model
date back to late 1980s, which was a study on
diabetic cataract model [77-80]. Further, studies
on mineralizations were carried out in rat models
(1995) [81, 82]. Schut et al. used a protocol
involving application of carcinogen
4-nitroquinoline 1-oxide to develop palate can-
cers in rats. They obtained specificity as well as
sensitivity of 100% for detecting high-grade dys-
plasia/carcinoma in situ [47]. The next major
study in experimental oral carcinogenesis was
carried out in HBP model by Oliveira et al. [83].
Employing 1064 nm for excitation, this FT
Raman study, employing PCA, could differenti-
ate tumors and healthy tissues. Another ex vivo
study on DMBA-treated HBP tissues for 0, 2, 4,
8, and 12 weeks demonstrated feasibility of clas-
sifying changes based on duration of DMBA
application [84]. The spectra reported for normal
buccal pouch and tumors in these studies were

found to have features similar to those reported
later on in human studies [85-89]. Ex vivo as
well as in vivo week-wise monitoring of sequen-
tial progression of oral carcinogenesis has been
carried out with RS over the 14-week period of
carcinogenesis in HBP model. While efficiency
of classification increases up to 70% by 8 weeks,
it plateaus between 8 and 11 weeks due to accu-
mulation of dysplastic changes over the buccal
mucosa. From week 12 onwards, classification
increases up to 100% by 14 weeks [90].
Misclassifications observed in such studies were
majorly due to heterogeneity in the carcinogen-
treated tissues as several stages of cancers may be
observed in the mucosa. A small number of mis-
classifications could also be attributed to devel-
opment of abnormal pathologies in the control
tissues, ascribed to repeated mechanical injuries
incurred during the experiment [74]. RS has also
been carried out to study antitumor activities of
nanoencapsulated drugs such as silibinin [91]
and hesperetin [92] in HBP models.

8.4.2 ExVivo Studies

Optical techniques have explored ex vivo sam-
ples, majorly tissue biopsies as a proof of con-
cept. Major achievements in ex vivo studies are
mentioned below.

Fluorescence spectroscopy: Study using
ALA-induced fluorescence suggests that oral
dysplastic lesions have more red fluorescence in
comparison to benign lesions. Enhanced inten-
sity of PpIX in the cancerous tissues can be pri-
marily attributed to plasma lipoproteins, low pH
in tissues, and increased vasculature [93-95].
Tissue autofluorescence has been explored in the
screening and diagnosis of precancers and early
cancers such as lung, cervix, skin, and oral cavity
[12]. One of the earliest explorations of autofluo-
rescence was in 1924 in malignant tumors,
observed by Policard as red fluorescence from
hematoporphyrin in rat sarcomas using ultravio-
let radiation [96]. In vivo and ex vivo explora-
tions of autofluorescence spectroscopy for oral
cancer diagnosis have shown encouraging results
[60, 61, 97-102]. About 635 nm has also been
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used to characterize variation in porphyrin exci-
tation between normal volunteers and oral cancer
subjects [100]. Several wavelengths including
350, 380, and 400 nm have been explored to
identify the optimal excitation for detection of
oral neoplasia [97]. Autofluorescence spectros-
copy can also differentiate potentially malignant
conditions such as oral submucous fibrosis
(OSMF), leukoplakia, erythroplakia, and lichen
planus from normal tissues [102, 103].
Autofluorescence spectroscopy could provide
good diagnostic efficiency to discriminate
between different grades of oral cancers by ana-
lyzing porphyrin emission peaks [104].
Fluorescence studies on early perturbations in
oral cavity owing to tobacco/areca nut habit indi-
cate a variation in collagen and flavin levels
(areca nut habitues) and hemoglobin and porphy-
rin levels (tobacco habitues) with respect to non-
habitues [105, 106]. Various experimental
parameters such as area of exposure, source sta-
bility, and angular/distance dependence of a fiber
probe from the specimen surface have been
reported [107].

ESS: Feasibility of identifying metastasis in
cervical nodes of oral cancer subjects [108] has
been explored on 130 lymph nodes from 13 sub-
jects who underwent neck dissection. The nodes
(formalin fixed, bivalve) were subjected to ESS
and processed for histopathology yielding a sen-
sitivity of 98% and a specificity of 68%. Bony
resection margins from formalin-fixed samples
assessed by ESS and correlated with the histo-
pathological diagnosis (21 subjects) yielded a
sensitivity of 87% and a specificity of 80% using
linear discriminant analysis (LDA) [109]. Thus
ESS can identify tumors in resection margins.

DRS: DRS has been explored to identify
malignant changes in oral epithelium. Bimodal
autofluorescence and DR spectra have shown
classification of normal, benign, premalignant,
and malignant lesions [110]. Spectral ratio
540/575 of oxygenated hemoglobin bands [111]
could be used to distinguish normal oral mucosal
areas from hyperplastic and dysplastic ones
[112]. Reflectance spectral intensity from malig-
nant lesions is observed to be higher than that
from normal mucosa [113]. Tungsten-halogen

lamp is often employed as an excitation source
on biopsy specimens (tongue, buccal mucosa,
and alveolus) to measure diffusely reflected light.
Advancements such as multispectral imaging
camera system that records diffuse reflectance
(DR) images of the oral lesion at 545 and 575 nm
with white light illumination can scan entire oral
lesions [41]. Portable low-cost DRS devices have
been developed [114]. Significant changes in the
DR ratio have been observed according to the
stage of oral malignancy. Ex vivo measurements
with a minimum time lag is supposed to circum-
vent tissue degradation and signal loss. The
potential of DRS has also been explored for
tongue cancer detection [115].

OCT: OCT images from cancerous tissues and
comparison with histopathology images suggest
that epithelium, basement membrane, lamina
propria, microanatomical histological structures,
and pathological processes are clearly identified
[116]. Correct identification of the keratin cell
layer and its structural changes is reported in
87% of a cohort of 78 cancer subjects. The accu-
racy for the epithelial layer and basement mem-
branes was 93.5% and 94%, respectively.
Microanatomical structures could be identified
with accuracy of 64% for blood vessels, 58% for
salivary gland ducts, and 89% for rete pegs [117].

FTIR: Initial studies employing FTIR sug-
gested malignant and healthy tissues can be dif-
ferentiated majorly on basis of 1745 cm™! band,
which was present in normal tissues but absent/
weak in malignant ones [118]. Raman spectro-
scopic and FTIR measurements were in agree-
ment with each other [118]. FTIR spectral
differences have been studied across a range of
samples such as oral SCC and normal gingival
epithelium (NGE) or normal subgingival tissue
(NST) [119]. FTIR spectroscopy of paraffin-
embedded tissue sections for leukoplakia and
SCC has shown 81.3% sensitivity and 95.7%
specificity [120].

RS: One of the first studies on human oral
cancer biopsies was reported in 2001. The study
analyzed 140 spectra from 49 biopsies acquired
using 785 nm excitation and SpeXTriax 320
spectrometer. PCA-based multivariate analysis
showed sensitivity and specificity of 85% and
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90%, respectively [121]. A successive study by
the same group in 2004 demonstrated the suit-
ability of formalin-fixed tissues for Raman spec-
troscopy [122]. Classification of normal,
cancerous, precancerous, and inflammatory con-
ditions was reported, with lipid-rich features in
normal conditions and predominant protein fea-
tures in the pathological conditions, including
tumors [123]. Confocal Raman microspectros-
copy of 66 human oral mucosa tissues (43 normal
and 23 malignant) has also been used where PCA
along with calculation of areas under bands 1004,
1156, 1360, 1587, and 1660 cm™~' was used as a
classification method [124]. Employing NIR
excitation, RS of normal epithelium and different
grades of oral cancer has shown changes in the
relative intensities of bands at 1656, 1440, and
1450 cm™! [125]. Raman imaging of oral tissue
sections has also been explored. In a study on ten
normal and ten tumor tissue sections, Raman
maps of normal sections could resolve epithe-
lium layers. Inflammatory, tumor, and stromal
regions could be identified. Epithelium and stro-
mal regions of normal cells and cellular
components of normal and tumor sections could
be distinguished, employing PCA [126]. In
another study, Raman imaging of 11 oral SCC
and 14 healthy tissues from 10 oral cancer sub-
jects was followed by 127 pseudo-color images,
correlated with histopathology of same sections
[127] to build LDA model. There were 88 oral
SCC and 632 healthy tissue spectra further evalu-
ated to distinguish SCC spectra from the spectra
of adipose tissue, nerve, muscle, gland, CT, and
squamous epithelium in 100%, 100%, 97%, 94%,
93%, and 75% cases, respectively.

Besides tissues sections, minimally invasive
ex vivo samples such as body fluids (blood,
serum, urine) and exfoliated cells have also been
explored through optical techniques. The ease
and low cost of collection, along with transport-
ability of such samples to a centralized facility,
makes it a viable screening approach. Further,
low-risk and minimal/noninvasive methodology
leads to better compliance by cancer subjects/
risk-prone individuals. Most studies on mini-
mally invasive samples have been carried out
using FTIR and RS; there are some

fluorescence-based studies as well. However,
sample preparation such as drying, involved in
FTIR, can lead to artifacts, especially for cyto-
logical samples. Prospects of biofluid vibrational
spectroscopy have been recently reviewed by
Baker et al. [128].

Fluorescence spectroscopy of plasma was car-
ried out in 2003 using 405 and 420 nm excitation.
A classification of 93.7% was obtained for can-
cerous and normal samples, while a classification
of 91.8% was obtained across normal, early stage
of oral malignancy, advanced oral malignancy,
and liver diseases [129]. Urine samples were
explored by fluorescence spectroscopy to obtain
94.1% classification. The study suggested that
fluorophores NADH and flavins can serve as
potential urine biomarkers to diagnose oral can-
cers [130].

RS has been explored in samples such as
serum, urine, and exfoliated cells. Harris et al.
(2009) explored potential of a peripheral blood
sample in diagnosis of head and neck cancer.
Twenty subjects each of head and neck cancers
and respiratory diseases were employed [131].
LDA yielded an accuracy of 65% while genetic
evolutionary algorithm led to accuracy of 83%.
SERS-based specific identification of nasopha-
ryngeal cancers is also reported [132]. Diagnosis
of oral cancers using both resonance and conven-
tional RS with an efficiency of 78% and 70%,
respectively, has been shown between normal
and oral cancer groups [133, 134]. These studies
were followed up with a large cohort of 328 sub-
jects belonging to healthy controls, premalignant,
disease controls, and oral cancer groups.
Sensitivity and specificity rates of 64 and 80%,
respectively, were obtained which are compara-
ble to standard screening approaches [135].
Recurrence in oral cancers was also identified by
serum RS employing 22 oral cancer subjects
[with recurrence (n = 10) and no-recurrence
(n =12)] before and after surgery [136]. PC-LDA
could not classify before-surgery samples, while
a classification efficiency of ~78% was obtained
in after-surgery samples. Urine was explored for
oral cancer diagnosis by Elumalai et al. PC-LDA
findings yielded sensitivity and specificity of
98.6% and 87.1%, respectively, to discriminate
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healthy and cancer subjects [137]. RS of exfoli-
ated cells from 15 healthy volunteers (HV), 15
healthy tobacco users (HT), and 20 cancer sub-
jects with 20 contralateral or disease control
(DC) and 20 tumor (T) sites of same oral cancer
subjects demonstrated increase in severity of
pathology from HV to T, higher DNA, and
changes in secondary structure of proteins. The
findings were relatable with cytopathological
observations [138].

8.4.3 InVivo Studies

Spectroscopic technique-based tissue diagno-
sis has shown potential in cancer detection,
but the fact remains that tissue-based
approaches are inherently invasive. The utility
of optical techniques lies in a label-free and
noninvasive approach which can facilitate
in vivo spectral acquisition in clinics. In vivo
applications have greatly benefitted from
development of fiber-optic probes which have
enabled packaging of optical component in
small probes and eased spectral acquisition
from the organs.

Fluorescence spectroscopy: In vivo autofluo-
rescence spectra from oral mucosa have explored
various wavelengths for excitation (337, 365,
410, and 635 nm) on healthy volunteers as well
as cancers subjects. The ratio of red region
(635 nm) to blue region (455-490 nm) intensi-
ties, ascribed to NADH and porphyrin levels, is
greater in abnormal areas. The best discrimina-
tion was achieved by excitation at 410 nm [98].
Fluorescence studies on early perturbations in
oral cavity owing to tobacco/areca nut habit sug-
gest variations in collagen and flavin levels (areca
nut habitués) and hemoglobin and porphyrin lev-
els (tobacco habitués) with respect to non-
habitués [105, 106]. In vivo preliminary studies
on buccal mucosa of normal, premalignant, and
malignant human volunteers have shown good
discrimination between healthy and diseased
conditions [107]. A recent study employed
VELscope device on 2404 subjects who were
examined using white light as well as VELscope
to identify 357 subjects with lesions, out of which

192 (54%) were positive for fluorescence emis-
sion [16].

ESS: Diagnosis of premalignant and malig-
nant oral lesions has also been investigated along
with a corresponding histopathological analysis
[139] on 25 oral sites from 25 subjects with oral
leukoplakia. LDA yielded sensitivity of 72% and
specificity of 75%. These results suggest that
ESS may be able to identify dysplasia in oral
tissues.

DRS: Under in vivo conditions spectra have
been acquired from the buccal mucosa of healthy
controls and precancerous and cancerous sub-
jects using a fiber-optic probe-coupled system in
the 400-700 nm regions and compared against
the gold standard histopathology. DR spectra of
healthy and pathological conditions show a sig-
nificant dip around 545 and 575 nm, assigned to
oxygenated hemoglobin [112, 140]. The ratio
(545/575) increases significantly with the sever-
ity in pathology, i.e., from healthy to cancerous
lesions through hyperplasic, dysplastic stages.
Sensitivities and specificities ranging from 95 to
100% have been observed for different groups.
Additionally, methemoglobin and melanin
absorption by tissues can also be exploited along-
side, and enhancements can be achieved using
Monte Carlo method and inverse algorithms to
simulate the tissue diffuse reflectance of normal
and oral cancer tissues [141]. A trimodal study
involving fluorescence, DRS, and light scattering
spectroscopy on 91 sites from 15 subjects with
varying degrees of malignancy (normal, dysplas-
tic, and cancerous sites) and 8 healthy volunteers
has shown a sensitivity and specificity of 96%
and 96%, respectively, in distinguishing abnor-
mal and normal tissues. In addition, dysplastic
regions could be distinguished from cancerous
tissue with a sensitivity of 64% and a specificity
of 90% [101].

OCT: Epithelial thickness within the oral cav-
ity has been employed as a parameter to detect
oral cancers at different stages [142]. OCT imag-
ing of normal and precancerous oral mucosae has
demonstrated demarcation of epithelium (EP)
and lamina propria (LP) layers to determine the
EP thickness and estimate the range of dysplastic
cell distribution with sensitivity and specificity
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up to 82 and 90%, respectively [143]. OCT imag-
ing and perspectives have been recently reviewed
by Rao et al. [144] and Reddy et al. [145]. A
recent report on biopsy guidance using wide-field
OCT has catered to two conditions: first, auto-
mated segmentation of wide-field OCT images
and, second, registering imaging location with
markers placed on tissues [146].

RS: Several reports have enriched the field of
in vivo RS. Raman studies were undertaken for
intraoperative tumor margin assessment in nine
breast cancer subjects undergoing partial mas-
tectomy in 2006 [147]. Interestingly, one spec-
trum from a margin was correlated as cancerous,
though no lesion was apparently visible.
Postoperative pathology of the margin suggested
it to be positive for cancer, and thus a second
operation for excision was carried out. The first
report of in vivo RS on human oral cavity by
Guze et al. (2009) identified site-wise variations
in the human oral cavity. Reproducibility of
Raman spectra from normal oral mucosa among
anatomic oral sites (buccal mucosa, tongue, floor
of mouth, lip, and hard palate) on 51 subjects (25
Caucasian and 26 Asian) across races and gender
was explored. Analysis of high-wavenumber
region (2800-3100 cm™!) indicated spectra were
not influenced by subject ethnicity, and different
oral cavity sites could be discriminated based on
degree of keratinization [148]. In vivo RS of dif-
ferent anatomical regions (inner lip, attached
gingiva, floor, dorsal tongue, ventral tongue,
hard palate, soft palate, and buccal) in the oral
cavity in the fingerprint region (800—-1800 cm™")
has also been investigated. These sites can be
grouped together based on anatomical and spec-
tral similarity to develop diagnostic algorithms
[149]. The first in vivo spectral acquisition from
oral cancer subjects in clinically implementable
time was reported by Singh et al. [87, 150].
Subsequent studies showed objective discrimi-
nation of the premalignant conditions from nor-
mal and tumor conditions [86] as well as
malignancy-associated changes (MAC) or can-
cer field effects (CFE) in oral cancer subjects
[85]. It has also been shown that age-related
physiological changes have no bearing on the
classification between healthy and

tobacco-related pathological changes [89].
Spectral differences in different oral cavity sub-
sites suggested classification of the subsites into
four major anatomical clusters: (a) outer lip and
lip vermillion, (b) buccal mucosa, (c) hard pal-
ate, and (d) dorsal, lateral, and ventral tongue
and soft palate [151, 152]. In another recent
report on subsite classification, anatomical dif-
ferences between buccal mucosa, tongue, and lip
as subsites and their possible influence on
healthy vs pathological classification were inves-
tigated on 85 oral cancer and 72 healthy subjects.
Buccal mucosa and tongue were spectrally dis-
tinct, while lip misclassified with both. The
pooled subsites model with 98% specificity and
100% sensitivity may be useful for preliminary
screening applications in oral cancers [153].

Conclusion

Optical techniques hold great potential as
adjuncts to the conventional diagnostics and
are better suited for screening purposes. Major
advantages of optical techniques are being
rapid and nondestructive and requirement of
minimal sample preparation, which enhances
their utility as clinical tools. As these tech-
niques exploit biochemical perturbations in
tissues/organs, such techniques can also help
in better understanding of the disease condi-
tions. However, each optical technique has
advantages as well as limitations. Fluorescence
spectroscopy requires very simple and inex-
pensive instrumentation, but only limited bio-
molecules are also fluorophores. There are
insufficient in vivo reports on ESS and OCT
(and FTIR) in case of human subjects, though
ex vivo and animal studies have shown poten-
tial of these techniques. Vibrational techniques
such as FTIR and RS are sensitive and can
yield information about total biomolecules
present in a biological system but require
sophisticated instrumentation. FTIR is further
affected by the presence of water, and thus the
in vivo application is severely limited. Raman
scattering is a weak phenomenon and thus bet-
ter excitation and detection sources are
required. Recent adaptations of conventional
RS have shown signal enhancement and
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improved scope of in vivo applications. But,
many of them are yet to be explored in vivo.

While all the techniques mentioned in the
chapter (and several others which could not
be addressed) have been employed in oral
cancer explorations, majority of the in vivo
studies have utilized fluorescence or RS, indi-
cating their potential in in vivo diagnostics
and screening. Many groups have explored
multimodal applications of the above tech-
niques where in more than one technique is
simultaneously used for spectral/image acqui-
sition, and better sensitivity and specificity
have been observed for the multimodal appa-
ratus. Further advancements in the field and
large-scale community-based screening pro-
grams may help translation of these tools to
clinics.
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Abstract

There has been widespread interest in the
application of simple light-based methods and
optical imaging as adjunctive tools in oral
oncology. These optical imaging techniques
exploit differences in properties such as
absorption, reflectance, and light scattering
between normal and transformed epithelium.
Optical imaging methods can also utilize tis-
sue autofluorescence arising from endogenous
chromatophores to detect malignant tissue.
For example, early oral malignancy is often
associated with a loss of fluorescence or fluo-
rescence visualization loss (FVL) which may
be used to aid in tissue selection for biopsy.

reflectance, and narrow band imaging (NBI)
instruments are among the optical imaging-
based diagnostic platforms that are currently
available for clinical use. In addition, photo-
acoustic imaging (PAI) is an advanced hybrid
imaging method that allows for deep tissue
imaging and is actively being evaluated for
diagnostic applications in oncology. In this
chapter, we will review the basics of these
optical imaging methods and summarize pre-
clinical and clinical evidence on their perfor-
mance in oral oncology. The goal of this
chapter is to provide the reader with an over-
view of these methods and their potential clin-
ical applications.

The autofluorescence-based Visual Enhanced
Lightscope(VELscope®),chemiluminescence-
based ViziLite® system, the Identafi® system
that uses multispectral fluorescence and

9.1 Introduction to Light-Based

Methods

Reliable identification of oral cancer and precancer
cannot be based on visual examination alone since
the human eye is not optimized to detect disease
based on tissue contrast [1]. However, spectral dif-
ferences between normal and diseased tissue can be
visualized through the use of optical imaging meth-
ods that can improve our visual perception. These
optical methods can exploit differences in optical
properties of tissues such as fluorescence, reflec-
tance, and chemiluminescence.
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9.2 Tissue Fluorescence

or Autofluorescence

Cells and tissues in the body contain molecules
which have the ability to “fluoresce” (i.e., glow)
when excited by light of specific wavelength.
When a tissue is illuminated with light of short
wavelength (for example, blue light), cells
become excited and emit light that is of a longer
wavelength (low energy). Importantly, while nor-
mal cells emit green light, abnormal cells do not
emit light. Exposure to blue light spectra (400-
460 nm) may maximize a differential profile in
areas undergoing neoplastic change [2]. This flu-
orescent signal arises from naturally occurring
compounds in tissues called chromatophores or
fluorophores. Fluorophores are molecules that
absorb light at one wavelength and emit light at
longer wavelength [3]. The main fluorophores
capable of fluorescence in the 400—460 nm range
are nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FAD), cellular
coenzymes, collagen, and elastin in connective
tissue. Hemoglobin (in blood) also absorbs light
and results in loss of fluorescence in regions with
high concentration. Other endogenous fluoro-
phores include structural proteins and amino
acids. Each fluorophore has a unique excitation
spectrum, allowing for multispectral assessment
of specific fluorophores. For example, increased
metabolism typically observed in cancer changes
FAD levels [4]. Scattering is another mechanism
of fluorescent visualization that is influenced by
tissue keratinization status, epithelial thickening
of oral mucosa, and by nuclear scatter at the cel-
lular level. The degree of keratinization varies
from individual to individual and is also site-
specific. For example, the tongue and buccal and
alveolar mucosa are covered by keratinized epi-
thelium, while the floor of mouth is nonkera-
tinized. A greater nuclear scatter can result from
the high nuclear-to-cytoplasmic ratio in dysplas-
tic tissues. This is especially true for amelanotic
epithelial tumors like OSCC [5]. The scatter
cross section (um?) in dysplastic nuclei (80 pm?)
is approximately four times greater than a normal
cell (20 pm?) at the same wavelength [5, 6]. At

Table 9.1 Mechanisms behind loss of fluorescence

Mechanism  Reasons

Increased Absorption of light by hemoglobin and
absorption other absorbers.

Decreased By chomatophores: NADH, FAD,
emission collagen, elastin etc.

Increased Cell level  Cellular nuclei contribute
scatter to scatter

Tissue level Keratin, thick epithelium,

and stromal collagen
contribute to scatter

the fundamental level, fluorescence visualization
is dependent on the absorption of light by certain
absorbers, and emission of fluorescent light by
naturally occurring tissue fluorophores, in addi-
tion to scattering caused by thick keratin blanket
covering tissues [3] (Table 9.1).

Malignant transformation results in cellular
changes such as increased nuclear-to-cytoplasmic
ratio, nuclear clumping, pleomorphism and
changes in epithelium, and alterations in stromal
architecture. The breakdown of collagen in the
extracellular matrix and break in basement mem-
brane also contribute to the loss of tissue fluores-
cence [7]. Studies have shown significant changes
in stromal biology during the evolution of oral
precancer [8]. The volume fraction of collagen
fibers in supporting stroma decreases with the
progression of disease [5]. In tissue stroma, col-
lagen fibers are the main light scatterers. Collagen
by nature has high refractive index, and hence
scattering of light in the stroma is higher than the
scattering in the epithelium. The hallmark auto-
fluorescence and reflectance signals in oral
malignancy are primarily due to changes in the
underlying connective tissue. During malignant
progression, several enzymes (proteases, etc.)
mediate the invasion of tumor into connective tis-
sue, destroying collagenous stromal architecture.
As a result, the collagen fibers are broken down,
and their arrangement becomes disorganized and
more detached with a tendency to aggregate [5].
The gap created between collagen fibers due to
this breakdown adds to contrast and represents a
constant intensity region. This arrangement of
collagen fibers can be validated using confocal
microscopy. The identification of subtle changes
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Fig. 9.1 Appearance of
normal and abnormal
mucosa under
VELscope® tissue
fluorescence imaging
(courtesy of LED
Dental, Inc.)
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in connective tissue is therefore possible with
autofluorescence-based optical methods and
scattering-based methods such as optical coher-
ence tomography. Loss of fluorescence or fluo-
rescence visualization loss (FVL) was also used
in the detection and mapping of field changes in
oral malignant and potentially malignant disor-
ders [9]. FVL was noticed in all 20 tumors and
was extending far away (25 mm) from the clini-
cally visible lesion (subclinical extension). In the
study, 32 of 36 (~89%) FVL-guided biopsies
showed histological change ranging from low-
grade dysplasia to squamous cell carcinoma [9].
All 36 biopsies showed either histological change
and/or genetic alteration. The FVL-guided mar-
gin biopsies in oral tumors with low-grade dys-
plasia or no dysplasia revealed loss of
heterozygosity at 3p and/or 9p, a molecular
change associated with high recurrence [9].
VELscope® (Visual Enhanced Light scope) is
now a widely used handheld optical device for
oral cancer screening that uses autofluorescence
technology. It is an approved visual enhancement
system compatible for use as an adjuvant tool for
oral assessment in combination with routine oral
examination. The VELscope® device utilizes blue
light excitation between 400 and 460 nm to

NORMAL

ABNORMAL

g underlying
stromal disruption.

Abnormal
Epithelial
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/. Es

visualize the abnormality of the oral cavity by the
property of direct tissue autofluorescence. The
normal oral mucous membrane demonstrates a
pale green fluorescence on absorption of blue
light emitted by the device (Fig. 9.1). Abnormal
tissue (i.e., tissue with dysplasia or malignancy)
presents as a dark region due to loss of autofluo-
rescence, a property natural to healthy tissues.
Fluorescence visualization loss (FVL) is the hall-
mark of neoplastic process. The VELscope®
device exploits this biological characteristic to
distinguish healthy tissues or benign lesions from
dysplastic tissue. In inflammatory lesions, this
device shows false positives mainly due to the
elevated blood flow and concentration of hemo-
globin, which is a natural chromatophore that
absorbs light resulting in FVL [10].

It takes ~2 min for complete visualization and
is hence an easy-to-use clinical device. Newer
generation devices also possess an imaging
adapter compatible with a mobile device for case
documentation. The device now has a single-use
lens cap to prevent cross contamination between
patients. Lesions that are positive on VELscope®
examination are suggested to be observed for
2 weeks for resolution, or else biopsy is recom-
mended [11].
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9.3 Chemiluminescence

The technique of chemiluminescence was first
applied in the detection of cervical dysplasia.
ViziLite® is the popular device that employs the
principle of chemiluminescence developed by
Zila Pharmaceuticals (Phoenix, AZ). In 2001, it
received FDA clearance. This technology is uti-
lized in gynecology, where it was termed as
“speculoscopy” and is followed by thorough
cervical examination [12]. Commercial chemi-
luminescence devices are either peroxyoxalate
or luminol based systems. Three commercially
available devices operate with the working
principle of chemiluminescence for detection
of oral cancer. They include ViziLite®, ViziLite
Plus®, and Microlux/DL™. In the oral cancer
setting, chemiluminescence was shown to be
superior to tolonium chloride [13]. The speci-
ficity of ViziLite® was poor, but accuracy was
80%. They (ViziLite® and ViziLite Plus®) were
able to improve brightness, sharpness, texture,
and size of the lesion [14, 15]. This technique is
entirely based on reflectance of oral tissue as a
result of the increased nuclear-cytoplasmic
ratio.

The examination is done in a dim lighted
room to facilitate lesion recognition. It is best to
photograph the observations made by ViziLite®
for documentation purposes. The ViziLite® kit
has (a) 1.1% acetic acid rinse; (b) capsule which
contains sodium benzoate, propylene glycol, and
alcohol base; and (c) retractor. Once activated,
the glass vial containing hydrogen peroxide
breaks and reacts with acetylsalicylic acid (aspi-
rin). The energy liberated in this reaction is
absorbed by a fluorescent dye to convert it into
white light. In the chemiluminescence system, a
light of specific wavelength is emitted from a
reaction between hydrogen peroxide and acetyl-
salicylic acid inside a light stick [16]. The reac-
tion produces blue light at the desired wavelength
for exposure of oral tissues. It involves the use of
an oral rinse of acetic acid (1%) for 1 minute fol-
lowed by examination of oral mucosa under dif-
fuse chemiluminescent low-energy blue/white
light at a wavelength of 490-510 nm. The che-
miluminescence test has an acetic acid prerinse
step to remove debris and glycoprotein coat that

limits passage of light through tissue. Acetic
acid desiccates the tissue, coagulates, and pre-
cipitates proteins on the epithelial surface. The
majority of potentially malignant disorders
(75%) were aceto-white. The theory behind this
observation is that acetic acid removes glycopro-
tein and slightly desiccates the oral mucosa.
Hence, the normal mucosa will appear blue,
while the abnormal mucosa will reflect light due
to high nuclear-cytoplasmic ratio. Furthermore,
abnormal mucosa appears more aceto-white and
brighter, with sharper and more distinct margins.
In a typical exam, the occurrence of acetowhite
staining is considered as “positive,” and the
absence of acetowhitening is considered as
“negative.”

Recently, the ViziLite® system was modified
to include toluidine blue (ViziLite Plus®-toluidine
blue system). The major disadvantage with
ViziLite® kit is that it is a single-use product. The
ViziLite Plus® kit consists of swab components
with 1% acetic acid rinse, toluidine blue, and a
decolorizer [12]. The toluidine blue in ViziLite
Plus® improves the visualization by chemilumi-
nescence. In a large patient cohort, leukoplakias
were more significantly aceto-white than erythro-
plakia [17]. In a study comparing efficacy of che-
miluminescent  light, toluidine blue and
exfoliative cytology, the chemiluminescent test
was shown to generate reliable results [18].
Several studies have shown high sensitivity with
ViziLite Plus®, although low specificity was the
main limitation [15-18]. Identification and delin-
eation of dysplasia is challenging, but potentially
malignant lesions can be easily identified. In
summary, the ViziLite Plus® chemiluminescence
system can be used as a supplementary investiga-
tion following routine oral examination to
improve identification of oral abnormalities [17].

Microlux/DL™ is a battery-operated device
with comparable efficacy to ViziLite® and
ViziLite Plus® [19]. Microlux/DL™ was shown
to enhance clinical visibility, but could not
uncover clinically invisible lesions. The overall
sensitivity and specificity were 77.8% and
70.7%, respectively [19]. Adding toluidine blue
did not increase the efficacy of Microlux/DL™
[20]. Further studies are needed on the efficacy
of Microlux/DL™.
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9.4  Multispectral Fluorescence-

Reflectance Imaging

Identafi® 3000 is the most recent of commercially
available optical devices for detection of oral
cancer. The system utilizes multispectral fluores-
cence and reflection technology to enhance visu-
alization of mucosal abnormalities. This small,
cordless, handheld device, similar to a dental
airotor, offers a three-wavelength optical illumi-
nation and visualization system. Identafi® 3000
uses white, violet, and green-amber wavelengths
of light which excite the oral tissues. Reusable
eye wear is available which enhances contrast
and visual effect and allows transmission of
reflected light. In the first stage, concentrated
white light is used for a thorough oral examina-
tion. The clinician then switches to violet to make
second observation. Violet light (405 nm) excites
oral tissues that exhibit intrinsic fluorescence.
Suspected lesions do not exhibit fluorescence and
therefore appear dark. There is sufficient evi-
dence that violet light can differentiate normal
and cancerous tissue with high sensitivity and
specificity [8, 21]. When an abnormality is sus-
pected, the clinician switches to green-amber
light (540-575 nm), which enhances the tissue’s
reflectance to allow the clinician to directly
observe the tissue vascularity [22], which can be
used to make a tentative diagnosis. In the normal
mucosa, the vasculature is clearly defined, while
malignant or OPMDs exhibit dilated and diffuse
vascular architecture that is more diffuse. This
multispectral light system gives more visual
information to the clinician, supporting decision-
making on suitable management [23].

Identafi® 3000 has been shown to exhibit high
sensitivity (82%) and specificity (87%) in differ-
entiating neoplastic from nonneoplastic tissue
[24]. The degree of vascularity observed using
the system has been shown to correlate with
expression of CD34 in histological sections [22].
Overall, 66% agreement was observed between
clinical and histological grade [22]. The increase
in vascularity was not limited to carcinomas, but
even simple leukoplakias, hyperkeratotic lesions
and lichen planus have demonstrated increased
vascularity. Patients with severe clinical (green-
amber light visualization) and histological grade

of vascularity may be kept for future follow-up,
but this consideration needs validation.

9.5 Narrow Band Imaging

Generally, endoscope-connected narrow band
imaging (NBI) systems are useful in the visualiza-
tion of the posterior oral cavity (oropharynx) not
accessible during routine oral examination. In the
past, it was applied mainly to the larynx, esopha-
gus, stomach, and colon. The extensive work of
Yang et al. [25-29] has provided foundational evi-
dence on the use of NBI in oral malignant lesions
and potentially malignant disorders and has
shown specific in vivo application [30, 31]. NBI
has been used in the identification of high-grade
dysplasia/carcinoma in oral erythroplakia [31].
Ottaviani et al., have shown that NBI can also be
used tumor angiogenesis [32]. In a more recent
meta-analysis by Zhou et al. on head and neck
cancer which included 6187 lesions, the overall
area under the summary receiver operating char-
acteristic (SROC) curve was 96.94% and for oral
and oropharyngeal cancers (1071 lesions), the
area under the SROC curve was 94.53% [33].

9.5.1 Principle

Endoscope-guided NBI enhances the visualiza-
tion of oral tissue through the magnification of
mucosal texture and vascularity. As a result, NBI
provides more information than broadband white
light images. In NBI, white light is filtered to pro-
duce two narrow bands (~30 nm) of blue and
green light (Fig. 9.2a) [34]. The blue band
(415 nm) corresponds to the Soret absorption
peak of hemoglobin, and the green band (540 nm)
supports the visualization of underlying vascula-
ture [34, 35] (Fig. 9.2b). Imaging at the blue
wavelength reveals superficial, fine vasculature,
while the green wavelength light reveals deeper
vessels with large diameter (Fig. 9.2¢). In normal
tissues, the capillaries in connective tissue below
the epithelium are visible because many regions
of the oral mucosa are free of appendages, except
for the minor salivary glands. Capillaries in the
floor of mouth, lip, and buccal mucosa are more
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prominent than capillaries at other locations like
the ventral tongue [36]. The rete pegs and connec-
tive tissue papilla are closely connected and intact,
forming uniform loops. In cancer, when the asso-
ciation between rete pegs and underlying connec-
tive tissue is lost, the homogenous arrangement of
microvasculature in tissue is disrupted. In
advanced cancers, the high growth rate of capil-
laries may be also visualized as discolored areas
or spotting of tissue. Based on the pattern of tumor
growth (inward or outward), this architecture and
organization of vessels is disturbed leading to an
irregular pattern. At the tissue level, three phe-
nomena occur in and around transformed tissue
which are detectable by NBI: (i) vascularization
due to tumor angiogenesis, (ii) vascular destruc-
tion due to uncontrolled proliferation, and (iii)
displacement of existing vasculature leading to
irregular vessel pattern or discolored appearance
of cancer tissue [36]. NBI is based on the intra-
papillary capillary loops (IPCL), and microvascu-
lar morphology detected by narrow band imaging
(NBI) can assist in diagnosis. Normal mucosa
shows regular looping in uniform pattern (Type 1),
nonneoplastic lesions show mild change in mor-
phology (Type II, Type III), and neoplastic lesions
show irregular pattern with several loop shapes
(Type II1, Type IV) [37] (Table 9.2). In NBI, the
severity of OSCC as measured by tumor size,
nodal status, TNM stage, lymphovascular or peri-
neural invasion, depth of tumor infiltration, and

Table 9.2 Comparison of IPCL patterns in suspicious
oral lesions

TypeI  Regular e Normal mucosa  Low risk
brown dots ¢ Homogenous IPCL
Type Il Dilation and  Leukoplakia pattern
crossing * Squamous
hyperplasia
Type III Elongated * High-grade High
and dysplasia risk
meandering ¢ Carcinoma in situ IPCL
Type IV Destruction * Carcinoma in pattern
and leukoplakia
angiogenesis ¢ Carcinoma in
erythroplakia

Carcinoma in
non-healing ulcers

IPCL patterns advance with increasing severity of pathology;
the destructive pattern is associated with the most advanced
carcinomas (classification of Takano et al. [37] and IPCL
correlation adapted from Yang et al. [25-29, 31, 38])

tumor differentiation was associated with specific
morphological patterns in intrapapillary micro-
vasculature, with PCL destruction from tumor
angiogenesis being associated with more
advanced disease stage [38]. Takano et al. have
demonstrated the value of NBI as a potential tool
for the detection of early cancer, and microvascu-
lar organization is a dependable biomarker of oral
cancer [37]. A narrow band image of high-grade
dysplasia and oral cancer shows increased num-
ber of tortuous, dilated, twisted, elongated, and
corkscrew vessel morphology (Fig. 9.3) [31].
Elongated, twisted, and destructive pattern are
indicators of dysplasia, carcinoma in situ, and
invasive carcinoma arising in ‘erythroplakia’ [31].

NBI is a safe, noninvasive endoscopic imag-
ing method for detailed viewing of oral cancer,
oral leukoplakia, and erythroplakia [29, 36, 37].
NBI has also been used in the identification of
squamous cell carcinoma arising in nonhealing
ulcers [36]. Furthermore, NBI is capable of eval-
uating microvascular organization and provides
clear images for simplified clinical decision-
making. Understanding the intrapapillary capil-
lary loops (IPCL) during oral carcinogenesis
could potentially enhance the clinical utility of
NBI [37, 38]. Changes in IPCL have been previ-
ously correlated with invasion depth of esopha-
geal SCC and histological atypia [39]. IPCL
patterns have also been correlated with increased
severity in leukoplakia [29]. Additionally, IPCL
was the only independent factor associated with
the occurrence of squamous cell carcinoma in
oral chronic nonhealing ulcers [36]. Some indi-
viduals with early cancer also presented with
brown coloration on NBI [36, 37]. Future studies
should continue to focus on the identification
and characterization of specific microvascular
patterns relating to different stages in the evolu-
tion of cancer and molecular parameters [34]. A
multispectral digital microscope was recently
developed which creates images in narrow band,
fluorescence, and orthogonal polarized reflec-
tance mode [35]. NBI has also been applied in
robotic-guided surgical procedures in HNSCC
for identification of margin dysplasia to obtain
safe surgical margins in anatomically challeng-
ing areas to minimize morbidity and functional
preservation of normal tissue.
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Fig. 9.3 Suspicious oral lesions under NBI light showing
different IPCL vessel patterns. (a) Dilatation, meandering
of capillaries (intramucosal cancer); (b) dilatation, mean-
dering, calibre change, nonuniformity of intrapapillary
capillary loop (intramucosal cancer); (¢) uniform small
dots in submucosally (carcinoma in situ); (d) thin capillar-

9.6 Quest for Deep Tissue

Imaging

Light-based systems exploit tissue features like
epithelial thickness, blood vessel pattern (vascu-
larity), and cellular features like nuclear-
cytoplasmic ratio to generate structural and
functional information on these tissues.
Alterations of these tissue characteristics can
therefore be exploited to differentiate normal tis-
sues from those that have undergone or are under-
going malignant transformation [23].

ies uniformly distributed between white spotted lesion
(inflammatory pathology-hyperplastic candidiasis); (e)
inflammatory base with uniformly distributed capillaries in
submucosal plane; (f) hyperkeratotic lesion (“umbrella
effect””) without surrounding mucosal changes (homoge-
nous leukoplakia) (courtesy of Rakesh Srivastava, India)

There is some contradicting evidence on the
role of light-based detection methods for oral
cancer screening [40]. The scope of optical tools
in diagnosis has increased due to their ease of
use, short image acquisition times, and lower
cost compared to traditional radiologic tech-
niques such as PET or CT. Furthermore, these
noninvasive optical imaging methods are patient-
friendly (less intimidating or claustrophobic)
and offer the ability to provide structural and
functional information in real time. Moreover,
optical imaging can be repeated frequently
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without risk of exposure to ionizing radiation or
radioactive tracers [23]. However, depth of pen-
etration is a limitation for most optical methods
(in the order of millimeters) that contributes to
inadequate visualization of subsurface layers in
tomographic sections. Increased scattering of
light with increasing depth is the primary limita-
tion of traditional ballistic optical imaging meth-
ods which restricts imaging depths to a few
millimeters. In this regard, photoacoustic imag-
ing (PAI) is a hybrid optical and ultrasound
imaging method that exploits optical properties
of tissue to provide molecular information of tis-
sue at imaging depths typically associated with
ultrasound. The following section describes the
potential of this emerging advanced optical
imaging method since it is currently not readily
available for clinical application but has strong
potential as a chairside tool in the near future.
However, it is important to remember that all
optical techniques are ultimately intended to
serve as adjuvant aids that compliment clinical
assessment.

9.7 Photoacoustic Imaging

PAI is a hybrid imaging technique that combines
optics and ultrasound (US) and is based on the
photoacoustic effect [41]. The photoacoustic
effect was first explored by Alexander Graham
Bell [42] and is a phenomenon wherein light is
absorbed by photoabsorbers within a medium
resulting in a localized thermoelastic expansion,
producing pressure waves that can be acousti-
cally detected [42]. It took 100 years to evolve as
a biomedical imaging technique (1981) based on
fundamental work by Dr. Theodore Bowen [43—
45]. However, it was not until the 1990s that PAI
was developed for imaging in tissues, pioneered
by Dr. Robert Kruger [46, 47]. Similar to conven-
tional optical techniques, PAI can detect endoge-
nous chromophores through multispectral
excitation and detection of the unique absorption
profile of each chromophore [48]. In this manner,
PAI can provide important molecular information
of tissue at clinically relevant imaging depths (on
the order of several centimeters).

9.7.1 Principle

PAI can be considered an ultrasound-based imag-
ing method with light-generated contrast. The
generation of PA signal relies on three steps
(Fig. 9.4): (1) deposition of electromagnetic
energy (EM) into the tissue being imaged, (2)
absorption of the EM energy by photoabsorbers
within tissue, and (3) thermal expansion of opti-
cal species in tissue to release pressure waves
detectable by US [48, 49]. Whereas traditional
optical imaging techniques are limited to 2-3 mm
due to relatively high scattering of light in tissue,
tissues show low acoustic scattering (1/1000
times less than optical scattering) allowing for
significantly improved imaging depths in the
order of centimeters [48].

Contrast in PAI is influenced by the optical
absorption coefficient and concentration of pho-
toabsorbers in each tissue type [50, 51]. PAI
works optimally on tissues with high optical
coefficients like blood vessels which contain
high levels of hemoglobin [52]. PAI can also be
performed at longer infrared wavelengths as it is
not as rapidly absorbed by tissue and can there-
fore penetrate deep in tissue [50]. The main opti-
cal absorbers and generators of photoacoustic
signal in tissue are hemoglobin, melanin, lipids,
and water [53]. In vivo photoacoustic signal that
returns from these endogenous species in tissue
can be used to obtain structural and functional
information including vascular hemodynamics,
hemoglobin concentration, oxygen saturation,
and tissue composition of photoabsorbers [53].
Image reconstruction allows for the localization
of photoabsorbers within tissue through time and
amplitude-based detection of PA signal. In the
majority of commercially available PAI systems,
the light source and ultrasonic detector are incor-
porated together into a single transducer for more
efficient work flow. The two most common PAI
systems utilize either a ring/bowl array where
piezoelectric elements are positioned around the
tissue being imaged or a linear array where piezo-
electric elements line the face of the image probe
[48, 49]. In the first design, generated PA signal
is detected at multiple positions around the tissue
and then back-projected to determine the original
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Fig. 9.4 Principles of
PA signal generation.
Light is pulsed into
tissue (1) where it is
absorbed by
photoabsorbers (2),
resulting in pressure
waves that can be
detected by ultrasound

3)

Photoabsorbers in tissue
(melanin, hemoglobin,
lipids, etc.)

source of the PA signal, similar to reconstruction
methods used for x-ray computed tomography
[51]. The second design functions similar to stan-
dard ultrasound where the generated PA signal is
detected by individual elements along the axis of
the probe corresponding to a specific image seg-
ment [54]. In this method, the light pulse is syn-
chronized with the image acquisition time to
allow for accurate spatial localization of the pho-
toabsorber. Photoabsorber depth is then esti-
mated by measuring the time of PA signal arrival.
While tomographic techniques can provide
greater sensitivity and resolution compared to
that of linear array techniques, linear array tech-
niques readily allow for simultaneous PAI and
US enabling structural, functional, and molecular
imaging of tissue [55-58].

9.7.2 Contrast Agents in PAI

9.7.2.1 Endogenous Contrast
Mechanisms

In oral cancer, angiogenesis and hypoxia are a
fundamental process, and their grade increases
with severity of malignancy [59, 60].
Consequently, PA-based assessment of tissue
hemoglobin and oxygenation could assist in the
diagnosis and staging of oral lesions. Early
work by Oraevsky and colleagues highlighted
the potential of PAI for detecting DMBA-
induced oral lesions in the hamster buccal

1. Pulsed Laser
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-»>

Principle of PAI

3. Ultrasonic

ﬁ Detection

2. Absorption and
Thermoelastic
Expansion

pouch carcinoma model [61, 62]. In the same
model, Fatakdawala et al. evaluated the ability
of PAI to detect both precancerous and cancer-
ous lesions within the oral cavity [63]. PAI
detected high vascular density in oral lesions
compared to normal oral mucosa associated
with increased angiogenesis. Furthermore, they
were able to detect increased accumulation of
mucin, a key component of mucus, in precan-
cerous lesions. In ex vivo thyroid tissue speci-
mens, Dogra et al. found that malignant samples
had significantly higher deoxyhemoglobin lev-
els than both benign and normal thyroid tissue
samples, indicating that the oxygenation status
of suspicious lesions can also be used to iden-
tify malignant tissues [64]. A recent study eval-
uating the ability of PAI to differentiate
malignant and benign thyroid nodules in vivo
found that malignant lesions had higher PA sig-
nals at 760, 850, 930, and 950 nm wavelengths
[65]. Multiple studies in preclinical models of
oral and head and neck cancers have also high-
lighted the potential of PAI for tumor oxygen-
ation kinetics and response to chemotherapy
and radiation [66, 67]. These studies have dem-
onstrated that PAI can be effectively utilized for
frequent and repeated assessment of tumor oxy-
genation before, during, and after radiation
therapy (RT) [67]. Recent work has also
revealed the potential of PAI based biomarkers
of oxygenation as early indicators of therapeu-
tic efficacy [67, 68].
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9.7.2.2 Exogenous Contrast Agents

While the ability of PAI to detect endogenous
chromophores is a major strength of the
technique, exogenous contrast agents can also be
utilized to enhance contrast and signal-to-noise
(SNR) in PAI [69-71]. Several classes of agents
ranging from near-infrared optical dyes such as
indocyanine green (ICG), metal or semiconduct-
ing nanoparticles such as gold or silver nanorods,
and organic nanostructures such as chimeric
polypeptide nanoparticles have been studied for
their utility as contrast agents for PAI [70]. These
agents can be administered as neat solutions
without targeting moieties to measure vascular
parameters, or with targeting ligands to visualize
molecular processes.

Recently, nanostructures prepared from gold
and silver have been used as exogenous contrast
agents for PAI [72]. The advantage of gold
nanoparticles is their strong optical absorption
due to their high cross section tuned to the optical
window (~730 nm). This minimizes PA signal
from endogenous absorption while maximizing
imaging depth [41]. These metallic nanoparticles
have a fivefold to ninefold higher optical absorp-
tion due to surface plasmon resonance (SPR), the
property by which incident light excites the outer
electrons in metals producing oscillations of con-
ducting electrons [73]. SPR structures used for
PAI include gold nanoclusters, gold nanospheres,

gold nanorods, gold nanoshells, gold cages, and
silver nanoplates [72]. Injection and accumula-
tion of these agents in tumors produces increased
PA signal associated with tumor angiogenesis
and vascular perfusion [73]. Consequently, these
agents have been used for selective identification
of tumors from non-tumor tissue [74] and to
assess temporal and spatial changes in PA signal
corresponding to areas of high vascular perfusion
[75]. In head and neck tumor models, PAI has
been shown to detect differential uptake of EGFR
and human epidermal growth factor receptor 2
(HER2) targeted gold nanorods, highlighting the
potential of PAI for molecular profiling of tumors
and treatment planning of OSCC patients [76]. In
addition to standard PEGylated metallic nanopar-
ticles, silica coated hybrid particles show stable
and improved PAI signal [77, 78]. A threefold
enhancement in PA signal was seen in silica-
coated gold rods [78]. However, biodegradable
nanoparticles are preferable as metallic particles
pose risk of toxicity due to accumulation.

PAI studies have also utilized NIR absorbing
dyes (methylene blue, indocyanine green) to
enhance PAI contrast as they are inexpensive,
widely available, and approved for clinical use
(Figs. 9.5 and 9.6) [76]. Their structure is typi-
cally comprised of a series of conjugated double
bonds in ring system which lowers the energy
necessary for excitation [77]. The two US Food

Ultrasound

Photoacoustic Imaging (800 nm)

B-mode

Pre-ICG

Post-ICG

Fig. 9.5 Enhancement of photoacoustic imaging signal
using an exogenous dye. (Left) B-mode ultrasound image
shows presence of subcutaneous patient derived head and
neck tumor xenograft (white outline) grown in a severe
combined immunodeficient mouse. (Right) Photoacoustic

signal intensity maps (800 nm) acquired before and
immediately following injection of 2 mM indocyanine
green (ICG) dye (200 pl). Following injection, vascular-
ized areas show a noticeable increase in photoacoustic
signal (areas of red)
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Axial Plane

Pre-MB

Post-MB

Fig. 9.6 Photoacoustic lymphangiography of a draining
lymph node in a New Zealand white rabbit. (Left)
Photoacoustic signal intensity maps (680 nm) of the parotid
lymph nodes before and immediately following injection of
1% methylene blue (MB) dye in the rabbit ear. (Middle)

and Drug Administration-approved dyes, indo-
cyanine green (ICG) and methylene blue, can
also serve as effective contrast agents for PAI of
tumors and tumor-draining lymph nodes
(Fig. 9.6). Studies have demonstrated the poten-
tial of PA-guided tumor lymphangiography for
mapping of sentinel lymph nodes [79, 80].
Porphyrins are also organic compounds that are
highly tunable and have intense absorptive prop-
erties allowing for PAI [81]. Using porphyrin
nanoparticles, Muhanna and colleagues used PAI
prior to photothermal therapy to measure the
drug uptake levels in the VX2 carcinoma model
of invasive OSCC, showing that PAI can be used
to guide cancer therapies to improve treatment
efficacy [82]. Targeting moieties have also been
added to optical dyes to increase their tumor
specificity and to identify molecular processes.
Using a novel caspase-9 near-infrared PAI probe,
Yang et al. were able to detect increased contrast
uptake in tumors 24 h after treatment with cispla-
tin [83].

Luke et al. used PAI to detect metastatic cervi-
cal lymph nodes in mice bearing FaDu tumors of
the tongue, by measuring the uptake of EGFR-
targeted molecularly activated plasmonic nano-
sensors following peritumoral injection [84].

Post-MB MIP

Ex-vivo Node
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(
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~
P

Maximum intensity projection (MIP) showing the draining
lymph vessel tract and accumulated dye in the parotid
lymph node (red arrow). (Right) Ex vivo white light image
of the rabbit parotid gland removed following imaging
shows dye accumulating in the node (white circle)

Importantly, their method provided a sensitivity
and specificity of 100% and 87.5% compared to
50% and 87% of current PET methods. The abil-
ity of PAI to detect metastatic lesions was also
assessed using a VX2 carcinoma large animal
model of invasive OSCC, where dual PA and
fluorescent nanoparticles were injected into the
peritumoral space and used to guide surgical
resection of tumor-draining lymph nodes [85].
Luke et al. also showed that it was possible to
detect metastatic nodes without the need for
exogenous contrast as metastatic lymph nodes
had significantly lower %sO, levels than healthy
nodes, although their sensitivity and specificity
was reduced to 71% and 83%, respectively [86].
This is a considerable advantage over conven-
tional lymphangiography methods as it would
not require the administration of exogenous
agents for the detection of sentinel lymph nodes.

In summary, PAI has the potential to become a
simple dental chairside or bedside imaging tool
for the diagnosis and staging of oral cancer. The
development of compact PAI systems with co-
registered US could facilitate widespread clinical
utilization of this promising imaging modality.
Enhancing PAI signal using exogenous agents
can significantly improve PAIs’ ability to detect
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and characterize oral lesions and could have a
role for treatment planning and therapeutic
response monitoring.

Conclusion

Optical imaging methods can probe the tissue
architectural, cellular, biochemical, and meta-
bolic landscape in oral cancer. Given their
ease of use, a number of optical imaging
methods have been studied for clinical appli-
cations in oral oncology. Tissue architectural
changes in precancerous and cancerous tis-
sues affect their optical properties and can be
visualized using autofluorescence, chemilu-
minescence, multispectral fluorescence, and
narrow band imaging methods. Optical and
optoacoustic imaging methods using exoge-
nously administered optical contrast agents
for cancer diagnosis have also shown promise.
Combined or multimodal application of these
optical techniques can improve their diagnos-
tic utility. However, the optical imaging meth-
ods can only serve as adjuvant tools. The
findings from using these aids should always
be interpreted in the context of clinical exami-
nation and are often useful when performed
by skilled and experienced clinicians. Future
developments in hardware and improved algo-
rithms could improve their overall diagnostic
power and enable creation of cheap, easy-to-
use, and reliable tools for in vivo visualization
of oral cancer and precancer.
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Abstract

Colposcope is a diagnostic tool frequently
used in the practice of gynecology.
Colposcopic examination is a painless proce-
dure that is less time consuming and requires
no anesthesia. The studies of this decade and
a few from the previous one have shed light
on the use of colposcopy in oral potentially
malignant disorders and oral cancers. Cervical
colposcopy is also associated with a few
adverse outcomes which are not known to
occur in oral colposcopy (direct oral micros-
copy) and the procedure does not vary much
when applied to the oral mucosa. The col-
poscopic impression is mainly based on
changes in the characteristics such as blood
vessel caliber and pattern, spacing between
capillaries, margins, color, and contour; how-
ever, for oral esions, the most important
changes of value are the changes in vascular
pattern. Direct oral miscroscopy is especially
important in the selection of biopsy site. In
this chapter a colposcopist and a stomatolo-
gist worked at the intersection to offer a basic
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knowledge of colposcopy practice in the
arena it is routinely used, with a summary of
the studies on oral oncology.

10.1 Introduction

Colposcopy is a diagnostic procedure developed
in 1925 by H. Hinselmann, Director of the
Gynecological Clinic of the University of
Hamburg, Germany, for examining the uterine
cervix and vagina in vivo, using a binocular mag-
nification system with various magnification
lenses and a light source. The word “colposcope”
is derived from the ancient Greek word colpos
which means “vagina.” This procedure, con-
ceived for the early detection of the pathological
conditions of the cervix, is considered worldwide
the most studied method for detection of early
cervical neoplasia [1, 2].

The aim of colposcopy is to detect preneoplas-
tic and neoplastic changes by analyzing the char-
acteristics of the abnormal tissues such as (a)
color, (b) morphology, (c) size, and (d) topogra-
phy [3-5]. Comparison of these characteristics
with established disease patterns allows the clini-
cian to detect lesions and identify abnormal areas
which may require a biopsy. Colposcopy is there-
fore an irreplaceable guidance exploration for
pathology of the epithelium, be it cervical mucosa
or oral mucosa. In the most recent times, colpos-
copy has been applied for oral cancers and oral
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potentially malignant disoders (OPMDs) by
many authors. In this chapter we sequentially dis-
cuss on colposcopy system, tissue basis of cervi-
cal colposcopy, and its potential applications in
oral oncology.

10.1.1 The Colposcope

The colposcope is basically a magnifying system
with a powerful light source and consists of three
main parts (Fig. 10.1).

10.1.1.1 Binocular Magnification

System
The colposcope consists of a binocular micro-
scope with different magnifications ranging from
5% to 40x. The lowest magnifications give a view
of the whole cervix and vagina and allow the

Fig. 10.1 The colposcope consists of a binocular micro-
scope with different magnifications ranging from 5x to
40x. (a). Cold light sources such as fiber optic lighting or
LED offer brighten illumination and clearness of the
images that are essential for taking photographs or videos
(b). The optical system is mounted on a mobile support
that allows displacement of the microscope in the vertical
and horizontal directions in order to facilitate visual
inspection (c¢)

localization of the areas of interest. 6x to 12x
times are the magnifications most frequently
used for starting the procedure. Magnifications
higher than 20x reduce the field of view and the
depth of focus and are usually required to assess
the microscopic details, particularly the vessels’
size and shape. The objective lenses affect the
focal length (distance between the lenses and the
tissue surface); the most favorable focal distance
is 300 mm. This consents an optimal working
distance and maneuvering of the instruments
without interfering with vision. A green filter,
which absorbs certain wavelengths, enhances the
finer details of the vascular pattern of the target
epithelium.

10.1.1.2 Light Source

Cold light sources such as fiber optic lighting or
LED (light-emitting diode) offer brighter illumi-
nation and clearness of the images that are essen-
tial for taking photographs or videos.

10.1.1.3 Articulated and Movable
Support

The optical system is mounted on a mobile sup-

port that allows displacement of the microscope

in the vertical and horizontal directions in order

to facilitate visual inspection.

10.1.2 Histological Basis of Cervical
Colposcopy

As mentioned before, the instrument was devel-
oped for detecting cervical diseases; therefore, it
is essential to briefly mention about the epithe-
lium lining of the cervix. Three different epithelia
are present in the uterine cervix [6-8]:
Squamous epithelium: Original squamous
epithelium originates from the vaginal plate of
the urogenital sinus, derived from Wolffian
ducts, and starts at the Hart’s line between the
labia minora and the vaginal introitus which
marks vulvar vestibule. It is characterized by
several layers of squamous, glycogenated cells.
The vaginal plate migrates upward to cover the
uterine cervix and meets the columnar
Miillerian epithelium which coats the endocer-


https://en.wikipedia.org/wiki/Labia_minora
https://en.wikipedia.org/wiki/Vagina

10 Colposcopy: A Direct Oral Microscopy for Oral Cancer and Precancer

207

vical canal. Under the squamous epithelium,
there is a basal, flat capillary network with very
thin vertical terminal vessels, usually ending in
a small ring.

Columnar epithelium: The columnar epithe-
lium, originated from the Miillerian ducts, is
characterized by a single layer of tall mucus-
secreting cells which lines the endocervix. They
are arranged in folding clefts with typical grape-
like stromal villi, giving a papillary appearance.
The papillae, characterized by stromal tissue with
a capillary vascular axis and lined by columnar
cells, often cover part of the ectocervix. The
place where the two epithelia meet is named
squamous-columnar junction (SCJ). The SCIJ
seat changes during the life of a woman: during
childhood, it is located into the endocervix, and
after hormonal crisis, it usually moves outside of
the external os (EO), while in postmenopausal
women, there is a retraction of the glandular
mucosa in the endocervical canal.

Metaplastic squamous epithelium. At the
SCJ, there is a continuous realignment process
corresponding to the progression of squamous
epithelium and the regression of glandular ele-
ments. The papillary glandular epithelium is
replaced by cells transformed from columnar
to squamous epithelium. This process is
known as “metaplasia” and leads to the forma-
tion of a new squamous epithelium analogous
to the original. The progression from glandu-
lar to squamous epithelium starts from subcy-
lindrical immature cells or reserve cells
located beneath the columnar cells. These
cells, round or cuboidal with a large dense
nucleus, are converted into squamous cells. As
metaplasia progresses, the reserve cells prolif-
erate and gain more cytoplasm, the nuclei
decrease in size, and cell layers increase.
Maturation and gradual differentiation lead to
the development of a newly formed squamous
epithelium, analogous to the original one
[4,5,7].

10.1.2.1 The Transformation Zone

The area where columnar epithelium is replaced
by a new squamous epithelium is named “trans-
formation zone” (TZ). This zone is of particular

Fig. 10.2 This acetowhite lesion has peripheral flat,
irregular, scalloped margins. This is a biopsy proven grade
1 cervical intraepithelial neoplasia and can serve as a
model to understand early color changes in oral cancer

interest to the colposcopist, because this is the
area where neoplasia can develop. In fact the TZ
may be normal (NTZ) when there are no fea-
tures of atypical transformation or abnormal
(ATZ) when there is an evidence of dysplastic
changes. Actually during the early stages of
metaplasia, the epithelium still immature and
undifferentiated may be particularly sensitive to
mutagenic factors such as the integration of the
DNA of human papillomavirus (HPV) and over-
expression of viral oncogenes which alter the
genomic structure leading to clonal expansion
of undifferentiated cells with abnormalities and
an increased risk of neoplastic transformation
(Fig. 10.2). Abnormal cells show changes in
shape and size of the cytoplasm, increased
nuclear volume with hyperchromasia and irreg-
ular thickening of the nuclear membrane associ-
ated with an alteration of the distribution of
chromatin. It will therefore be a squamous epi-
thelium  with  dysplastic  cytohistological
structure.

10.1.3 Tissue Basis of Colposcopy

Colposcopy uses an external light source to illu-
minate the surface of the cervix which reflects
the incident white light. The surface color
depends on characteristics of the epithelium and
underlying superficial capillaries. Beneath the
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squamous epithelium, there are two different
vascular networks: basal capillaries and terminal
vessels; these end in a small loop just beneath
the basal membrane. The multilayered thick nor-
mal epithelium acts as a barrier, absorbing and
reflecting part of the incident light while the
remaining is reflected by the stromal vessels;
therefore the colposcopic effect is a pink color-
ation. On the other hand, the glandular epithe-
lium is formed by a single layer of columnar
cells, and the incident light is totally reflected by
the superficial vessels bestowing a red coloration
[7-10].

In the vagina, there is no transformation zone,
except in a few women with congenital vaginal
adenosis; the normal vaginal epithelium is squa-
mous, quite similar to the epithelium lining the
oral cavity, and the colposcopic appearance is
analogous to that observed in the native squa-
mous epithelium of the cervix.

10.1.4 Steps of Colposcopic
Examination

The first step of colposcopy is a direct inspec-
tion, to assess the shape and size of the cervix. It
is advisable to wet the epithelium with normal
saline solution which makes transparent the sur-
face, and the squamous epithelium is seen as a
translucent smooth epithelium with a pink color.
In case of eversion on the ectocervix of glandular
epithelium, a dark red area is observed with a
villous, papillary appearance, in contrast to the
smooth pink surface of the squamous
epithelium.

During this phase, it is important to observe
the vessel network using a green filter to enhance
the contrast of the blood capillaries. Using a high
magnification (20x), two types of vessels are vis-
ible: (a) reticular network or (b) hairpin-shaped
capillaries. While the former have a horizontal
direction, the latter ascend vertically from the
reticular pattern and appear as small loops on the
epithelial surface. Intercapillary distance in
normal epithelium is <350 p, while a distance
>350 p may indicate new angiogenesis in the
dysplastic areas [7].

The second step is the application of 5% ace-
tic acid solution. Within 30-60 s, a contrast
between normal epithelium, which remains unal-
tered, and abnormal epithelium, which becomes
white, is seen. It is important to note the intensity,
the duration, and the time of disappearance of the
acetic reaction because it is related to the severity
of the lesion. The effect is transient and is lost in
20 s to 2 min, depending on the number of cells,
the amount of cytoplasm, and the nuclear density.
The acetic acid application produces a reversible
agglutination of nuclear proteins, cytokeratin
skeleton, and cytoplasmic dehydration. As in the
dysplastic cells, there is a high protein concentra-
tion, the light is not reflected by the vascular
stroma but by the epithelial surface, and a white
reaction in dysplastic areas appears (Fig. 10.3).

The third step is painting the epithelial sur-
face with Lugol’s iodine solution. The normal tis-
sue appears dark mahogany brown, indicating
that glycogen is present in the superficial layers
of normal squamous cells, while absent staining
indicates a non-glycogenated state, typical of the
abnormal epithelium which, in turn, appears
yellow pale, mustard, or nonstained. Because
glandular columnar cells containing mucin and
the normal metaplastic epithelium also lacks of
glycogen, the iodine application should be used
to confirm the findings that result from acetic
acid application.

10.1.5 Abnormal Colposcopic
Patterns

The colposcopic diagnosis of cervical neoplasia
is based on the recognition of five main aspects
of the acetowhite reaction: (a) color intensity, (b)
margins, (c) surface, (d) vascular features, of the
white areas, and (e) color change after Lugol
application:

1. Color intensity: The appearance of well-
defined, white opaque, and dense areas is the
most significant and frequent colposcopic fea-
ture indicating cervical intraepithelial neopla-
sia. The degree of uptake of acetic solution
correlates with the degree of the lesion. High-
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Fig. 10.3 The surface color depends on characteristics of
the epithelium and underlying superficial capillaries.
Beneath the squamous epithelium, there are networks of
fine capillaries; the multilayered thick squamous epithe-
lium acts as a barrier, absorbing and reflecting part of the
incident light, while the remaining is reflected by the stro-
mal vessels; therefore the colposcopic effect is a pink col-

grade dysplastic areas turn dense white, dull, or
oyster gray rapidly, indicating a thickened epi-
thelium and a marked increase of nuclear activ-
ity. On the other hand, mild dysplastic zones
have a thin, pale, scalloped, or @feathered
withe aspect. Not all severe preinvasive lesions
exhibit abnormal vessels due to the thickness of
the epithelium which doesn’t permit the obser-
vation of the underlying vascular network.

2. Margins: The line of demarcation between
normal and abnormal epithelium is sharp and
well defined. High-grade lesions have distinct,
well-demarcated margins frequently showing
raised and rolled borders.

3. Surface: The surface of preinvasive lesions is
less velvety and smooth of normal squamous
epithelium; irregular, uneven, or nodular
roughness areas are usually seen on the super-
ficial epithelial layers, related to irregular cell
proliferation.

oration (left side). The acetic acid application produces a
reversible agglutination of nuclear proteins, cytokeratin
skeleton and cytoplasmic dehydration. As in the dysplas-
tic cells, there is a high protein concentration, the light is
not reflected by the vascular stroma but by the epithelial
surface, and a white reaction in dysplastic areas appears
(right side)

4. Vascular features: Not all severe preinvasive
lesions exhibit abnormal vessels because of
the thick epithelium. When observed,
abnormal vascular network shows the charac-
teristic patterns of (a) punctation, (b) mosa-
icism, and (c) atypical vessels.

(a) Punctation: The stromal terminating ves-
sels, compressed by blocks of undiffer-
entiated cells, appear as red points or
dots, irregular in shape and size, in a
dense acetowhite areas, making what are
described in colposcopy as punctuate
areas or punctation. As the grade of dys-
plasia increases, the caliber of the vessels
increases as well as the intercapillary dis-
tance, and the pattern appears coarse
(Fig. 10.4).

Mosaic: In this feature the atypical ves-

sels, running parallel to the surface, encir-

cle the blocks of pathological epithelium

(b)
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and appear as a cobblestone or mosaic
pattern; the capillaries have an irregular
branching, caliber, and course. Coarse
punctation and mosaics are seen in severe
dysplastic areas and sometimes may occur
together (Fig. 10.5).

(c) Atypical vessels: Atypical vessels display
irregular and abrupt changes in direction,
appearing and disappearing suddenly with
bizarre patterns such as corkscrew, tad-
pole, hairpin, or comma form. This fea-

Fig. 10.4 This vascular feature represents often a neo-
vascularization due to angiogenic factors in case of early
invasion

Fig. 10.5 A high-grade (grade 3) cervical intraepithelial
neoplasia showing mosaic pattern

ture is  frequently observed in
microinvasive or invasive disease and will
be described in detail.

5. Color change after Lugol application: After
examining the cervix with 5% acetic acid,
Lugol’s solution is applied to the epithelial
surface. The principle of iodine staining, also
named Schiller’s test, is that mature squamous
epithelium is glycogenated, whereas intraepi-
thelial and invasive cancer contains little or no
glycogen. Thus neoplastic epithelium does
not stain dark brown but appears yellow pale
or yellow mustard or nonstained.

10.1.6 Colposcopy of Microinvasive
and Invasive Carcinoma

As the tumor invasion advances, infiltrating fin-
gerlike projections or confluent growth pattern
invades the connective tissue with diffuse stromal
reaction, lymphocytic infiltration, edema, and
necrosis; these tissue modifications decrease the
acetowhite reaction determining a grayish-white
or yellow-hued color suggesting a tissue degen-
eration and a deeper invasion. Exophytic nodular
pattern or bleeding ulcerations as well as atypical
vessels are the most specific and frequent fea-
tures; vessels are two to ten times wider than nor-
mal and irregular in shape and course (Fig. 10.6).

Fig. 10.6 Microinvasive lesions present elevated and
sharply demarcated margins and capillaries 2 to 10 times
wider than normal with irregularity in shape and course
may be revealed (from S. Costa, K Syrjanen. Gestione
delle Pazienti con Pap test anormale, Athena Ed., Modena,
2005. Courtesy of Editor)
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Vascular changes occur due to angiogenetic pro-
cesses with engorged, thin-walled capillaries
with sudden changes in caliber, appearing and
disappearing abruptly bizarre patterns such as
“corkscrew, tadpole, or comma” form; irregular
and increased intercapillary distance >350 p are
the hallmark of invasion [11].

Colposcopy is a critical step in detecting
abnormal changes in color and morphology of
cervical mucosa. Comparison of these features
with established patterns of disease allows clas-
sification of observed lesions and identifying
abnormal areas that warrant biopsy [12—14].

10.2 Emergence of Direct-Oral
Microscopy

Oral squamous cell carcinoma (OSCC) accounts
to more than 90% of all oral cancers [15]. In a
recent report based on 2012 data, it was shown
that south central Asia contributed to 48.7% of
world oral cancer burden [16]. About two- third
of these patients already have an advanced dis-
ease at the time of diagnosis; and for this reason,
diagnostic aids have been developed. There are
numerous methods developed to facilitate identi-
fication of early oral cancers, which include con-
ventional examination of high-risk sites, vital
staining including toluidine blue, exfoliative
cytology, and other light-based detection strate-
gies like white light florescence imaging, optical
coherence tomography, photoacoustic imaging
etc. All these methods have an essential limita-
tion, the high risk of false positives and false
negatives. Moreover, in a recent meta-analysis
report on some of the early detection strategies
none, atleast in the present condition , could be
considered as having true potential for early
screening [17, 18]. In a randomized controlled
trial by Fedele et al., screening using visual
examination of the oral mucosa under normal
light was effective in reducing mortality [19].
Visual examination under white light is a poten-
tial method. Although colposcopy or direct oral
microscopy is a light-based detection system that

uses simple white light its results are superior to
conventional oral examination because of the
additional maginification system and the green
filter accesory. Changes in surface pattern, color
tone, opacity, and clarity of demarcation are more
easily seen with microscopy when compared to
routine clinical examination. The green filter can
further aid in the potential visualization and
delineation of signature capillary patterns similar
to narrow band imaging.

Although colposcopy represents a technique
primarily used in the examination of cervix and
the tissues of the vagina, many recent studies
have shed light on its use in oral oncology
(Table 10.1). The intraoral application of colpos-
copy was initiated as early as 1989 when
L’Estrange P et al. used “contact microcolpohys-
teroscope” for examining the surface topography
of the hard and soft tissues of the oral cavity [20].
They recommended for the first time that colpos-
copy can become a promising and a noninvasive
method for oral lesions and have mentioned a few
modifications for its oral use. The first compre-
hensive clinical study on the oral application was
conducted in 2000 by Gynther et al. [21]. Gynther
et al. studied 35 patients with various OPMDs
and suspected oral lesions. Different grading and
scoring systems have been devised for col-
poscopic examination. One of the most fre-
quently used criteria is the Reid’s index (87%
accuracy) [22, 23] (Table 10.2). Reid’s index is a
scoring system helpful in predicting the severity
of premalignant cervical lesions. This same crite-
rion may also be applied for direct oral micros-
copy. The staining procedure in direct oral
microscopy remains the same as in cervical
colposcopy.

Although cervical colposcopy is a routinely
performed and appears as a relatively noninva-
sive procedure, it is associated with a few long-
term adverse outcomes. They include adverse
obstetric outcomes, persisting anxiety, increased
rates of sexual dysfunction, and reduced quality
of life [24]. Direct oral microscopy on the other
hand is not associated with any disturbing
outcomes.
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Table 10.1 Summary of studies on direct oral microscopy in oral oncology

Intraoral applications of contact microcolpohysteroscopy were discussed [20]
Direct oral microscopy (DOM) guided biopsies identified advanced
histological signs [21]. Two biopsies were taken from each of the 35 patients,
1 through clinical examination and the second through DOM. According to
colposcopic criteria, 29 patients (83%) showed changes in vascular pattern on
DOM. In 14 patients (40%), biopsy sites identified by DOM showed more
advanced histologic signs than those selected by routine clinical examination.
Four patients (11%) had advanced histologic signs in biopsy samples, as
identified during routine clinical examination. In 17 patients (49%), they
found no differences between the biopsy specimens

In 26 patients (52%), the biopsy specimens selected through DOM appeared to
be more representative of histologic findings than those selected with routine
clinical examination. Thirty-nine patients (78%) showed changes in the vascular
picture on DOM. Twenty of these had punctation vessels, 7 had mosaic vessels,

Reported a standard picture of healthy oral mucosae by DOM [35]. Network
capillaries were noticed in 36.7% patients and hairpin capillaries in 63.3%
patients. Healthy oral mucosae presented in pale-rosy (26.7%) to rosy
(73.3%) coloration. DOM revealed subclinical lesions in 9 patients, who
showed subepithelial punctation and mosaic capillaries. In 6 of those cases,
signs of dysplasia were detected; and in all 9 except for a change in vascular
pattern, all other parameters were as per established standard

DOM picture of 30 erosive OLP (a OPMD) was described [25]. Biopsies
obtained through DOM revealed dysplasia in 16 patients (53.3%), and biopsies
through clinical examination revealed dysplasia in 3 cases (10%)

Study was conducted on a large sample of 180 patients (100 leukoplakia and 80
carcinoma-buccal mucosa) to assess Colposcopic examination in selection of
biopsy site [26]. The sensitivity and specificity in selection of biopsy site by
colposcopic examination was found to be higher for leukoplakia than for
carcinoma-buccal mucosa [26]. DOM may be more reliable for selection of
biopsy site in larger, suspicious oral lesions like leukoplakia and for carcinomas

DOM was examined in the context of margin-status around invasive oral
squamous cell carcinoma. Biopsies from areas indicated by DOM revealed
dysplasia in 86.7% patients and, biopsies from areas indicated by clinical
examination revealed dysplasia in 40% patients, pointing at the possible
application of DOM in mucosal margin estimation [27]

Investigator Year Main findings
Hans Hinselmann 1925 Colposcope introduced
L’Estrange et al. 1989
Gynther et al. 2000
Shetty et al. 2011

and 12 had atypical vessels [34]
Drogoszewskaetal. 2013

2014

Nayyar et al. 2014

clinical examination was found as appropriate
Chomik et al. 2015
Ujwala et al. 2016

Reported a sensitivity of 71%, specificity of 91% and a positive predictive
value of 91% for the colposcopic screening test compared to histology. There
work included a wide spectrum of OPMDs covering

oral submucous fibrosis, leukoplakia, lichen planus, and suspected
malignancies [28]

10.2.1 Direct Oral Microscopy-
Guided Biopsies

The biopsy site chosen during routine clinical
examination is a function of the clinician’s expe-
rience, and as of now there is no standard method
for selecting it. In a preliminary study [21] con-
ducted on 35 patients with leukoplakia, oral
lichenoid lesions, and suspected malignancy, 29

patients (83%) showed changes in the vascular
picture direct oral microscopy (DOM) DOM-
guided biopsies identified advanced histological
signs in 14 patients (40%), and clinical examina-
tion revealed advanced histologic signs in the
biopsy samples in only four patients (11%).
There were significant differences between both
methods DOM of OPMDs seems to have signifi-
cant impact in selecting more representative sites
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Table 10.2 A schematic diagram showing the parameters that influence the overall score on modified Reid’s col-

poscopic index

Colposcopic sign  Zero point

One point

Two points

Margin Flat margins, indistinct borders, Sharp non-elevated  Prominent straight, rolled margins,
geographic or scalloped borders, straight internal borders between areas of
margins, satellite lesions margins different whitening

Color Transparent acetowhite, pale Shiny white, opaque Gray white, oyster gray
acetowhite, snow white white

Surface Flat, smooth Wrinkled Rough, jagged, nodular

Vessels Fine caliber, regular distribution, Absence of Irregular-coarse punctation or mosaic

tiny capillaries loop, ill-defined
areas with fine punctation or

superficial vessel

Compressed or dilated vessels, abrupt
changes in direction

mosaic Bizarre, irregular caliber

Iodine staining Uniform uptaking with Partial or irregular ~ Yellow-mustard
mahogany color uptaking

Total score Interpretation

0-2 Normal or CIN1

3-5 CIN1 or CIN2

6-8 CIN2 or CIN3

9-10 CIN3-invasion

A low score implies less serious disease, and a high score indicates a high-grade lesion or early invasive carcinoma

for biopsy than routine clinical examination. In
another study in 2014 DOM was used by
Drogoszewska et al. to describe the in vivo pic-
ture of erosive oral lichen planus (OLP), another
potential OPMD. The unique signature in terms
of pattern, density of subepithelial blood vessels,
surface texture, color, transparency, and borders
of the lesions was taken into consideration [25].
The biopsies obtained using DOM revealed
dysplasia in 16 patients (53.3%), and the biopsies
obtained through conventional oral examination
revealed dysplasia in only three cases (10%).
DOM is superior to routine clinical examination,
at least with regard to erosive OLP [25]. Using
DOM directed biopsies, it is possible to sample
with high degree of accuracy the most advanced
histopathological changes.

A study was conducted by Nayyar et al. on
180 patients (100 leukoplakia and 80 carcinoma
of buccal mucosa) to assess the role of DOM in
the selection of biopsy site [26]. The sensitivity
and specificity for the selection of biopsy site
by DOM were found to be higher for leukopla-
kia than for carcinoma buccal mucosa [26]. For
carcinoma cases, clinical examination was
found to be more appropriate. We can under-
stand by the results of their study that for select-
ing biopsy site in frank carcinomas, the clinician
can rely on COE, but for selection of biopsy

site in larger, suspicious oral lesions like leuko-
plakia, DOM may be of value. The altered
vascular patterns are used for selecting more
representative sites for biopsy of suspected oral
cancer [21, 25, 26].

In 2015, Chomik et al. [27] have researched
the subject of DOM in the context of margin
status around invasive oral squamous cell carci-
noma. Biopsies from areas indicated by DOM
revealed dysplasia in 86.7% patients, and biop-
sies from areas indicated by clinical examina-
tion revealed dysplasia in 40% patients,
pointing at the possible application in study of
margin status [27].

In 2016, Ujwala et al. [28] conducted a study
on 90 subjects composed 30 cases of oral sub-
mucous fibrosis, 20 cases each of hyperkera-
totic lesions including homogeneous and
nonhomogeneous leukoplakias and 20 oral
lichen planus and 20 cases of histopathologi-
cally proven oral squamous cell carcinoma. As
compared to histological diagnosis, colposcopic
screening test has shown a sensitivity of 71% ,
specificity of 91% and positive predictive value
of 91% [28]. Another advantage of direct-oral-
microscopy is that the extent of the lesions can
be visualized providing additional clarity of the
overall lesion size and to improve decision
making on the most representative biopsy site.
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10.2.2 Tumor Angiogenesis: A Basis
for Direct Oral Microscopy

The capillary changes in neovascularization pro-
cess that occurs during repair and regeneration is
different from tumor angiogenesis seen in cancer,
which is more chaotic. Tumor angiogenesis is a
process of formation of new microvessels from
the preexisting vasculature in response to angio-
genic-vascular growth factors which are produced
in response to tumor associated hypoxia. Tumors
cannot grow more than 1-2 mm? in volume,
unless they synthesize this network of new vessels
[29]. Vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), and transforming
growth factor alpha (TGF-a) are responsible for
the new capillaries. The mean vessel density
(MVD) which is responsible for the various pat-
terns at the fundamental-tissue level differs little
between normal mucosa and dysplasia, but swiftly
increases with increasing tumor size and stage of
invasion [29-31]. Mast cells are also known to
promote angiogenesis [32], and the degree of
angiogenesis (scored through Immuno-Histo-
Chemistry) can be considered as a definitive indi-
cator of evolution of SCC from epithelial dysplasia
[31-33]. Direct optical visualization of these
vascular patterns would therefore be helpful in the
early detection. As explained in the previous sec-
tions, Moreover in the technique of DOM the
visualization of subepithelial mucosal vessels is
facilitated by the application of a green filter to
the light source which enhances the contrast
between vessels and surrounding tissues.

There is a strong relation between tumor pro-
gression and vascularity. The transition from nor-
mal to dysplastic and neoplastic tissue in the oral
mucosa is accompanied by quantitative or quali-
tative changes in the vascularity of the tissue; and
the most frequent antibodies used are aganist von
Willebrand Factor (vWF) and CD31, or alpha v
beta 3 integrin (markers of neo-angiogenesis)
[33]. Pazouki et al. concluded that an analysis of
microvascular volume is more informative than
microvascular density [33].

Shetty et al. [34] conducted a study (n=50
lesions) on the relevance of tumor angiogenesis
patterns as a diagnostic and prognostic indicator

in OPMD and cancer. For selecting biopsy sites in
the oral cavity, they used established colposcopic
criteria for vascular features. In 26 patients (52%),
the biopsy specimens selected with direct oral
microscopy appeared to be more representative of
histologic findings than those selected with rou-
tine clinical examination. Thirty-nine of the
patients (78%) showed changes in the vascular
picture. Twenty of them had punctation vessels, 7
had mosaic vessels, and 12 had atypical vessels.

In a recent study by Ottaviani et al. [35] 50
mice were included that were treated with a
chemical carcinogen to induce both dysplastic
and neoplastic oral lesions, along with a clinical
sample of 91 patients with suspicious premalig-
nant and malignant oral lesions. The images of
experimental animals and lesions in patients were
imaged using both white light (using digital cam-
era) and Narrow Band Imaging prior to biopsy
and two raters examined and classified the
lesions, which were later compared to histologi-
cal diagnosis. In this investigation narrow band
imaging was found to be a more accurate method.
In this context we emphasize that the basic for-
mat of both narrow band imaging and colposcopy
which uses the green filter is nearly same, and
even the colposcopic criteria for malignancy
overlap very closely with the NBI criteria for
malignant (Type III-IV IPCL pattern) and both
are fundamentally depend on the derailed vessel
patterns [35]. The additional feature of DOM is
the use of criteria for contour and surface which
are particularly important in the context of
OPMDs since they are often diffuse and wide
lesions, which cause confusion about the appro-
prite biopsy site. In normal tissues the blood ves-
sels are more defined and regular and in the
malignant tissues they are chaotic.

10.2.3 A Summary of Standard Direct
Oral Microscopy Findings - In
Health and Malignancy

The standard DOM picture of healthy oral mucosa
comes from the study conducted by Drogoszewska
et al. [36]. They found network capillaries in
36.7% patients and hairpin capillaries in 63.3%
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patients. Healthy oral mucosae presented a range
of colors from pale rosy (26.7%) to rosy (73.3%)
by DOM. Also subclinical lesions were revealed in
nine patients; they mainly showed subepithelial
punctation and mosaic capillaries. In six of those
cases, signs of dysplasia were detected. In all nine
patients, except for a change in vascular pattern,
all other parameters were not any different from
the established standard.

Healthy oral mucosae are pink (pale rosy to
rosy), moist, glossy and smooth with non-folded
surface and demonstrates fine and regularly -red
subepithelial vessels. It mainly shows two types of
capillaries: hairpin and network capillaries.
Subepithelial blood vessels are more clearly visi-
ble in the buccal mucosa region. When the mucosa
is thin, blood vessels can be seen through the epi-
thelium even without the aid of a green filter. In
dysplasia and carcinoma in situ, punctation and
mosaic vessels are common. Punctation and
mosaic vessels are usually seen in sharply demar-
cated areas. When the pattern is difficult to
describe, the term “‘atypical vessels” is used.
Capillary punctation, mosaic, or atypical patterns
are encountered in oral malignant lesions.
Therefore, the presence of one of these patterns
indicates the need for biopsy and further histopath-
ologic examination. The characteristic vascular
patterns in healthy oral mucosa, dysplasia, and
advanced carcinoma have shown concordance
with the colposcopic criteria for cervical mucosa
and the gold standard histology.

Conclusion

Colposcopy or ‘direct oral microscopy’ 1is
among the few techniques that evolved for
gynecologic pathology but is slowly gaining
importance for oral applications. The main
goal of direct oral microscopy is to aid in the
early identification of malignant areas within
widely extented OPMDs, in the selection of
representative biopsy sites and in the determi-
nation of margin status. Direct oral micros-
copy has also identified subclinical lesions
which showed no visible color change and
later proved to be dysplastic. Colposcopy,
besided narrow band imaging is one among
the few techniques capable to identify devia-

tions in vascular patteri, which must be biop-
sied and scrutinized histologically. The results
of direct oral microscopy are chiefly based on
vascular pattern and to a lesser degree on tis-
sue change, which are clearly visible on
routineoral examination, unlike cervical
mucosa which is less accesible than oral
mucosa. A close relation exists between vas-
cularity and tumor progression and therefore
the underlying vascular patterns can indicate
early changes in oral cancer. We suggest
investigators to conduct further studies and
broaden the scope of this area. Direct oral
microscopy has the potential of becoming a
chairside method in the diagnosis of oral can-
cer and digital applications and automated
image analysis can lead to promising results.
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Abstract

Oral cancers are a major health burden, and
patients suffer from low survival rate owing to
their late detection. Optical techniques are
rapid, objective, and noninvasive methods
with the potential to serve as adjunct screen-
ing/diagnostic tools, especially for cancers.
This chapter highlights the advancements in
oral cancer exploration using optical coher-
ence tomography (OCT) with a discussion on
basic principles of OCT, followed by a detailed
description of oral cancer studies, subgrouped
into animal studies, and ex vivo and in vivo
human studies. We have included full-field
OCT system-derived in vivo oral mucosa
images in a healthy volunteer at different sub-
sites showing standard microanatomy at vari-
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ous depths and also narrated some strategies
to improve OCT results by multimodal
approaches as well as through contrast
enhancement for improved visualization.

11.1 Introduction

Optical coherence tomography (OCT) is a widely
explored imaging modality that can provide high-
resolution, cross-sectional tomographic images
of the ultrastructure of biological samples. OCT
applications were reported in the early 1990s for
noninvasive imaging of the retina [1, 2], and
owing to its numerous advantages, it has been
explored in a range of biomedical applications
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including ophthalmology [3, 4], oncology [5-7],
cardiology [8], and developmental biology [9].
OCT became a tool of choice for cancer research-
ers due to the feasibility of noninvasive high-
resolution functional imaging and tumor margin
assessment and has been extensively explored in
skin cancers [10-12], laryngeal cancers [13],
esophageal cancers [14-17], cervical cancers
[18], bladder cancers [19], and oral cancers [20—
22]. Oral cancers have become a global burden,
especially in the developing nations of Southeast
Asia [23]. Despite advancements in treatment
approaches, the survival rate is dismal particu-
larly due to late detection, often at stages III-IV
at time of diagnosis. Optical techniques, like
OCT, have thus become an important tool to
serve as a powerful diagnostic adjunct to clinical
examination. In this chapter we will summarize
the developments in the field of OCT and discuss
its applications for oral cancers.

11.1.1 Basis for OCT

While histology utilizes thin tissue sections
(~5 pm) stained to highlight salient features, OCT
generates cross-sectional images (similar to micro-
tome sectioning) from light backscattered through
tissues, typically without the need for any staining
methods. OCT can be understood as an optical

AL

LIGHT SOURCE

analog of ultrasound imaging which measures
backscattered intensity of light instead of sound. It
is noteworthy that histology and OCT images cor-
respond well and thus can be used for appropriate
clinical correlation. Cancer progression disrupts
tissue architectural arrangement leading to a
change in the intensity of backscattered light. OCT
images can thus be used for noninvasive, real-time
imaging to obtain cross-sectional as well as three-
dimensional images.

11.2 Instrumentation

11.2.1 Working Principle

OCT is an interferometry-based imaging tech-
nique that uses near-infrared (NIR) light to map
the depth-wise reflections from tissue to form
cross-sectional images of morphological features
at the scale of a micrometer. Huang et al. used
OCT to obtain two-dimensional images based on
the optical scattering of microstructures within
the retina. Since then, several adaptations of OCT
have been developed. A typical setup for OCT
would consist of a low-coherence light source, a
lateral-scanning mechanism, and an optical inter-
ferometer (Fig. 11.1). The Michelson interferom-
eter splits the light into sample arm and reference
arm and recombines the backscattering signal
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Fig. 11.1 Schematic
showing optical
sectioning of sample
(AL, change of optical
path length)
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with the reflected reference light to a photodetec-
tor. OCT originated from optical coherence-
domain reflectometry and rapidly gained value
for biological applications [24, 25]. The spatial
resolution of modern OCT systems is ~1—15 pm,
and the imaging depth in scattering tissues is
around 1-3 mm [26, 27]. Axial resolution of
10 pm is commonly employed, whereas ultrahigh
axial resolution of ~1 pm has been achieved with
a photonic crystal fiber [28]. Usually light source
includes a low-coherence length source that can
be generated by a superluminescent diode or an

ultrafast (titanium-sapphire) laser (Fig. 11.2a—c).
Incident signal is passed through a fiber coupler
which is split into a sample arm and reference
arm of the interferometer. Light reflected from
sample is collected by sample arm fiber, and light
reflected by reference mirror is collected by ref-
erence arm fiber. Reflected light from both arms
is once again passed through the coupler and split
into two parts where it is redirected toward the
detector to form an interference pattern. The
interference pattern is visible only when the opti-
cal path difference between the two arms is less
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Fig. 11.2 Panel (a) shows the low-coherence length in
OCT imaging characteristic of shorter center wavelength
and broader bandwidth (A, center wavelength of light
source; dz, coherence length; AL, change of optical path

length); panel (b) shows the crystalline fiber core cross
section; and panel (¢) compares spectral densities of dif-
ferent crystal-based light sources
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than the coherence length of the light source.
Since coherence length is inversely proportional
to the optical bandwidth of the light source, OCT
integrated with broadband low-coherence light
source is able to discriminate closely adjacent
signals and produces high-resolution image. In
the recent times, imaging is being performed
using a scanned optical beam from surgical
microscopes, through user-friendly handheld
probes and minimally invasive needle-biopsy
probes.

11.2.2 Adaptation of OCT

Depending on the signal detection mechanism
and data processing algorithms, OCT is classified
as either time domain OCT (TD-OCT) or Fourier
domain OCT (FD-OCT). FD-OCT can be further
categorized into spectral domain OCT (SD-OCT)
and swept-source OCT (SS-OCT). Other
improvements on OCT include polarization-
sensitive OCT, which detects changes in the
polarization state of reflected light [29].
TD-OCT was the first generation of OCT,
where the reference mirror is mounted on a
moving stage and the depth profile is recorded
by shifting the mirror linearly. As mechanical
movement is involved in TD-OCT, it is
restricted to a slow imaging speed, thereby lim-
iting its biomedical application. In SD-OCT,
the reference arm does not move, and depth-
resolved structural information is extracted by
capturing the interference spectrum in a spec-
trometer. In the case of SS-OCT, depth infor-
mation of the sample is extracted by sweeping
the individual wavelength spectrum emitted
from a broadband source. Consequently,
SS-OCT is also called optical frequency-
domain imaging (OFDI). An advantage of the
FD-OCT methods is higher signal to noise ratio
and faster acquisition speed in comparison to
TD-OCT. Furthermore, with SS-OCT, higher
image acquisition rate and longer depth of
imaging are achieved in comparison to
SD-OCT. OCT techniques can also be com-
bined with optical coherence microscopy

(OCM) for confocal imaging. OCT combined
with optical Doppler tomography (ODT) has
been used for early diagnosis as well as evalua-
tion of chemotherapy-induced oral mucositis
and is capable of providing information about
functional activity in tissue such as tissue blood
flow. PS-OCT measures reflected both light
intensity and the polarization state of the light
signal coming from the sample. As such,
PS-OCT can provide higher contrast between
normal tissue and diseased tissue.

11.3 Biological Applications: OCT
in Oral Cancers

OCT can be used both as an ex vivo and in vivo
diagnostic tool and provides information on
architectural changes or disorganized orientation
and can discern epithelial pathology in oral tis-
sues. Gross histological features suggestive of
oral squamous cell carcinoma (OSCC) that can
be detected with OCT include enlarged nuclei,
increased nuclear-cytoplasmic ratio, altered rete
peg organization, and discontinuity in basement
membrane, which are common cellular and tissue
alterations. The last two decades have witnessed
OCT taking a major stride in oral cancer detec-
tions, leading to advancement in the field of novel
diagnostic tools. In this chapter, we systemati-
cally discuss the topic by broadly classifying oral
cancer studies into animal studies, ex vivo studies
on human tissues, and in vivo clinical studies
(Table 11.1).

11.3.1 Animal Studies

There are several exploratory OCT studies which
have employed animal models of oral cancers
[30-35]. A commonly used animal model is the
hamster buccal pouch (HBP) model, already
elaborated in the Chapter titled “Optical tech-
niques: Investigations in Oral Cancers” in this
book and also in these references [36, 37].
Briefly, HBP model forms tumors in 14 weeks,
progressing through stages like hyperplasia,
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Table 11.1 Summary of landmark studies on optical coherence tomography application for oral cancers, oral poten-
tially malignant conditions, and healthy oral mucosa

Author
Feldchetein
et al

Petra
Wilder-Smith
et al.

Matheny et al.

Petra
Wilder-Smith
et al.

Hanna et al.

Ridgway et al.

Tsai et al.

Petra
Wilder-Smith
et al.

Kim et al.

Park et al.

Jerjies et al.

Ahn et al.

Hamdoon
et al.

Pande et al.
Choi et al.
Lee et al.

Yoon et al.

Year

1998

2004

2004

2005

2006

2006

2008

2009

2009

2009

2010

2010

2011

2012

2013

2014

2014

2015

2015

Study type
First in vivo study
Hamster pouch

Hamster pouch

Hamster pouch

Hamster pouch

In vivo
Ex vivo (SS-OCT)

In vivo

In vivo

First contrast

enhancement attempt

in hamster model
Hamster pouch

Ex- vivo

Hamster pouch

Ex vivo

Ex vivo

Hamster pouch

In vivo

Instrument design

Instrument design

Findings

In vivo OCT imaging differentiates keratinized and nonkeratinized
mucosa with high resolution [48]

Epithelial and subepithelial changes were recorded in hamster
pouch model (n = 32). Agreement of OCT diagnosis and
histopathology was 80% [34]

OCT and optical Doppler tomography (ODT) combination detected
vascular changes in hamster cheek pouch (n = 22). Good resolution
was obtained to depth of 1-3 mm [30]

Specific application of OCT and ODT in hamster pouch (n = 120)
and also in vivo multi-wavelength multiphoton (MPM) and second
harmonic-generated (SHG) fluorescence as promising noninvasive
modalities [21]

OCT offered exceptional cheek pouch depth (1-3 mm), and 3D
construction was possible for visualizing extent and tumor margins
[31]

OCT images of normal oral cavity (n = 41 patients) and pathological
changes (leukoplakia, invasive cancer, etc.) were obtained [50]
First use of swept-source OCT for ex vivo oral lesion delineation,
particular value in the determination of margins [39]
Differentiating oral lesions based on carcinogenic stage of lesion
using a SS-OCT system was possible because well-differentiated
SCC had higher tissue absorption and decay constants [22]

OCT showed excellent in vivo capability (i.e., histopathology
agreement) in oral malignancy/premalignancy diagnosis (n = 50
lesions) [21]

Contrast enhancement in OCT using surface plasmon resonant gold
nanoparticles via microneedle and ultrasound-assisted delivery [82]

Dual modality of OCT and FLIM for derivation of structural and
functional information was attempted [70]

SS-OCT successfully identified malignant changes in suspicious
oral lesions

(n = 34) through analysis of four variables [40]

3D-OCT and polarimetry were combined, which helped in the
identification of oral cancer field cancerization areas and lesion
margins (n =9) [69]

OCT capable to identify difference between normal and diseased
oral mucosa through evaluation of five microanatomical structures
(n =78 suspected oral lesions) [41]

Wide spectrum of oral pathologies were studied (n = 125 lesions),
which included 43 microinvasive carcinoma; accuracy was 82%,
and kappa for intraobserver agreement was 0.72 for “need for
biopsy” [43]

Automated classification of optical coherence tomography images
for diagnosis of oral cancer in hamster cheek pouch [33]

Devoted three-dimensional vascular perfusion maps were
reconstructed using novel vessel extraction algorithms [56]
Constructed a wide-field polarization-sensitive swept-source OCT
for in vivo oral application [47]

Constructed in vivo wide-field reflectance imaging and polarization-
sensitive OCT to procure both morphological and fluorescence
information [46]

(continued)
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Table 11.1 (continued)

OCT assessment of surgical margins (n = 112 margins in 28
(T1-T2 NO MO) OSCC cases). Positive margins showed elevated

epithelial thickness [44]

Automated classification of fluorescence lifetime imaging (FLIM)

and combined OCT data for diagnosis of oral cancer in hamster
pouch, with comparatively high sensitivity and specificity [71]

Biopsy guidance of oral lesions using wide-field OCT and

automated segregation of images [55]

High-resolution images of oral mucosa microcirculation were

obtained [57]. “Microcirculation” may evolve as a novel OCT
signature with high potential for oral cancer detection

Author Year Study type Findings
Hamdoon 2016 In vivo

et al.

Pande et al. 2016 Hamster pouch

Lee et al. 2016 In vivo

Tsai et al. 2017 In vivo

Wei et al. 2017 In vivo

Three-dimensional images of microcirculation and quantitative

metrics of capillary loop density were possible [58]

dysplasia, to squamous cell carcinoma (SCC),
on application of carcinogens such as
7,12-dimethylbenzanthracene (DMBA). The
earliest reported studies are by Matheny et al.
[30] and Wilder-Smith et al. [34] who carried out
feasibility studies and demonstrated OCT-based
malignancy detection in the HBP model. While
Matheny et al. employed 22 animals, and carried
out both in vivo and ex vivo studies, and obtained
good resolution to a depth of 1-3 mm, Wilder-
Smith et al., from the same laboratory, per-
formed in vivo studies on 36 animals and imaged
epithelial and subepithelial changes. Their find-
ings suggested that epithelial and subepithelial
structures could be clearly distinguished, and
corresponding histopathological analysis of the
tissues suggested 80% concordance. The same
group carried out further studies using 3D OCT
image constructs and compared these with the
gold standard histopathological images—both
conventional and 3D images. The extent and
localization of tumor margins were visualized to
confirm dysplastic and malignant changes [31].
HBP tissues were assessed using parallel
frequency-domain optical coherence tomogra-
phy (FDOCT) and a thermal light source by Graf
et al. [38] who in another study also assessed
nuclear morphology via spectral oscillations
while investigating HBP precancerous lesions
[32]. Pande et al. attempted to develop auto-
mated algorithms to quantify malignancy-spe-
cific structural features of the oral epithelium by

processing OCT data from HBP tissues.
Statistical classification model based on this
algorithm yielded sensitivity and specificity of
90.2% and 76.3%, respectively [5]. In another
study, OCT was carried out on carcinogen-
treated and normal HBP tissues [24]. Tissues
corresponding to early and late stages of carcin-
ogen-induced carcinogenesis were investigated.
OCT images showed well-distinguished layers
of epithelial and subepithelial layers in most
controls and early week DMBA-treated tissues.
Two control tissues also showed disrupted epi-
thelial architecture. These observations were
also confirmed by Raman spectroscopy and was
attributed to repeated injuries incurred by regu-
lar pulling out of buccal pouches [37]. Several
multimodal applications of OCT in conjunction
with other optical techniques have been
employed in pursuit of better sensitivity and
specificity to distinguish cancerous and healthy
conditions. Such studies are described in the sec-
tion on “Multimodal Applications.”

11.3.2 ExVivo Studies

OCT of ex vivo cancerous and oral potentially
malignant conditions has been explored and
compared with histopathology in several studies.
A report on ex vivo imaging of an oral cancer
sample with an SS-OCT system (axial resolution:
8 pm) suggested distinction of abnormal regions
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from normal regions [40]. In 2010, Jerjes et al. in
a study on 34 oral lesions in 27 subjects, two cli-
nicians blinded to histological diagnosis cor-
rectly segregated cases where biopsy was actually
necessary; but the basement membrane was rec-
ognized only in 15 lesions [39]. Keratin cell layer
identification and structural alterations in the lay-
ers have been shown in 87% of the cases in a
cohort of 78 cancer subjects. Epithelial layer and
basement membranes could be distinguished
with an accuracy of 93.5% and 94%, respectively.
An accuracy of 64% for blood vessels, 58% for
salivary gland ducts, and 89% for rete pegs was
also observed [41].

Ex vivo analysis of fibro-epithelial polyps,
mild dysplasia, and moderate/severe dysplasia
suggested epithelial differentiation as a function
of depth and optical scattering from the cell
nuclei. Mucosal layers in OCT images of oral
dysplasia were not clear because of the higher
density of abnormal cell nuclei, which impede
light penetration. 3D-OCT datasets from same
samples showed classification of biopsy samples
into normal/mild and moderate/severe groups
[42]. A major prospective study involving 125
suspicious lesions (125 subjects) utilized 2 inde-
pendent team of readers to assess OCT images,
which showed a sensitivity of 85%, specificity of
78%, and accuracy of 82%. Kappa coefficient of
interobserver agreement was 0.72 on “the need
for biopsy” [43]. Hamdoon et al. have also shown
valuable application of OCT in the assessment of
resection margins [44]. Their study on 112 mar-
gins (28 subjects) revealed 22 tumor-associated
margins and 90 tumor-free margins. OCT accura-
cies for two independent expert readers were
88% and 84%, with an interobserver agreement
as “very good” for superior, inferior, and medial
margins and “good” for lateral surgical margin
[44]. Birefringence can also be a potential param-
eter to distinguish healthy and cancerous tissues.
A recent study involving eight oral mandibular
tissues exploited in spectral domain polarization-
sensitive ~ optical ~ coherence  tomography
(SD-PSOCT) suggested that monitoring of tissue
birefringence along with backscattered intensity
allows discrimination to differentiate between

normal and cancerous lesions [45]. In relation to
PSOCT, two previous studies had indicated that
healthy buccal mucosa has higher birefringence
compared to normal tongue tissue [46] and sub-
mucosal fibrosis has higher birefringence com-
pared to adjoining normal mucosa [47]. PSOCT
can pave way for distinguishing abnormal sites,
based on collagen distribution.

11.3.3 In Vivo Clinical Studies

One of the earliest in vivo OCT studies imaged
oral hard and soft tissues [48]. Several regions of
the oral mucosa, including the masticatory
mucosa (hard palate, gingival mucosa), the lining
mucosa (soft palate, alveolar, buccal mucosa),
the specialized mucosa (dorsum of the tongue),
as well as the tooth structure, were imaged. The
various types of keratinized and nonkeratinized
mucosa could be distinguished with high accu-
racy [48]. Normal as well as abnormal gingiva
and buccal mucosa classification was shown in
2005 [49]. In an attempt to explore further regions
adjacent to oral mucosa, the mucosa of orophar-
ynx was imaged (n = 41) during operative endos-
copy. OCT 1imaging, in conjunction with
endoscopic photography for gross and histologic
image correlation, provided important microana-
tomical information for normal and pathological
sites, with distinct zones of “normal, altered, and
ablated tissue microstructures” for each pathol-
ogy studied [50].

In order to discriminate successive cancer
stages, several indicators may be needed to
achieve good specificity. Swept-source OCT
(SS-OCT) system data often uses three primary
indicators—standard deviation (SD) and expo-
nential decay constant (a) of an A-mode-scan
spatial-frequency spectrum and the epithelium
thickness—to distinguish normal and pathologi-
cal tissues. Usually, in abnormal mucosa, the SD
increases, o« becomes smaller, and the epithelium
becomes thicker. Studies have been carried out to
evaluate the accuracy of these indicators. It is
shown that SD and o are good diagnostic indica-
tors for moderate dysplasia and squamous cell
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carcinoma (SCC), while epithelial thickness can
discriminate epithelia hyperplasia and moderate
dysplasia [51]. The field of diagnostic OCT expe-
rienced a surge in the number of studies under-
taken after these initial reports. Some of these
studies include differentiating oral lesions at dif-
ferent stages of carcinogenesis [22], oral dyspla-
sia and malignancy (n = 50) [21], labial gland
imaging using handheld SS-OCT system for
healthy volunteers (n = 5) in both two and three
dimensions [52], and lesions of upper aerodiges-
tive tract (n = 52, 100 lesions) [53].

As mentioned previously, information about
various parameters/indicators representing nor-
mal/healthy tissues can be of great importance
while analyzing abnormal tissues. Normal values
of oral epithelial thickness can thus be one such
reference value. This was attempted on a large
sample size of 143 healthy subjects, and epithe-
lial thickness was measured at seven different
locations. Buccal mucosa (294 pm) and the hard
palate (239 pm) showed highest thickness,
whereas the floor of the mouth (99 pm) showed
the thinnest epithelium [20].

While OCT is a potential tool for oral cancer
diagnosis, better results can also be achieved by
improvements in methods of image analysis.
Many research groups have tried to achieve this
through innovative approaches. A procedure for
analyzing OCT images involved plotting of the
boundary between the layers of epithelium (EP)
and lamina propria (LP) to determine the EP
thickness and estimate distribution of dysplastic
cells, based on standard deviation (SD) mapping.
Laterally average range of 70% SD in the EP was
shown to be a reasonable threshold for differenti-
ating moderately dysplastic lesions (n = 44) from
mild dysplastic ones (n = 39), with sensitivity and
specificity of 82% and 90%, respectively [54].

Like other optical techniques, the field of OCT
is continually evolving, and advancements are
being made by several groups to improve instru-
mentation, image acquisition, and processing.
For better in vivo results, an imaging device must
be able to access lesions located anywhere in the
oral cavity and should have a sufficient field of
view (FOV) to scan extensively wide like leuko-
plakia lesions. Lee et al. in 2015 reported a hand-

held OCT device with a large FOV that enabled
rapid volumetric imaging in a single acquisition.
The use of fast rotary pullback catheters (RPC)
facilitated easy placement of probe on lesions.
Thus, this system could scan suspicious lesion in
most of the regions of oral cavity in a clinically
implementable time. With this system, 176
in vivo OCT volumes (51 subjects) were scanned
for a range of lesions from scars to dysplasia and
SCC, as well as contralateral sites. Birefringence
may always give additional insights which can be
further explored [47]. Wide-field imaging has
also been explored to address issues such as auto-
mated segmentation of images [55].

In the recent times, OCT has evolved as an
angiography tool for evaluation of oral mucosa
microcirculation [56-58]. In a report by
Maslennikova et al. who followed radiation ther-
apy patients, for oropharyngeal and nasopharyn-
geal carcinoma, a dose-dependent microvascular
reaction to radiation injury was shown, even
before the early clinical signs of mucositis [59].
Microcirculation can be a potential biomarker, as
angiogenesis is an important feature of advanced
oral cancers and may be used for evaluation of
oral cancer recurrence in patients following
radiotherapy/chemotherapy.

11.4 Quest for Improved Oral
Cancer Diagnosis

A major limitation associated with OCT is mor-
phologically and optically similar scattering
properties of different pathological tissues; it is
sometimes difficult to optically detect early-stage
cancers simply on the basis of conventional OCT
imaging [60, 61]. While several improvements in
the conventional OCT mechanism are regularly
reported, other approaches are also being explored
for improved diagnosis. We have discussed two
such approaches in this chapter. The first approach
involves multimodal applications where OCT in
combination with other optical techniques is
exploited to yield comparatively improved results
than when the techniques are used individually.
Another approach involves contrast enhancement
mechanisms coupled with OCT.
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11.4.1 Multimodal Applications

Individual optical modalities are typically sensi-
tive to a small aspect of abnormal and pathologi-
cal changes. Two or more imaging modalities
when combined can simultaneously probe sev-
eral tissue characteristics to elucidate pathologi-
cal changes and provide better sensitivity and
specificity, compared to a single modality.
Multimodal systems have combined OCT with
several ~modalities, including multiphoton
microscopy [62], fluorescence spectroscopy [63],
fluorescence lifetime imaging (FLIM) [64], mul-
tiphoton tomography [65], and Raman spectros-
copy (RS) [66, 67]. Out of these modalities, some
of them have been explored in oral cancers as
well. However, the disparate optical require-
ments, different optical sources, and wavelengths
sometimes limit their widespread clinical appli-
cations. Moreover, such multimodal approaches
would be more useful if the light sources and
detection elements can be coupled in a single
instrument which will also help achieve image
registration and correlation.

OCT and Polarimetry: Both ex vivo and in vivo
imaging, using HBP model (n = 9), to assess the
efficacy of combined polarimetry [68] and OCT,
have revealed information on epithelial and sub-
epithelial changes during carcinogenesis [69].
The polarimetry technique identified up to five
times increased retardance in sites with SCC and
up to three times increased retardance in dysplas-
tic sites, when compared with normal tissues.

FLIM and OCT: Co-registered OCT/FLIM
images from multiple 2 x 2 mm? regions of HBP

tissues have been shown. While the OCT images
have shown thickening of epithelial layer, and
loss of layered structure, the FLIM images sug-
gested higher nicotinamide adenine dinucleotide
and reduced collagen emission within the cancer-
ous regions [64, 70]. A recent study combining
FLIM and OCT obtained an accuracy of 87.4%,
better than accuracy based on only FLIM (83.2%)
or OCT (81.0%). The complementary informa-
tion provided by combined FLIM-OCT features
showed high sensitivity and specificity for dis-
criminating benign (88.2% and 92.0%), precan-
cerous (81.5% and 96.0%), and cancerous (90.1%
and 92.0%) stages [71].

RS and OCT: RS-OCT images compensate for
limitations of both the techniques. Microstructural
and biochemical features of dental caries ana-
lyzed using RS and OCT were reported in 2005
[66]. Dual-modal device capable of sequential
RS-OCT image acquisition along a common
optical axis that could utilize NIR to acquire data
through common sampling optics [67] and inte-
grated common clinical probe [72] is reported.
Cancerous and normal HBP tissues probed by
both OCT and RS have been investigated [24]. In
a combined Raman and OCT study on HBP tis-
sues, OCT images have shown well-distinguished
layers of epithelial and subepithelial layers in
most controls and early week DMBA-treated tis-
sues; however, some control tissues correspond-
ing to higher duration of carcinogen application
showed disrupted epithelial —architecture.
Representative OCT images of HBP tissues,
healthy and carcinogen treated for 9 and
13 weeks, are shown in Fig. 11.3. These observa-

Health control

Week 9

Week 13 (tumor)

Fig. 11.3 OCT images of healthy control showing layered structures, and DMBA-treated tissues after 9 and 13 weeks
showing disrupted architecture of epithelium. Week 13 tissues showing complete disruption of epithelium
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tions, also confirmed by RS, were attributed to
repeated injuries incurred during regular pulling
out of buccal pouches for carcinogen application
and regular observations [37]. Thus, combined
application of RS and OCT provided an unbiased
confirmation of the findings.

RCM and OCT: Reflectance confocal micros-
copy (RCM) is another emerging noninvasive
imaging technique that enables an en face tissue
visualization at the cellular level with good lat-
eral and axial dimensions [46, 73]. Multimodal
endoscopic systems that combine wide-field
reflectance and fluorescence imaging with
PS-OCT have been explored for human oral cav-
ity. Wide-field reflectance/fluorescence imaging
provided information of tissue surface based on
reflectance and fluorescence, while PS-OCT pro-
vided information about subsurface structures
and birefringence. Wide-field imaging with
adjustable depth of focus (DOF) was used for
high-sensitivity guided imaging [46].

RCM systems usually adapt optics with high
focusing power for high lateral resolution, but the
axial resolution is typically more than three times
worse than the lateral resolution [73] due to
anisotropic light propagation.

A full-field optical coherence tomography
(FF-OCT) system can be considered as a light
microscope with the axial resolution assisted by
the coherence gating effect of OCT (Fig. 11.4).
Compared to SD-OCT used in ophthalmic appli-
cation, FF-OCT is a TD-OCT technique using a
camera as detector to increase the scanning speed
of traditional TD-OCT system (Fig. 11.5). A

+

Fig. 11.4 Through
confocal and coherence
gating, excellent axial
and lateral resolution
can be achieved

CONFOCAL GATE

FF-OCT images all the lateral pixels simultane-
ously and performs axial scanning and dynamic
focusing at the same time. By using high focus-
ing power optics, lateral resolution similar to
RCM can be achieved; accompanied with a
broadband light source and corresponding nar-
row coherent gate, a FF-OCT system can achieve
cellular resolution in all three dimensions
(Fig. 11.4). FF-OCT can provide 3D in vivo
image of oral tissue with 1 pm resolution and
several hundred microns penetration depth. In the
cross-sectional view of FF-OCT image, the
boundary of epithelial and lamina propria layer
can be distinguished which is an important infor-
mation for oral cancer detection in the early
stage. For reference purpose we have obtained
in vivo OCT images in a healthy volunteer to
show the lip, tongue, and skin microanatomy and
tissue architecture at different depths, at nearly
cellular resolution (refer to Figs. 11.6, 11.7, and
11.8). In the stratified squamous epithelial layer,
the squamous cells are more keratinized with
thinner thickness and irregular shape which can
be observed in the OCT cross-sectional and en
face images. The taste buds of tongue mucosa
can be detected between the boundary of epithe-
lial and lamina propria layer (Fig. 11.7). In the
lamina propria layer, the features of elastic and
collagen fiber which are parallel to the epithe-
lium can be observed in the OCT cross-sectional
image. The FF-OCT images correspond well
with histology as RCM does, but the thickness of
cell and tissue layer can be better distinguished
with cross-sectional view of OCT images.

9

COHERENCE GATE 1um BOTH AXIAL &

LATERAL DIRECTION
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Fig. 11.5 Dissection of (Mirau-based)
full-field OCT imaging system (PZT,
piezoelectric transducer; QWP, quarter wave
plate)

Fig. 11.6 The 3D cross section of in vivo OCT images
(natural logarithmic gray level, 32 bit filtered by Imagel)
is of the lip taken in a healthy volunteer (41-year-old
male). The dotted blue line indicates the epidermis-dermis
junction, and the orange line indicates the thickness of the
stratified squamous epithelium. The white arrow (showing
the dark hole) indicates the nucleus of stratum spinosum.

OBJECTIVE
PZT
aQwp
LENS
POLARIZING \
BEAMSPLITTER ’
LENS
~—
P | N
LENS

MULTIMODE
FIBER

A{ROR

Strafifiect
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=epithelial
“Tayer: =

Sy

~o

Lamina propria

The incident power unto the sample and CCD exposure
time are 4.5 mW and 2.7 milliseconds. The 3D cross-
sectional images at different depths, 7 pm (panel a),
38 um (panel b), 105 pm (panel ¢), 203 pm (panel d),
292 pum (panel e), are shown along with the oblique sec-
tions (panel f)
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Stratified squamous:.
epithelial layer

Stratified squamous
epithelial layer

Lamina propria . : Lamina propria

Fig. 11.6 (continued)
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¥z slice y=511

x=657, y=286, 2= 60
Value=185

Fig. 11.6 (continued)

In view of complexity of biological phenom-
ena, a single technique may not be sufficient to
probe tissue characteristics, especially in case of
cancers. Multimodal optical techniques can thus
provide additional and complementary informa-
tion from the same tissue and helps in better
understanding of the biological complexity. A
simple example can be of scars that leads to
thickening due to fibrosis and alteration in the
layered structure. OCT images alone can misin-
terpret them as cancerous, whereas fluorescence
spectroscopy would suggest presence of collagen

(healthy), rather than changes in NADH/FAD
(indicator of possible cancerous changes).
Multimodal application can thus be instrumental
in preventing misdiagnosis.

11.4.2 Contrast Improvement

Although there is more progress in developing
contrast agents to enhance OCT images in vivo,
several contrast agents [74, 75] have been
explored to overcome limitations. Contrast-
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enhancing mechanisms coupled with OCT will
be useful. Spectroscopic OCT (SOCT) [76],
pump and probe techniques [77], engineered
microspheres [61], microbubbles [75], and nano-
cages or nanoparticles [78] are some of the
reported methods.

SOCT utilizes the relative spectral difference
between source and backscattered signals to
measure absorption and scattering. However,
SCOT can identify only those features with
absorption scattering less than the source band-

Fig. 11.7 The 3D cross section of in vivo OCT images
are (natural logarithmic gray level, 32 bit depth filtered by
ImageJ) of oral tongue taken in a healthy volunteer
(41-year-old male). The dotted blue line indicates the
epidermis-dermis junction, and the orange line indicates
the thickness of the stratified squamous epithelium, and
the red arrows are pointing the taste buds. The white arrow

width. OCT contrast enhancement can also be
achieved by exploiting nonlinear processes such
as coherent anti-Stokes Raman scattering
(CARS) and second harmonic generation.
Research group led by Prof. Stephen Boppart has
been working in this field using broadband illu-
mination for imaging purposes, as well as molec-
ular level contrast enhancement [60]. Pump and
probe-based contrast enhancement for OCT
imaging relies on transient absorptions in a sam-
ple that can be induced by an external pump

Lamina propria

(showing the dark hole) indicates the nucleus of stratum
spinosum. The incident power unto the sample and CCD
exposure time are 4.5 mW and 2.7 ms. The cross-sectional
images are shown at different depths: 40 pm (panel a),
64 pm (panel b), 113 pm (panel ¢), 181 pm (panel d)
which are shown along with the oblique sections (panel e)
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Fig. 11.7 (continued)
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¥z slice y=511

Fig. 11.7 (continued)

beam. However, this method requires introduc-
tion of different contrast agents, depending on
the excitation source and the transient spectra of
the molecules being investigated [76]. An alter-
native contrast enhancement method is using
exogenous contrast agents like engineered micro-
spheres that can change the absorption and scat-
tering properties. These microspheres change the
absorption and scattering characteristics in
selected regions and can be targeted to structures
like cellular receptors [61]. Most of these meth-
ods that are currently being used for contrast
enhancement need a contrast agent. Moreover,

further biomedical explorations are required to
assess their success. Therefore, more studies and
new techniques could help eliminate this
limitation.

Nanoparticles (NPs), such as nanospheres,
nanocages, nanoshells, and nanorods, have been
explored to overcome OCT limitations by
enhancing the contrast [78—-80] but with limited
in vivo success till date. Gold nanoparticles (Au
NPs) are promising contrast agents as they are
biocompatible, easy to synthesize, and can be
specifically targeted through functional moieties.
Moreover, optical resonance properties of Au
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Epiderimis

Papilla
dermis

Reticular
dermis

Fig.11.8 In vivo OCT image of the skin from a healthy
volunteer (age 41-year-old male). The dotted blue line
indicates the epidermis-dermis junction, and the orange
line indicates the thickness of the epidermis. The blue
lines indicate the thicknesses of the papilla and reticular
dermis. The red line indicates the thickness of the stra-
tum corneum. Melanin can be observed on the epider-

NPs can be controlled by modifying their shapes
and sizes [81]. One potential method is the topical
application of gold nanoparticles on the epithelial
surface. Moreover, topical application as com-
pared to systemic administration can reduce tox-
icity burden, often associated with metallic
nanoparticles. The stratum corneum, which is the
uppermost layer of the oral epithelium is thick
and can act as a biological barrier to the delivery
of NPs. Kim et al. overcame this barrier in HBP
model using microneedles assisted by ultrasound
forces [82]. Recently developments have shown
encouraging results with severalfold enhance-
ments and increased depth of penetration. These
studies have shown picomolar level sensitivity
useful in in vivo imaging [83]. This approach still
suffers from potential limitations including toxic-
ity and poor in vivo delivery and distribution.

Conclusion

OCT can be used to obtain functional optical
biopsies. OCT imaging combined with quan-
tification of physiological functional parame-
ters such as perfusion/oxygenation and
cellular organization and improvements in
signal analysis can allow achievement of goal.

mis-dermis junction which show white spot feature. The
keratinocytes can be observed in the epidermis layer. In
the dermis layer, the patterns of papilla and reticular
dermis can be distinguished, and capillary can be seen
in this layer too. The incident power unto the sample
and CCD exposure time are 4.5 mW and 2.7 ms

For better in vivo results, an imaging device
must be able to access lesions located any-
where in the oral cavity where lesions may be
actually located and should have a sufficient
field of view (FOV) to quickly scan extensive
lesions in a clinically feasible timing. Recent
advancements in the field of OCT-based bio-
medical diagnosis suggest OCT can be an
effective tool in oral cancer diagnosis.
Limitations in OCT images can be overcome
through multimodal application with other
optical techniques like white-light fluores-
cence and photo-acoustic imaging as well as
through contrast improvement. Availability of
handheld OCT probe can serve as a real-time
chairside diagnostic tool. Though it is
extremely difficult to reach the accuracy of
conventional histopathology, with the rapid
advancement in biomedical engineering and
computation, in the nearest future OCT can
become a useful adjunct to chairside clinical
examination, to screen suspected oral lesions,
particularly to rule out oral cancers. Overall,
OCT has a strong potential to be a noninvasive
imaging technique and clinically useful diag-
nostic adjunct.
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Abstract

Bioimpedance is described as the response of
living organisms to an external current. It is an
amount of obstruction to the flow of the exter-
nal current through the tissues. Bioimpedance
is a noninvasive method for evaluating the
structure of a living organism. A bioimpedance
signal can be used for describing the tissues.
Bioimpedance of a tissue differs with different
applied frequencies. It is an established tech-
nique in detection of breast cancer, cervical
cancer, prostate cancer, and other cancers.
There are evidences that significant differences
exist between bioimpedance of normal and
malignant tissue. With this view in mind, a
comprehensive description of the technique is
hereby given to deliberate the role of bioimped-
ance with a special emphasis on oral cancer. We
have also discussed the studies carried out on
oral potentially malignant disorders (OPMDs)
and oral squamous cell carcinoma (OSCC) and
realized the necessity for more studies espe-
cially on OPMDs and OSCC together.
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12.1 Introduction

Impedance, by definition, is the effective resis-
tance of an electric circuit or component to alter-
nating current (AC), arising from the combined
effects of ohmic resistance and reactance, or it is
considered as a complex ratio of the voltage to the
current in an AC circuit. It is the extent of the oppo-
sition that a circuit offers to a current when a volt-
age is applied. The word, impedance, was coined
by Oliver Heaviside in 1886 [1]. Arthur Kennelly
was the first to characterize impedance with com-
plex numericals in 1893 [2]. Impedance encom-
passes the notion of resistance to AC circuits and
retains both magnitude and phase, whereas resis-
tance only has magnitude. The impedance caused
by inductance and capacitance collectively denotes
reactance and forms the imaginary part of imped-
ance, while resistance forms the real part.

12.2 Bioimpedance

Bioimpedance is about the electrical properties
of a tissue or a biomaterial. It simply means to
what degree the tissue is a suitable conductor. It
is the amount of how well the tissue opposes
electric current course. It is the response of a liv-
ing tissue to an externally applied electric cur-
rent. It is an amount of the opposition to the
course of current passing, as contrast to electrical
conductivity. Thus, it is defined as the
measurement of the impedance signal, which is
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Bioimpedance

Resistance

Reactance

Fig. 12.1 Correlation between bioimpedance, resistance,
and reactance

obtained by injecting a low-level sinusoidal cur-
rent into the tissue and measuring the voltage
drop generated by the tissue impedance. In short,
it is the summation of tissue resistance and reac-
tance (Fig. 12.1).

Electrical properties of a cell depend upon
intracellular composition [3]. The conductivity
and permittivity are frequency dependent [4], and
if there is an alteration in bioimpedance, it is due
to the augmented water and salt content, distorted
membrane permeability, packing concentration,
and positioning of cells [5].

Thus the bioelectrical properties of cells con-
vey information about the cellular morphology
and physiology [6]. Various parameters can be
measured using this technique and can be used to
detect pathologies [7]. Cellular bioimpedance
depends upon its physiology and chemical con-
stituents [8—10] and physiochemical alterations
of the tissues [11].

12.3 Electrical Properties
of Human Tissues

Human tissues are groups of cells with resistive
cellular fluids. The electrical parameters of tissues
diverge considerably depending on their make-
ups. The cellular membrane composed of a reedy
bilayered lipids with permeable ion channels is
both capacitive and resistive. As bioimpedance of

the tissues contains both resistance and capaci-
tance (the electrostatic storage of charge induced
by voltage), it is complex and can be explained as
Z = R + jX, where Z is the impedance, R is the
resistance, and X is the reactance [12].

Resistance is the opposition of a conductor to
the AC. As the electric current trips within the
body, resistance is consistent with that in non-
biological conductors [13, 14]. Reactance is cre-
ated by the surplus opposition to the current from
the capacitance effect of the cell membranes, tis-
sue interfaces, and structural characters [15].
Reactance signifies the cells’ capacity to store
energy and this energy is stored in the cell mem-
brane. Thus, reactance indicates the total intact
cell membranes in the human body. The reac-
tance aids in calculating the metabolically active
proportion of the body.

Capacitance is a parameter, which resists a
voltage change and helps to store energy. On the
other hand, permittivity reveals the capability of
charges in the material to travel as a reaction to an
electric field. Phase angle indicates condition and
integrity of the cells. It is expressed in degrees
and changes as a response to changes in the cur-
rent frequency [16]. The correlation between the
phase angle and cellular condition is increasing
and almost linear. Phase angle gives an indication
of cell lipid status and is consistent with intact,
healthy cell membranes and body cell mass.

The frequency applied modifies the electric
properties of cells and is presented in the form of
a-, -, and y-dispersion [17-19]. The a-dispersion
(low frequencies, i.e., 10 Hz—10 kHz) depends on
the ionic environment. The B-dispersion describes
structure relaxation (10 kHz—10 MHz). The
y-dispersion is linked with tissue water mole-
cules, but at high frequencies (Fig. 12.2) [18].
The bioimpedance also fluctuates with tempera-
ture and time [19] and is anisotropic [19, 20].

12.4 Measurement
of Bioimpedance

Bioimpedance is determined by applying a trivial
electric current to the tissue with two electrodes
and picking up the subsequent small voltage with
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an additional set of electrodes. The lower the
voltage, the lower will be the bioimpedance. The
cellular membranes are thin but possess a high
resistivity, and they perform electrically as tiny
capacitors [21]. Bioimpedance can thus be
expended to gauge the volumes, shapes, or tissue
electrical properties and can be used to character-
ize the state of a tissue or organs and get diagnos-
tic images (Fig. 12.3).

It is also considered a safe method as the cur-
rent frequency used is not enough to excite
electrically impulsive cells. There are no
reported cases of untoward incidents provoked
by bioimpedance after several trials. The mag-
nitude of the applied current is below the per-
ception threshold. But, there are no established
safety protocols for devices using bioelectrical

Structural membrane changes

Gamma Delta

Relaxation of water
and small molecules

impedance. Thus, methodical formal safety
standards are required to be set [22].

12.5 Bioimpedance Measurement
Devices

Electrical properties of tissues have been recog-
nized since 1872. They were also further discussed
using a broader range of frequencies on various
tissues. Thomasset piloted the research work with
bioimpedance as an index of total body water.
Hoffer et al. and Nyboer are the first to introduce
the technique using four surface electrodes. By the
1970s, the foundation of the technique was estab-
lished. Several single-frequency analyzers then
were made commercially available. By the 1990s,
the numerous multifrequency analyzers were
readily available to use. The use of bioimpedance
has increased as the device is portable and safer;
the technique is simpler, noninvasive, real time,
and economical [23].

Devices for measurement of bioimpedance are
classified as point bioimpedance measurement
devices and spectrum bioimpedance measure-
ment devices [24-26].

There are also bioimpedance imaging systems
available, which are classified into transverse
[27-31] and planar bioimpedance imaging sys-
tems. Following this, a CMOS microelectrode
array was devised by Chai et al. [32] and a 2D
imaging system by Ching et al. [33]. Also,
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Rodriguez et al. [34] have introduced an implant-
able bioimpedance sensor ASIC.

We have used a precision impedance analyzer,
ADS5934 from Analog Devices, USA, to measure
the bioimpedance of oral potentially malignant
disorders (OPMDs) and oral squamous cell carci-
noma (OSCC) for their reliable detection.

12.6 Bioimpedance in Various
Malignancies

e The use of bioimpedance in cancer detection
is well known since 1926 on breast cancer
[25].

e In 1988, Surowiec et al. [35] disclosed that the
dielectric coefficients and the conductivity of
lesional tissues varied among different
samples.

e In 1990, Morimoto et al. [36] revealed that
there were significant differences in the
impedance values of breast cancers and benign
tumors.

e Morimoto et al. [37] in 1993 showed signifi-
cant differences between various tissues and
tumors, thus proposing its feasible implica-
tions in diagnosis.

e In 1994, Joines et al. [38] demonstrated that at
all the frequencies, both the parameters, con-
ductivity and relative permittivity, were higher
in malignancies than in the normal tissues of
the same type.

e In 1996, Jossinet et al. [39] found that the low-
est dispersions were gathered from adipose
tissue, carcinoma, and fibroadenoma of the
excised specimens [40]. Jossinet and Schmitt
[41] attempted to describe a novel set of eight
factors which can differentiate cancerous tis-
sue from the other tissues.

¢ Then Emtestam et al. [42] in 1998 disclosed
statistically significant changes in various
indices in basal cell carcinoma (BCC).

e In 1999, Chauveau et al. [43] have also
explored that cancer cells can be distinguished
from normal and those with fibrocystic
changes.

Subsequently, in 1999, an impedance imaging
system for detection of breast cancer known
as TransScan TS2000 was approved by the
American Food and Drug Administration as
an aid to mammography.

In 1999, Lee et al. [44] used bioimpedance for
occult prostate cancer.

Afterwards, Brown et al. [8] in 2000 con-
cluded that bioimpedance can be utilized to
differentiate normal from precancerous cervi-
cal tissues.

Malich et al. [45] in 2002 reviewed the differ-
entiation of sonographically equivocal lesions
using bioimpedance.

Subsequent to this, Glickman et al. [46] in
2003 considered the technique as a noninva-
sive one for differentiation of benign from
malignant skin lesions. Beetner et al. [47] in
2003 concluded that bioimpedance can pro-
vide a quick noninvasive differentiation of
BCC from other lesions. Later on, Hope et al.
[48] in 2003 suggested several benefits of the
technique like easy on patients, economical,
and useful in diagnosis.

Afterward, Ohmine et al. [49] in 2004 used
local percutaneous measurement of bioimped-
ance for diagnosis.

Aberg et al. [50] in 2004 concluded that the
technique has 96% sensitivity and 86% speci-
ficity; Aberg et al. [51] in 2005 attained dis-
tinction between nevi and BCC and nevi and
melanomas.

Abdul et al. [52] in 2005 proved bioimped-
ance as an assuring cervical screening
tool.

Gupta et al. [53] in 2008 concluded that phase
angle can be used as an independent prognos-
tic marker. Halter et al. [54] in 2008 con-
cluded that conductivity and permittivity
were higher in normal than in prostrate malig-
nant tissue.

Ching et al. [55] in 2010 conducted a maiden
study on the use of bioimpedance in the
screening of OSCC of the tongue and found a
significant difference at 50 kHz between can-
cerous and surrounding normal tissue which
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was extended by Sun et al. [56] in 2010
(Fig. 12.4).

e Arias et al. [S7] in 2010 used the electric cell-
substrate impedance sensing (ECIS) system to
analyze the behavior of OSCC cells and con-
cluded that the method is real time.

e Yang et al. [58] in 2011 proved the method as
a rapid, label-free and noninvasive to detect
oral cancer.

“OSCC has been studied from various stand-
points from clinic-pathological to molecular-
genetic aspects, but the electromagnetic context
is relatively underexplored. And one of interest-
ing concepts of this area is bioimpedance.” So
far, only a few studies have been carried out in
the context of OSCC. Moreover, no study has
been carried on OSCC of any other oral tissue
except for the tongue. For such reasons, we have
studied various electrical properties in different
OPMDs and OSCC.

12.7 Study of Electrical Properties
in OSCC and OPMDs

We used precision impedance analyzer
AD5934, Analog Devices, USA, for the mea-
surement of bioimpedance in OSCC of various

oral tissues and oral potentially malignant dis-
orders. Fifty patients with clinical and histo-
pathological diagnosis of OSCC, oral
leukoplakia, and OSMF each and 22 of oral
erythroplakia were included. Age- and sex-
matched healthy individuals without deleteri-
ous habits or any clinically evident oral lesions
or systemic diseases were selected as controls,
while subjects with pacemakers were excluded
from the study.

The impedance analyzer used in this study
was precision impedance analyzer AD5934 from
Analog Devices, USA. Measurements were taken
by a disposable probe with four 1 mm diameter
silver electrodes (2 mm between electrode cen-
ters) fixed in square configuration on a wooden
spatula (5 mm width x 3 mm thick x 100 mm
long) (Fig. 12.5) [59].

12.7.1 Procedure

The relevant history of each patient was recorded
with comprehensive history of present illness, pre-
disposing factors, duration of lesion, and responses
to the past treatment. The oral cavity was exam-
ined thoroughly to determine location and clinical
presentation. Four electrical properties were mea-
sured for each patient: impedance (Z), phase angle
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(0), real part of impedance (R), and imaginary part 20 Hz, 50 kHz, 1.3 MHz, 2.5 MHz, 3.7 MHz, and
of impedance (X). At every position, measure- 5 MHz, with the applied voltage of 200 mV
ments were made at six different frequencies, (Fig. 12.6).

Fig. 12.6 Placement of probe with four silver electrodes

Fig. 12.5 AD5934 impedance analyzer: hardware on lesional tissue

Degree of dysplasia OSCC or OPMDs
Grade of OSCC l
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Fig. 12.7 Statement of problem
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12.8 Results and Observations

12.8.1 Oral Squamous Cell
Carcinoma

12.8.1.1 Bioimpedance in Oral

Squamous Cell

Carcinoma [59]

Four electrical parameters (Z, 0, R, and X) were

assessed in the o- and [-dispersion regions

(20 Hz—5 MHz) to examine if significant differ-

ence in values obtained in the oral mucosa of

patients and healthy subjects existed. Our find-

ings disclosed that specific frequencies (a- and

B-dispersion regions) are useful in distinguishing

the OSCC from normal tissue.

Only the electrical property measurement at
20 Hz and 50 kHz could significantly distinguish
the affected tissue from normal tissue. The capac-
itive cell membranes have a high impedivity at
low frequencies. And in a structured compact tis-
sue like epithelium, current can only follow the
narrow extracellular path. This leads to a high
electrical resistance. But in pathologies, the path-
way is relatively wider and thus offers lesser
resistance. Moreover, reduced cell volume
removes the complex pathways through the epi-
thelium. This results in reduction of low-
frequency impedivity [48].

In the present study, impedance values
decreased from 4493 +£216.9Qt028.85+3.481Q
for OSCC patients and from 15,490 + 287.2 Q to
30.13 + 2.601 Q for controls as the frequency
increased from 20 Hz to 5 MHz. At 20 Hz, the
bioimpedance for OSCC patients ranged from
4236.5 Q to 5159.1 Q with a mean of
4493 +216.9 Q, whereas for controls the imped-
ance values ranged from 14,939.1 Qt0 15,926.9 Q
with a mean of 15,490 + 287.2 Q. At 50 KHz the
bioimpedance for OSCC patients ranged from
309.1 Q to 4141 Q with a mean of
370.0 +26.45 Q, whereas for controls the imped-
ance values ranged from 830.3 Q to 800.4 Q with
a mean of 817.1 £ 7.227 Q. Statistically signifi-
cant difference was noted between the study and
control group at 20 Hz and 50 KHz with a p value
<0.0001. Similar results were obtained by Ching
et al. [55] and Sun et al. [56] in their studies on

tongue tissue. Results of the study conducted by
Ching et al. showed that Z of CTT (Z=4318 Q at
20 Hz and 372 Q at 50 kHz) was significantly
smaller than that of the surrounding NTT
(Z=12,772 Q at 20 Hz and 783 Q at 50 kHz).
Results of the study by Sun et al. showed that Z of
CTT (Z=4356 Q at 20 Hz and 381 € at 50 kHz)
was significantly smaller than that of the sur-
rounding NTT (Z = 13,295 Q at 20 Hz and
764.8 Q at 50 kHz) as well as that in healthy sub-
jects (Z = 14,459 Q at 20 Hz and 8169 Q at
50 kHz) (Graph 12.1). Inter-patient variability
stemmed from a number of patient-dependent
conditions that occur during data acquisition
including different electrode and tissue contact
impedances associated with fluid content of the
saliva, slight variations in pressure applied
between the probe and tissue, and inherent
patient-to-patient tissue variation. A malignant
tissue is expected to have more conductivity than
adjacent tissue, since cancerous tissue has more
cellular water and salt content, altered membrane
permeability, packing density and orientation of
cells, and hence higher conductivity. Conductivity
is inversely proportional to resistance and thus
impedance, and hence cancerous tissue shows
lower levels of impedance as compared to normal
tissues (Fig. 12.7). Our results are also in accor-
dance with the in vivo study by Wang et al. [60]
on prostate cancer.

For clinico-pathological correlation, the 50
OSCC patients were divided into four groups
according to TNM staging into stages I-IV and
into 3 groups according to histopathological grade
into well, moderate, and poorly differentiated.

Six cases were in stage I, 3 cases in stage II,
17 cases in stage III, and 24 cases in stage
IV. Moreover, 16 of the cases were found to be
well differentiated, 8 cases were moderately dif-
ferentiated, and 6 cases were poorly differenti-
ated (Graph 12.2) [59].

Bioimpedance values of the three groups clas-
sified according to TNM stage and histopatho-
logical grades were compared at frequencies of
20 Hz, 50 KHz, 1.3 MHz, 2.5 MHz, 3.7 MHz,
and 5 MHz. Bioimpedance values decreased
from stage I to stage I'V. Statistically significant
differences in values of bioimpedance were
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observed between stage I (4881 + 262.5 Q) and
stage IV (4500 = 181.6 Q) at frequency of 20 Hz
(p value 0.0060) and also between stage I
(4881 +262.5 Q) and stage I1I (4376 + 121.3 Q)
at frequency of 20 Hz (p value 0.0005). However,
no statistically significant difference was noted in
the other parameters like phase angle and real
and imaginary parts of impedance between the
three stages (Graph 12.3) [59].

Furthermore, bioimpedance values dropped as
the histological grade advanced from well differen-

tiated to poorly differentiated. Statistically signifi-
cant differences in values of bioimpedance were
also observed between the grades well
(4557 £ 260.8 Q) and poor (4347 + 76.12 Q) only
at 20 Hz (p value = 0.0004). Moreover, no statisti-
cally significant difference was noted in the other
parameters of phase angle and real and imaginary
parts of impedance between the three grades. To the
best of our knowledge, reports on the bioimpedance
values in relation to different stages and grades of
OSCC is not available in the current literature.
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12.8.1.2 Phase Angle in Oral
Squamous Cell Carcinoma

Phase angle in the present study decreased from
—21.81° + 2.092° to —99.25°% + 38.57° for the
study group and from —14.56° = 0.6917° to
—111.9° + 5.806° for the control group as the
measurement frequency increased from 20 Hz to
5 MHz. At 20 KHz, the phase angle of OSCC
patients ranged from —17.9° to —25.2° with a
mean of —21.81° + 2.092°, whereas for controls
the phase angle ranged from —13.2° to —15.8°
with a mean of —14.56° + 0.6917°. At 50 KHz,
the phase angle of OSCC patients ranged from
—29.7%t0 —42.0° with amean of —37.24°+2.614°,
whereas for controls the phase angle ranged
from —-47.6° to -53.4° with a mean of
—50.35% £ 1.787°. Statistically significant differ-
ence was noted between the study and control
group at 20 Hz and 50 KHz with a p value
<0.0001 (Graph 12.4).

These findings are consistent with those of
Ching et al. [57] which showed that the phase
angle of CTT (6 = —22.74 at 20 Hz and —37.97 at
50 kHz) was significantly larger than that of the
surrounding NTT (6 = —13.40 at 20 Hz and
—49.78 at 50 kHz).

Results of the study by Sun et al. [58] showed that
the phase angle of CTT (6 = —21.10° at 20 Hz and
—37.5% at 50 kHz) was significantly larger than that

of the surrounding NTT (¢ = —14.3% at 20 Hz and
—49.6° at 50 kHz) as well as that of healthy sub-
jects (0 = —14.7° at 20 Hz and —50.1° at 50 kHz).

12.8.1.3 Real Part of Impedance
in Oral Squamous Cell
Carcinoma

In the present study, real part of impedance
decreased from 4198 =+ 162.6 Q to
—8.617 £ 0.3957 Q for the study group and from
14,000 + 348.7 Q to —12.26 = 1.478 Q for the
control group as the measurement frequency
amplified from 20 Hz to 5 MHz. At 20 KHz, the
real part of impedance of OSCC patients ranged
from 3948.8 Q to 4495.8 Q with a mean of
4198 + 162.6 Q, whereas for controls the values
for real part of impedance ranged from 13,336.4
to 14,998.6 Q with a mean of 14,000 + 348.7 Q.
At 50 KHz, the real part of impedance of OSCC
patients ranged from 309.3 Q to 321.4 Q with a
mean of 315.0 + 3.666 Q, whereas for controls
the values for real part of impedance ranged from
5197 Q to 530.1 Q with a mean of
523.7 = 3.072 Q. Statistically significant differ-
ence was noted between the study and control
group at 20 Hz and 50 KHz with a p value
<0.0001 (Graph 12.5).

These findings were in accordance with the
results of the study by Ching et al. [55] which
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showed that real part of impedance of CTT
(R =4050 Q at 20 Hz and 290 Q at 50 kHz) was
significantly smaller than that of the surrounding
NTT (R=12,432Qat 20 Hz and 501 Q at 50 kHz).
Similarly, results of the study by Sun et al. [56]
showed that real part of impedance of CTT
(R =4115.2 Q at 20 Hz and 312.4 Q at 50 kHz)
was significantly smaller than that of the surround-
ing NTT (R = 12,911 Q at 20 Hz and 486.7 Q at
50 kHz) as well as that of healthy subjects
(R=13,946 Q at 20 Hz and 523.8 Q at 50 kHz).
12.8.1.4 Imaginary Part of Impedance

in Oral Squamous Cell
Carcinoma

Imaginary part of impedance decreased from
—1375 + 34.76 Q to —22.65 + 1.98 Q for the
study group and from —3552 = 211.2 Q to

—23.95 = 2.957 Q for the control group as the
measurement frequency increased from 20 Hz to
5 MHz in the present study. At 20 KHz, the imag-
inary part of impedance of OSCC patients ranged
from —1423.3 Q to —1299.3 Q with a mean of
—1375 £34.76 Q, whereas for controls the values
of imaginary part of impedance ranged from
—3981.4 Q to —3100.8 Q with a mean of
—3552 £211.2 Q. At 50 KHz, the imaginary part
of impedance of OSCC patients ranged from
—190.1 Q to —1809 € with a mean of
—185.3 + 2.877 Q, whereas for controls the val-
ues for imaginary part of impedance ranged from
—629.1 Q to —610.6 Q with a mean of
—620.8 + 3.530 Q. Statistically significant differ-
ence was noted between the study and control
group at 20 Hz and 50 KHz with a p value
<0.0001 (Graph 12.6).
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These results were consistent with those of
Ching et al. [55], which showed that the imagi-
nary part of impedance of CTT (X = —1440.95
at 20 Hz and —228.91 at 50 kHz) was signifi-
cantly smaller than that of the surrounding
NTT (X = —2918.89 at 20 Hz and —599.18 at
50 kHz).

Also, results of the study by Sun et al. [56]
were in accordance with our findings. Their
results showed that the imaginary part of imped-
ance of CTT was significantly smaller than that
of the surrounding NTT as well as that of healthy
subjects. Thus, in the present study, both 20 Hz
and 50 kHz frequencies were found to be useful
to distinguish cancerous tissue from normal tis-
sue on the basis of measurement of four electrical
properties (Z, 6, R, and X). Therefore, both 20 Hz
and 50 kHz were recommended as the best
frequencies for separating cancerous tissue from
normal tissue.

12.8.2 Oral Potentially Malignant
Disorders

12.8.2.1 Bioimpedance in Oral

Potentially Malignant

Disorders [61]

In the present study, at 20 Hz the mean imped-

ance for the leukoplakia, erythroplakia, and

OSMF patients was 12,292 675.5Q,

13,100 + 1145 Q, and 977.7 + 138.3 Q, respec-

+

tively. All the values are less than in control
subjects which is in accordance with the
results by Balasubramani et al. [62] who found
that premalignant cervical tissue had much
smaller bioimpedance than normal. At 50 kHz,
the mean impedance for the leukoplakia,
erythroplakia, and OSMF patients was
727.6 63.64 Q, 780.1 46.49, and
896 + 41.19, respectively. We found that there
was statistical significant difference between
bioimpedance values of leukoplakia tissue
with no dysplasia and severe dysplasia, mild
and severe dysplasia, and moderate and severe
dysplasia. There were also significant statisti-
cal differences between stages I, III, and IV of
leukoplakia at 20 Hz. In erythroplakia, we also
found statistically significant differences
between bioimpedance values of different his-
topathological grades like moderate, severe,
and intraepithelial carcinoma. We also found
statistically significant differences between
different histopathological grades at 20 Hz but
no difference in various clinical stages of
OSMF.

+

+

12.8.2.2 Phase Angle in Oral
Potentially Malignant
Disorders
In the present study, at 20 Hz the mean phase
angle for the leukoplakia, erythroplakia, and
OSMF patients was —14.31 1.112°,
—14.35 + 1.170°, and —20.28 + 2.233°, respec-

+
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tively. At 50 kHz, the mean impedance for the
leukoplakia, erythroplakia, and OSMF patients
was —55.80 = 2.152° —55.16 = 1.740° and
—57.90 = 2.898°, respectively.

12.8.2.3 Real Part of Impedance

in Oral Potentially Malignant

Disorders
In the present study, at 20 Hz the mean real part
of impedance for the leukoplakia, erythroplakia,
and OSMF patients was 12,385 + 400.3 Q,
12,396 £424.3 Q, and 13,488 + 347.5 Q, respec-
tively. At 50 kHz, the mean real part of imped-
ance for leukoplakia, erythroplakia, and OSMF
patients was 12,385 +£400.3 Q, 12,396 +424.3 Q,
and 13,488 + 347.5 Q, respectively.
12.8.2.4 Imaginary Part of Impedance
in Oral Potentially Malignant
Disorders
In the present study, at 20 Hz the mean imaginary
part of impedance for the leukoplakia, erythro-
plakia, and OSMF patients was —2574 + 194.5 Q,
—2561 £211.2 Q, and —2388 + 248.6 Q, respec-
tively. At 50 kHz, the mean imaginary part of
impedance for leukoplakia, erythroplakia, and
OSMF patients was —-4764 = 64.14 Q,
—474 + 63.20 Q, and —-430.2 = 58.66 Q,
respectively.

12.9 Comparison of All
the Parameters Between
Different Groups

It was found that the bioimpedance of OSCC
group is smaller as compared to other study
groups as well as control group at all the frequen-
cies except 1.3 MHz. It was found that there is a
statistical difference among the phase angles of
different study groups along with the controls at
all frequencies except at 5 MHz. It was also
found that there is a statistical difference among
the real part of impedance of different study
groups along with the controls at all frequencies.
There is a statistical difference among the
imaginary part of impedance of different study
groups along with the controls at all frequencies.

12.9.1 Bioimpedance of Patients
from All the Study Groups
and Controls Measured at
Different Frequencies

After application of ANOVA, it was found that the
bioimpedance of OSCC group is smaller as com-
pared to other study groups as well as control
group at all the frequencies except 1.3 MHz,
which shows statistical significance (Graph 12.7).
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12.9.2 Phase Angle of Patients
from All the Study Groups
and Controls Measured at
Different Frequencies

It was found that there is a statistical difference
among the phase angles of different study groups
along with the controls at all frequencies except
at 5 MHz (Graph 12.8).

12.9.3 Real Part of Impedance
of Patients from All the Study
Groups and Controls
Measured at Different
Frequencies

After application of ANOVA, it was found that
there is a statistical difference among the real part
of impedance of different study groups along
with the controls at all frequencies (Graph 12.9).
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12.9.4 Imaginary Part of Impedance
of Patients from All the Study
Groups and Controls Measured
at Different Frequencies

After application of ANOVA, it was found that
there is a statistical difference among the imag-
inary part of impedance of different study
groups along with the controls at all frequen-
cies (Graph 12.10).

12.10 Future Directions

Bioimpedance is a proven technique used in
detection of various cancers. The published liter-
ature illustrates the role of that bioimpedance in
early oral cancer detection [59-61]. We believe
that the comparison of bioimpedance in OPMDs
and oral cancer will rationalize the role of bio-
impedance in early detection of cancer. We also
suggest more studies on bioimpedance levels of
body fluids like saliva in OPMDs and OSCC. For
definite understanding of its usefulness as an
early detection marker, studies with large sample
sizes are desirable [63].

In India and Southeast Asia, it has been
observed that OSCC are commonly preceded by
an OPMD. Hence during screening programs,

bioimpedance can be utilized as a diagnostic
adjunct to the classical visual screening. However
a large number of multicentric studies with exten-
sive data collection are needed to thoroughly
validate the technique.
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Abstract

Pfeiffer, a German scientist in 1938, first
developed the crystallization test, which baf-
fled many researchers ever since. Later on,
cupric chloride crystallization test was widely
used in the literature to investigate its efficacy
in detection of various malignancies. Studies
on oral cancer also proved its effectiveness for
early detection. The crystallization appear-
ance called “transverse form” is regarded as a
hallmark pattern in malignancies. It is postu-
lated that increased concentration of poly-
amines and diamines in blood of cancer
patients as well as altered protein structure is
responsible for formation of this peculiar, sig-
nature pattern. However, in normal healthy
patients, the cupric chloride crystallization
pattern is characterized by an eccentrically
placed center of gravity and radiating crystals
without any disturbances. In this chapter, we
have reviewed the crystallization test with
emphasis on potential mechanisms, crystalli-
zation test procedure and methodology, image
interpretation, crystal patterns, and all studies
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conducted on oral cancer. The qualities of reli-
ability, simplicity, cost-effective, and noninva-
sive nature of crystallization test make it an
efficient tool for sensitive detection of oral
cancer.

13.1 Introduction

Pfeiffer originally introduced the biocrystalliza-
tion method in 1931, which was later termed
“sensitive crystallization” and “copper chloride
crystallization” [1]. This method involves crys-
tallization of salt solution by evaporation of water
under controlled atmospheric  conditions.
Differential pattern formation by virtue of inter-
action of biological material with molecular
forces during crystallization is the basis of bio-
crystallization test [2]. It was used in agricultural
research concerning crop quality, in addition to
chemical analyses of vitamins, proteins, etc. [3].
A most common application is investigation of
effects of different farming systems and fertiliza-
tion practices on the morphological alterations
found in the crystal structures [3-5]. It has also
been applied as a bioassay in the field of home-
opathy [6]. In the context of human diseases,
crystallization method has been applied for renal
diseases like pyelonephritis [7-9] and pulmonary
conditions of the upper respiratory tract [10]. The
application of sensitive crystallization processes
in the early detection of malignancies is the most
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unique application and remains as the main focus
of the chapter, particularly with relevance to oral
cancers.

The phenomena of crystallization have always
attracted many workers over centuries. Pfeiffer
(1938) first developed the crystallization test
using cupric chloride solution [1]. It was based
on the importance of physical and molecular
forces in maintaining the integrity of the mole-
cules and the chemicals. The typical hallmark of
crystallization pattern in malignancy was shown
to be “transverse form” (TF) formation [11].
Gruner (1940) [12] concluded that the different
crystallization patterns in health and disease are
due to the pivotal role of colloidal proteins in
dilute solution of blood. The specific pattern in
cancer reflects the specific nature of the abnormal
proteins with changes in the position of amino
and sulfhydryl groups. Gulati et al. (1994) [11]
and Kuczkowski et al. (1995) [13] carried out this
test in head and neck malignancies and concluded
that it is a simple, reliable, economical, less time-
consuming, and less invasive diagnostic proce-
dure suitable for mass screening.

13.2 Crystallization Dynamics

Crystallization is defined as formation of solid
crystals precipitating from a solution, melts or
more rarely deposited directly from a gas. It also
involves solid-liquid separation phenomenon
wherein mass transfer of a solute from the liquid
occurs leading to pure solid crystals. The crys-
tallization is carried out in a crystallizer under
controlled physical and environmental condi-
tions. Thus, crystallization is an act of precipita-
tion, obtained through a variation of the
solubility conditions of the solute in the solvent,
in contrary to precipitation due to chemical
reaction [14].

The events in the crystallization are divided
into two major categories, nucleation and crystal
growth. In nucleation phase, solute molecules
dispersed in the solvent start to gather into clus-
ters, on the nanometer scale, that become stable
under the current operating conditions. These
stable clusters are called nuclei. The clusters
need to reach a critical size for complete stabili-

zation; otherwise, they become unstable and get
dissolve. Such critical size of clusters is dictated
by various operating conditions like temperature,
supersaturation, humidity, vibrations, etc.
Subsequently, atoms arrange in a defined and
periodic manner that defines the crystal structure.
“Crystal structure” is a special term that refers to
the relative arrangement of the atoms, not the
macroscopic properties of the crystal (size and
shape), although those are a result of the internal
crystal structure [15].

13.3 Review of the Literature

Glauber (1648) first investigated the causes of
crystallization and concluded that some occult
force controls it. He extensively studied the crys-
tallization patterns produced by organic and inor-
ganic substances in combination with various
colloidal solutions. He concluded that morpho-
logical and histological patterns of living organ-
isms have close resemblance to complicated
crystallization patterns [12].

After a long gap of nearly three centuries,
Kopaczewski (1933) stated that the different pat-
terns of crystallization are produced by organic
and inorganic salts in addition to different col-
loidal solutions, mainly due to a variation in the
rate and amplitude of molecular movements
involved in the evaporation process. It was con-
cluded that the pattern formation process is con-
trolled by trikinetic forces consisting of (1)
molecules of organic and inorganic substances,
(2) molecules of colloidal substances, and (3)
water molecules [12].

Pfeiffer, a German scientist (1938), first devel-
oped the crystallization test. This test was based
on the importance of physical and molecular
forces in maintaining the integrity of molecules
and the chemicals. He used cupric chloride crys-
tallization pattern with and without combination
with body fluids from human samples and plant-
and animal-derived extracts to evaluate the role
of colloidal impurities over crystallization pat-
tern. Further experiments with blood from
patients affected by various diseases showed sig-
nificant differences when compared with healthy
blood samples [1].
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Gruner (1940) suggested that no chemical
changes occur during the crystallization process
and stressed the physical nature of the process.
He also pointed out that different crystal
arrangement pattern seen with human samples
and plant- and animal-derived extracts was due
to the molecular forces, different rates, and
amplitude of molecular movements during
evaporation process. Thus, trikinetic forces con-
trol the whole process of crystallization. It was
observed that the substances added to cupric
chloride solution prevent the normal pattern of
cupric chloride crystals and ultimately lead to
the development of a characteristic signature
pattern as seen in blood crystallization images.
It was concluded that the different crystal pat-
terns in health and disease are due to the pivotal
role of colloidal proteins in dilute solution of
blood. The specific pattern in cancer reflects on
specific nature of the abnormal protein with
changes in position of amino and sulfhydryl
groups. He further stressed that the physical
process of crystallization is delayed, retarded,
or suppressed in cancer ultimately to produce an
abnormal pattern [12].

Sabarth and Williams (1975) [16] observed
similar blood crystallization patterns after addi-
tion of blood solution to cupric chloride (20%),
magnesium sulfate (20%), and lead acetate (10%)
solution, even though each of these solutions had
different chemical identity. The dilution of blood
and salt solution was also an important factor in
the crystallization process. It was also observed
that the specific crystallization patterns of cupric
chloride were present only in the presence of
those chemicals which supports life, such as
sodium chloride, sodium carbonate, sodium
bicarbonate, potassium chloride, ammonium sul-
fate, etc., whereas these patterns were absent
with substance which are inert for life, e.g. paral-
dehyde, formalin, etc.

Quadeer (1980) [17] studied crystallization
test on 225 healthy controls and 325 cases of his-
tologically proven malignancies of various body
regions. Positive crystallization pattern for malig-
nancy (TF formation) was observed in 94.15%
cases. It was concluded that crystallization is reli-
able test for detection of malignancy in cases
where the lesion is inaccessible to biopsy and

other procedures. The future utility of this test as
a screening method for epidemiological studies
was also suggested.

Shaikh et al. (1992) [18] concluded that crys-
tallization test is of great value in detecting the
malignancy of female genital tract, where the
lesion is inaccessible to biopsy and other proce-
dures. The crystallization test was carried out on
211 patients of female genital tract malignancy
and 50 healthy controls. The test showed positive
crystal pattern for malignancy in 200 (94.78%)
malignancy cases and negative in 45 (90%) con-
trol subjects.

Later on, Gulati et al. (1994) [11] studied the
crystallization test on 25 patients with head and
neck carcinoma and 25 healthy individuals. The
crystallization test showed positive crystal pat-
tern for malignancy in 88% of cases of head and
neck malignancy and negative in 92% healthy
controls. It was found that there was no correla-
tion between the stages of carcinoma and the
number of TFs. However, maximum numbers of
TFs were seen in stage II and stage IV carcino-
mas. It is concluded that crystallization is simple,
reliable, economical, and above all useful method
for a mass screening program.

Kuczkowski et al. (1995) [13] carried out
crystallization test on 21 patients with head and
neck neoplasms and 10 healthy control subjects.
The results were positive in 71.5% of cancer
patients.

13.4 Crystallization Test
Procedure

13.4.1 The Procedure
for Crystallization Test Is
as Follows [12-14]

1. Blood sample collection: Blood sample is col-
lected under aseptic conditions by pricking
ring finger. One drop of blood is added to 1 cc
of double distilled water at room temperature,
which gives a final dilution of 6% hemolyzed
blood.

2. 20% cupric chloride solution is prepared by
adding anhydrous cupric chloride powder
(20 g) to double distilled water (100 mL).
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3. 0.1-0.2 cc of blood sample is added to 10 cc
of 20% cupric chloride solution.

4. Pour this mixture immediately in the pre-
warmed flat-bottom petri dish of 10 cm
diameter.

5. Place the petri dish in biological oxygen
demand (BOD) incubator (temperature,
28-32 °C, and humidity, 35-55%) in an iso-
lated room. BOD incubator should be placed
in vibration-free environment.

6. Make sure that petri dish is horizontally
placed in an incubator.

7. Crystallization process takes around 18-19 h
later.

13.4.2 Incubator Settings

BOD incubator is ideal for crystallization test.
Incubator should be kept free of vibrational dis-
turbance. Absolute horizontal positioning of
incubator is mandatory, which can be maintained
with the help of water-level test. Dust-free envi-
ronment of incubator is the key for accurate
results. The incubator is set at 32 °C. Humidity in
the crystallization chamber is maintained within
the range of 35-55% by using wet- and dry-bulb
thermometer. These settings should be religiously
followed in order to get valid and reproducible
crystallization results [12—14].

13.4.3 Interpretation
of Crystallization Test

The crystallization patterns are studied in day-
light using handheld magnifying lens. Recently,
we have developed a new method in which petri
dish is placed on X-ray viewing machine. [19]
Black cardboard sheet can be used to block the
surrounding unwanted light from X-ray viewer.
This method provides clearer picture of crystal
orientation and also facilitates good-quality pho-
tographs [19].

The evaluation of crystallization pictures is
frequently performed by means of visual evalua-

tion. Recently, computerized image analysis has
been investigated, which is still in the stage
development, with high scope for accuracy and
precision. As of now, visual evaluation is consid-
ered as superior in discriminating differences
between crystal patterns and in identifying pic-
tures as originating from different cultivation
systems. In fact, the visual evaluation directs the
future development of more productive comput-
erized evaluation of patterns.

13.5 Crystal Patterns

The mechanisms of the crystallization process on
glass plates are not yet completely compre-
hended. The topographical features of glass plate
have been proposed as important factor affecting
crystallization pattern [20]. Hence, the clean
(dust-free) glass plate and the evaporation rate
(depends on temperature and humidity of cham-
ber) of the solution are important factors. It was
found that the main variation step in the biocrys-
tallization is not the sample preparation but the
crystallization step itself. A key to understanding
this problem was connected to the understanding
of the “dewetting” phenomena [20]. The possi-
bility of the appearance of dewetting with the
falling of the height of the solution between a
critical height is described for fluids by Sharma
and Ruckenstein [21].

13.5.1 Crystal Patterns of Cupric
Chloride Solution

The crystallization pattern of cupric chloride
solution alone shows thick textured crystals with
needles arranged at an arbitrary angle. The nee-
dles either show side branching in fan-shaped
manner or lengthwise linear growth. Secondary
and tertiary branches are also observed. Each
needle with its side branching represents one
single entity with independent center of gravity
(Fig. 13.1). Sabarth and Williams (1975) [16]
labeled such pattern as “muddle formation.”
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Fig. 13.1 Crystallization pattern of cupric chloride solu-
tion alone showing thick textured crystals with needles
arranged at an arbitrary angle. Each needle with its side
branching represents one single entity with independent
center of gravity

13.5.2 Crystal Patterns of Cupric
Chloride Solution Admixed
with Blood from Healthy
Individuals

The crystallization pattern in this case shows a
single eccentrically situated center of gravity
(point from which crystal radiates) with an
orderly arrangement of radiating crystals emanat-
ing from the center toward the periphery
(Fig. 13.2). The center of gravity is always situ-
ated eccentrically in the crystallization plate
dividing whole field into two zones: (1) zone of
long radiation and (2) zone of short radiation.
These radiating crystals fail to reach the periph-
ery of the petri dish leaving behind the area occu-
pied by crystals with different types of
arrangement. This zone is termed as peripheral
zone and has pattern similar to crystallization
pattern of cupric chloride alone. Sometimes vari-
ations such as empty spaces, network of thin
needles, or encrusted areas are also observed
(Fig. 13.3). This particular crystallization pattern
reflects on the decreasing gradient of pattern for-

Fig. 13.2 Crystallization pattern of cupric chloride solu-
tion admixed with blood from healthy individual showing
a single eccentrically situated center of gravity (white
arrow) with orderly arrangement of radiating crystals
emanating from the center toward the periphery

mation force of blood from center toward the
periphery. Hence, it was concluded that the
peripheral zone has less/no formative forces and
showed different types of crystal arrangement.
In the center of gravity, instead of one single
center, there might be a conglomeration of two or
more centers (Fig. 13.4). The wing-like crystal
formation with variable number and with or with-
out blank spaces between them can also be seen.

13.5.3 Crystal Patterns of Cupric
Chloride Solution
in Malignancy

The crystallization pattern in malignancy shows
single or double eccentrically situated center of
gravity with orderly arrangement of radiating
crystals emanating from the center toward periph-
ery. In addition to this, sharply set off transverse
crystals which are arranged almost perpendicular
to the main radiating crystals are a characteristic
feature in cancer patients (Fig. 13.5). Such crys-
tals are called transverse forms (TF). TF consists
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Fig. 13.3 Crystallization pattern of cupric chloride solution admixed with blood from healthy individual showing
peripheral zone with crusted appearance of crystals (black arrow)

Fig. 13.4 Crystallization pattern of cupric chloride solution admixed with blood from healthy individual showing
conglomeration of multiple centers of gravities (black circle)
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Fig. 13.5 Magnified view of transverse forms showing fan-shaped crystals perpendicular to radiating crystals. The

radiating crystals fail to pierce through the transverse form

of transverse needles with wing-like formation
on either or both sides. Secondary and tertiary
branching formation was remarkably absent in
TF. The needles of the central radiation fail to
pierce through the TF. Increased number of TF
reflects the advanced stage of malignancy.

The appearance of new center of nucleus
ahead of growing central radiation marks the
beginning of malignancy pattern. From the
nuclear core point, side branches are laid down at
an angle to the diagonal line of fine needles
already laid down imparting stratified appear-
ance. The side branches show less angulation and
hence formed dense stratification. Secondary
and/or tertiary branching from side branches is
remarkably absent. The needles of the pattern are
as thick or sometimes thicker than the needles of
central radiation. The size of pattern is variable
ranging from 2 to 30 mm.

Reason for Alterations
in Cupric Chloride Crystal
Pattern in Cancer

13.6

In malignancy, a number of cell products, espe-
cially the components of the cell surface and
enzymes involved in the metabolism of nucleic
acids, are shed into the blood circulation. Thus,
blood acts as a unique medium, reflecting the
various signature biochemical changes occurring
in malignancy [16, 22]. Hence, blood can be used
as a less invasive diagnostic tool.

The biochemical change occurring in the blood
in malignancy has molecular basis at grass root
level. It is well known that molecular forces gov-
ern the integrity of molecular structure. In malig-
nancy, these biochemical changes bring about the
change in the molecular forces. Similar type of
molecular forces also acts to maintain the cohesion
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of molecules in the crystalline form, which are
responsible for the peculiar pattern-forming ten-
dency in any particular crystalline substance. It
can, therefore, be anticipated that any malignancy
in the body can be detected through the agency of
physical forces, which maintain the integrity of
molecular structure and that of chemical sub-
stances [23]. It has been observed that in malig-
nancy, there is a high concentration of polyamines
and diamines in the blood, which are the interme-
diate products of protein metabolism. It was found
that the colloidal proteins in dilute solution of
blood play a pivotal role in formation of different
crystallization in health and disease [17]. Thus, it
can be concluded that the proteins or degraded
products of proteins, i.e., polyamines and
diamines, may be responsible for particular can-
cer specific pattern in crystallization test, i.e., TF.

One of the most intriguing aspects of the
crystallization test is that it can determine the
site of illness based on the location of the altered
crystal pattern on petri dish. For site determina-
tion ability of crystallization test, petri dish is
divided into four quadrants formed by two per-
pendicular axes passing through the center of
gravity. The narrow area between the point of
intersection of the two imaginary axes and the
edge of the glass plate corresponds to head or
nervous system and organ of sense. The circula-
tory and respiratory system zones are present as
wider area in the vicinity of horizontal axis. The
other zones are shown in the figure. The areas
below the center of gravity represents head zone
where TFs are expected to occur in oral squa-
mous cell carcinoma patients. It was considered
by Pfeiffer in his book, Sensitive Crystallization
Process, that the crystallization dish represents
the body regions in two dimensions, which is a
very controversial argument.

13.7 Crystallization Test in Oral
Squamous Cell Carcinoma

In one of our previous studies out of 50 OSCC
cases, 48 cases showed positive crystallization
test, i.e., 96% reliability and 4% false negative
[19]. Out of 30 control subjects, 29 showed
negative crystallization test, i.e., 96.66% reli-

ability. The positive and negative predictive
values were found to be 97.96% and 93.55%,
respectively. The application of chi-square test
revealed a p value of 0.0001 which indicates
that crystallization test was highly relevant for
detection of OSCC [19]. Gulati et al. [11] dem-
onstrated positive crystal pattern for malig-
nancy in 88% of cases of head and neck
malignancy and negative in 92% healthy con-
trols. Kuczkowski et al. (1995) [13] carried out
crystallization test on 21 patients with head and
neck neoplasms and 10 healthy control sub-
jects. The results were positive in 71.5% of can-
cer patients.

The mean TF frequency was calculated and
found to be increasing from grade I (3.20 £ 15%)
to grade II (653 +£2.23%), and difference was sta-
tistically significant (P = 0.0001). Similarly, the
mean TF frequency in clinical stage II was
5.8 + 4.658%, whereas that in stages III and IV
were 5.75 + 2.417% and 4.90 + 2.315%, respec-
tively. This difference was statistically insignifi-
cant [19]. Gulati et al. [11] found no such
correlation between the stages of carcinoma and
the number of TFs formed. However, maximum
numbers of TFs were seen in stage II and stage
IV carcinomas. All the TFs obtained in the study
were located above the center of gravity and hori-
zontal axes. In contrast, as per the literature, area
bellow center of gravity (also called K zone) is
designated for pathologies related to head region.
For more clarity on this aspect, we recommend
future studies in this direction on larger sample
sizes.

Recently, Rawat et al. studied crystallization
pattern in oral leukoplakia [24]. Leaf-like pattern
was observed in 46 cases (92%), while 4 cases
(8%) exhibited star-form pattern. Transverse bar
formations were absent in all the 50 cases of leu-
koplakia. By considering leaf-like pattern as pos-
itive crystallization test, 92% reliability and 8%
false negative were obtained.

Conclusion

Based on our previous research and a few
other reports, crystallization test may be con-
sidered as a promising investigation for early
detection of oral cancers. However, there are
many gray areas pertaining to the very nature
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of the crystallization test, and no data cur-
rently provides convincing evidence about the
fundamental mechanisms involved in this bio-
physical event. The changes in the levels of
key proteins and their products and several
other genomic and metabolic markers seen in
oral cancers blood samples may exert these
subtle molecular forces, once thought as ethe-
real forces. Due to the occult nature of this
investigation, there has been little advance in
this field, but few authors are firm believers.
We suggest investigators to validate the crys-
tallization patterns on a larger number of
blood samples from clinically staged oral
squamous cell carcinoma across different pop-
ulations, using advanced machine learning
algorithms for accurate pattern determination.
The specific challenges however include the
tendency for specific patterns in different dis-
eases and site-based patterns. In this age of
technology, simultaneously screening the
entire biomarker panel using “omics” tech-
nologies alongside the crystallization test can
provide deeper insights.
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Salivary Biomarkers in Oral Cancer
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Prashanth Panta and David T. W. Wong

Abstract

Saliva is an easily accessible biofluid with
immense diagnostic potential in oral cancer.
The identification of potential saliva signa-
tures for early, noninvasive detection of oral
squamous cell carcinoma (OSCC) lead to
early detection, better outcome, and survival.
More than 100 biomarkers have shown differ-
ential levels in saliva of patients with
OSCC. They encompass a large number of
proteins which cover cell surface molecules
(CD44sol, CA-125, etc.), cytoskeleton frag-
ments (CYFRA 21-1), intracellular proteins
(ZNF-510, Mac-2 binding protein), proteases
(MMPs) and inflammation-associated pro-

teins (CRP, defensin-1, IL-6, IL-8), and
mRNA signatures (IL-8, IL-1B, DUSPI,
OAZ1, SAT, and H3F3A) and recently some
noncoding RNA (miRNA and circular RNA).
Some of these salivary biomarkers (both RNA
and proteins) have displayed high sensitivity
and specificity and were shown to reflect the
underlying molecular characteristics and
severity of OSCC. The salivary-mutated and
salivary-methylated DNA, HPV-DNA, telom-
erase level, certain oral microbiota, metabolic
and oxidative stress biomarkers, and inorganic
ion concentration have also shown biomarker
potential. Moreover, the unstable RNA is pro-
tected in exosomes, allowing their stable
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detection and easy quantification. The salivary
transcriptome (coding, noncoding RNAs) has
also displayed performance in multiethnic
cohorts of oral cancer patients. In this chapter,
the potential salivary biomarker signatures,
corresponding tissue and serum concentra-
tion, and their role in OSCC are discussed.

14.1 Introduction

Oral cancer is the sixth most common malignancy
in the world [1]. Oral squamous cell carcinoma
(OSCC) accounts for ~90% of total oral cancer
cases [1]. A significant portion of the global oral
cancer burden occurs in the Indian subcontinent.
Oral cancer progression is a multistep process
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associated with preventable risk factors. The pri-
mary risk factors for OSCC include tobacco expo-
sure, both in the form of smoking and chewable
forms, areca nut use, and alcohol consumption.
Additional risk factors include nutritional defi-
ciency, trauma, and genetic predisposition. Most
of the cases present at stage III or IV, ending in
morbid disease with low survival, and it is there-
fore necessary to focus on early detection. When
diagnosis is made at stage I, prognosis is good and
5-year survival reaches 80% [2, 3].

“Early detection” is therefore a key strategy to
reduce the high mortality and morbidity associated
with OSCC. OSCC identified in the asymptomatic
stage requires minimum management. The role of
post biopsy methods, using prognostic markers, in
predicting risk of malignant transformation from
“oral potentially malignant disorders” (OPMDs) is
also of limited value, as decision is based on
excised tissue specimen. Fear of pain resulting
from biopsy also leads to delay, after reaching a
clinical diagnosis of oral cancer [4]. It is therefore
advantageous to develop methods which are pain-
less and noninvasive for patients and safe for han-
dling, with less committed procedures for
preservation and accurate analysis.

The presence of signature biomarkers in local
secretions is universal to many malignancies,
and their identification has the highest potential
in early detection [5]. Liquid biopsy of blood,
body fluids like urine and local secretions like
bronchial washings, pleural effusion, and ascetic
fluid, was extensively tested as a suitable diag-
nostic medium for malignancies [5]. Similarly,
potential biomarkers are reflected in saliva, may
inform subtle tissue molecular changes, and
may be useful in the detection of early OSCC
cases. “Saliva based liquid biopsy” is therefore
a viable alternative for diagnosis or at least as an
adjuvant method for further confirmation with
biopsy, supporting decision made by clinicians.

14.2 Saliva: Diagnostic Biofluid
in Oral Cancer

Saliva sampling is noninvasive and less infectious
(risk-free), and preservation is also easy as it shows
no clotting ability, satisfying the clinical require-
ments of an ideal diagnostic medium [6] (Fig. 14.1).

* Easily accessible
 Highly Informative
* Non-invasive

* Safe to handle

* No clotting ability

N\ « Easy to store

Fig. 14.1 Saliva an ideal diagnostic bio-fluid

Saliva contains a wealth of chemical compounds
(i.e., information), and a change in their concentra-
tion can reflect local and systemic disease status.
Saliva is especially useful for oral diseases like
OPMDs and oral cancer, because it shares direct
physical contact with these lesions. As saliva bathes
oral lesions, it reflects their internal molecular envi-
ronment more precisely than distal body fluids like
blood. Saliva samples can also be collected in
patients with special needs or disabilities, in anx-
ious individuals, in children posing challenge to
blood sampling, or in patients harboring high-risk
infectious and communicable disease. The chances
of transmission of high-risk infectious diseases like
HIV is low with saliva samples [1]. Saliva collec-
tion reduces discomfort and embarrassment to
patients. Also handling saliva samples is much eas-
ier compared to blood samples which require com-
plex preservation and handling protocols. It is
possible to detect oral cancer before the physical
symptoms appear (asymptomatic stage) using
saliva, as it reflects the molecular changes which
occur before malignant transformation of tissue.
Genetic and epigenetic, cellular, and metabolic
events precede gross tissue changes during the
development of OSCC. Furthermore, dentists and
stomatologists who identify these patients are
highly receptive to the application of saliva in diag-
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Fig. 14.2 Saliva is a more potential fluid-of-choice for
patient-centered diagnostic tests. Figure shows the percent-
age distribution of subjects interested in donating saliva,
over urine and blood for a research study. Reprinted from J

nostics [6, 7]. Moreover the general public will be
more interested to donate saliva over other bodyflu-
ids (Fig. 14.2)

14.2.1 Saliva: Natural Composition

Saliva is a clear, slightly acidic fluid (pH = 6.5-7)
secreted by the numerous minor (~300-400) and
three pairs of major salivary glands [8]. Despite
being rich in water, its viscosity is five times
higher than blood [8, 9]. Humans generate around
1-1.5 liters of serous and mucous saliva per day at
an average flow rate of 0.5 mL/min [10]. Saliva is
important for speech, mastication and digestion,
and defense function. Saliva can be divided into
cellular and acellular (fluid) components. The
major host cells in saliva include exfoliated epi-
thelial cells, lymphocytes, and erythrocytes, and
oral microbiota mainly include bacteria. The acel-
lular component of saliva includes water (99%),
proteins (enzymes, hormones, immunoglobulins,
growth factors ~0.3%), inorganic ions and enzyme
cofactors (calcium, magnesium, iron, copper,
zinc, or manganese ~0.2%) metabolites, RNA,
and DNA [10]. Saliva proteins include enzymes
involved in food digestion (a-amylase), defense
proteins like lysozyme and peroxidase, secretary
immunoglobulins (IgA, IgG), and highly glyco-
sylated mucin proteins (MUC5B, MUCT7,
MUCI19, MUC1, MUC4) that support lubrication
[10-12]. The mucin proteins are the most abun-

Am Dent Assoc, vol 139, Koka et al, The preferences of
adult outpatients in medical or dental care settings for giv-
ing saliva, urine or blood for clinical testing, pages
735-740. Copyright (2008) with permission from Elsevier

dant saliva proteins, and they exert the viscoelas-
tic property to water-rich saliva [11, 12]. In the
secretory process, the proteins in the salivary acini
are transported from acinar endoplasmic reticu-
lum via secretory granules to the plasma mem-
brane, where they are released through exocytosis
into gland lumen. Exocytosis is a continuous pro-
cess but can accelerate with neural stimulation.
Sympathetic stimulation of parotid and subman-
dibular glands and parasympathetic stimulation of
sublingual gland can increase protein release from
acini [10]. The ductal cells predominantly absorb
the isotonic, near plasma-concentrated saliva and
modify it into a hypotonic solution (low Na* and
CI-, high K* and HCO3"). This ion exchange hap-
pens through transporters (e.g., Na/K ATPase,
Na-K-Cl cotransporter). Significant ion exchange
occurs in the ductal lumen, and water permeabil-
ity by acinar cells is mediated by aquporin-5. A
useful web resource (http://www.skb.ucla.edu/)
on current knowledge base on saliva is maintained
by the University of California, Los Angeles
(UCLA) [13].

14.2.2 Saliva Biomarkers in Oral
Cancer

A biomarker is any signature that can reflect
normal biological process, pathologic process in
tissue, or response to therapeutic intervention, in
a quantifiable manner [1]. Saliva was used for


http://www.skb.ucla.edu/

268 P.Panta and D. T. W. Wong
a 1.00 b 1.0
0.80 0.8 -
>
= >
= 0.60 1 £ 0.6 1
7 3
: < AUC: 0.93
$ 0.404 AUC: 0.95 S 04 0.93
- Sensitivity:0.91 @ Sens!t!v!ty.o.g
Specificity:0.91 Specificity:0.83
0.20 1 0.2
0.00 . . . . 001, . . : . .
0.00 0.20 0.40 0.60 0.80 1.00 0.0 0.2 0.4 0.6 0.8 1.0
Specificity 1-Specificity

Fig. 14.3 (a) ROC curve analysis for the predictive
power of combined salivary mRNA biomarkers (/L/B,
OAZI, SAT, and IL8). Using a cutoff probability of 50%, a
sensitivity of 91% and specificity of 91% by ROC was
found. The area under the ROC curve (AUC) was 0.95.
Reprinted with permission from (Li et al. Salivary
transcriptome diagnostics for oral cancer detection. Clin
Cancer Res. 2004; 10: 8442-50). Copyright (2004)
American Association for Cancer Research. (b) ROC

analysis based on the validation results of these five
candidate protein markers (M2BP, MRP14, CDS59,
catalase, and profilin). The sensitivity and specificity were
90% and 83%, respectively and area under the ROC curve
(AUC) was 0.93. Reprinted with permission from (Shen
et al. Salivary Proteomics for Oral Cancer Biomarker
Discovery. Clin Cancer Res. 2008; 14: 6246-6252).
Copyright (2008) American Association for Cancer
Research

Fig. 14.4 Saliva Saliva

contains a wide Biomarkers
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carly detection of oral G_.enome Transcriptome Proteome Metabolome Microbiome
cancer Epigenome

screening distant tumors for the first time in
1986 by Jenzano et al. [14]. Saliva kallikrein
activity was significantly higher in patients with
malignant tumors (breast and gastrointestinal
cancer), remote from the oral cavity [14]. The
first saliva biomarker to be discovered was the
human epidermal growth factor receptor 2
(HER-2), associated with breast cancer. Unlike
breast cancer, carcinogens in tobacco smoke
(>5000) and chewable forms lead to gross
changes in genome and aberrations in key sig-
naling pathways. It is therefore unlikely that a
single marker can serve as a reliable indicator of
OSCC. Over the years several groups have pub-
lished excellent results (>90% accuracy), but a
perfect prediction model capable of identifying
OSCC in asymptomatic patients is yet to be
identified (Fig. 14.3) [1]. This accuracy (>90%)

may seem encouraging but is still insufficient for
routine clinical use.

The saliva biomarkers for OSCC can be
broadly divided into proteomic, transcriptomic,
genomic and epigenomic, metabolic, and
microbiota-based biomarkers [7] (Figs. 14.4 and
14.5). A noninvasive diagnostic test can therefore
be designed to detect OSCC by identifying
changes in the salivary proteome, transcriptome,
genome and epigenome, metabolome, or micro-
biome or their unique combination [7]. Despite
several advantages of salivary biomarker, limita-
tions do exist. The concentration of most analytes
in saliva is significantly lower (100-1000-fold)
as compared to their relative concentration in
blood [10]. However, with reference to oral can-
cer, this may not be a serious limitation as the
majority of analytes are locally released from the
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Fig. 14.5 In oral cancer, dysregulation occurs at genomic,
transcriptomic, proteomic and metabolic levels producing
unique biomarker signatures representing each of these subtle

tumor site. Cutoff values should be established
for potential biomarkers through high-power
studies applicable to unknown OSCC cases. For
biomarker studies, prospective-specimen collec-
tion, retrospective-blinded-evaluation (PRoBE)
design is best suited [10]. In PRoBE, samples are
first collected prospectively from target popula-
tion before diagnosis. Later they are examined,
and individuals with known diagnosis and con-
trols are selected randomly and tested in a blinded
fashion. Strict adherence to this methodology
leads to definitive Food and Drug Administration
(FDA) biomarker approval [15]. Saliva bio-
marker test is an ideal diagnostic investigation as
certain biomarkers have demonstrated highest
sensitivity and specificity. The core technology
for biomarker discovery is referred to as “sal-
ivaomics.” As it is impossible to present an
exhaustive description on all established salivary
biomarkers (~100) in oral cancer [1], we have
classified and relied on the most significant
candidates.

14.2.2.1 Proteomic Biomarkers

A decade ago, the human saliva protein pool
(proteome) was known to contain only 1166 pro-
teins [16]. In 2013, Schulz et al. compared pro-
teome database of plasma with saliva (International
Human Plasma Proteome Project) and reported
that 30% of saliva proteins arise from plasma

Metabolic markers

Y/ N

Microbiota markers

events. Host response and microbial colonization also change
with the development of oral cancer which results in host-
response related markers and microbiota based markers

itself [16]. Today, more than 2000 proteins are
known to constitute the saliva proteome
(www.hspp.ucla.edu) [8]. In a recent report by Yu
et al., following careful survey of existing litera-
ture, 49 proteins were identified as potential bio-
markers of OSCC [2]. The salivary proteins
differentially expressed in OSCC patients include
cell surface proteins (CD44sol, cancer antigen
125, carcinoembryonic antigen, carcinoma-
associated antigen 50), cytoskeleton fragments
(CYFRA 21-1, tissue polypeptide antigen, etc.),
intracellular proteins (zinc finger protein 510 pep-
tide, Mac-2 binding protein), proteases like matrix
metalloproteinases, inflammation-related proteins
(cytokines, C-reactive protein, defensin-1), etc.
[17-19]. The total number of salivary proteins
and total saliva protein also elevates in oral cancer
patients as compared to healthy volunteers and
OPMDs [20-22]. Saliva proteins can aid the early
detection of OSCC.

14.2.3 Cell Surface Glycoproteins

14.2.3.1 CD44

CD44 is a ubiquitous cell surface adhesion mol-
ecule linked to cell-cell and cell-extracellular
matrix interaction. Structurally it is made of 20
exons; the first and last 5 make up a constant
region, and central 10 exons make up a variable
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region [23]. The CD44 (CD44s) has four compo-
nents: an extracellular domain, a proximal
domain, a transmembrane domain, and a small
cytoplasmic tail [23]. The extracellular domain is
positioned for its ligands, hyaluronan, collagen,
fibronectin, laminin, and chondroitin sulfate, and
the cytoplasmic domain links to cytoskeleton
through ankyrin and ezrin-moesin-radixin (EMR)
family [23, 24]. In cancer, the extracellular
domain of CD44 is detached to form “CD44sol”
and released into body fluids (saliva or plasma).
CD44sol corresponds to its tissue level and is
released from tumor cells due to proteolytic
digestion via membrane type 1 matrix metallo-
proteinase [26, 27]. CD44 is also a good tissue
biomarker candidate, showing strong expression
in advanced stages of OSCC [25]. CD44
expression is particularly seen within the oral
cancer stem cell compartment [25, 26]. In a meta-
analysis, it also correlated with worse tumor fea-
tures in head and neck cancers [25]. CD44
elevation was initially reported in oral rinse in
19/25 patients with HNSCC [27]. In serial stud-
ies by Franzmann et al., CD44sol levels and
methylation status of the CD44 gene promoter
were established as potential markers in oral
rinse of OSCC patients [27-29]. Salivary soluble
CD44 is an important protein in oral cancer, due
to its local release from cancer cells [30].

14.2.3.2 Cancer Antigen 125

Cancer antigen or carbohydrate antigen 125
(CA-125) is a tumor-associated antigen. It is a
mucin glycoprotein, expressed also in OSCC
[31]. CA-125 is known to support tumor growth
through suppression of natural killer cells, pro-
moting metastatic invasion. This molecule has a
long structure with three domains: N-terminal,
tandem repeat, and C-terminal. The N-terminal
and tandem repeat domains are in the extracel-
lular position and highly glycosylated. The
extracellular portion of the protein is suscepti-
ble to proteolytic digestion and is released into
body fluids. In one study, mean salivary CA-125
was approximately tenfold in OSCC compared
to controls [32]. CA-125 is useful and showed

sufficient accuracy in the diagnosis of OSCC
along with tissue polypeptide-specific antigen
[32, 33].

Other cell surface glycoproteins include carci-
noembryonic  antigen (CEA), carcinoma-
associated antigen 50, cancer antigen 19-9
(CA19-9), and epidermal growth factor receptor
2 (erbB2). In a study on benign and malignant
lesions of oral cavity and salivary glands, the
combined saliva levels of CEA and CA-50 were
significantly higher in malignancies [34]; saliva
levels were also higher than corresponding serum
levels. In a clinical study, higher levels of erbB2
were detected in unstimulated saliva but not in
serum from OSCC patients compared to controls
and individuals with OMPD [35].

14.2.4 Cytoskeleton Fragments

Cytokeratins (CK) 8, 18, and 19 are expressed in
epithelial cells and released from proliferating
and apoptotic cells; both the phenomena occur in
OSCC. They are cleaved by caspases, and fol-
lowing digestion they are released into the tumor
microenvironment, circulation, and saliva [36].
Fragments of CK-8, 18, and 19 are important
markers of epithelial malignancies. The cytoker-
atin markers in OSCC include CYFRA 21-1,
tissue polypeptide antigen, and tissue polypep-
tide-specific antigen [30].

14.2.4.1 CYFRA 21-1

CYFRA 21-1 (human cytokeratin fragment
21-1) is the soluble fragment of cytokeratin-19,
overexpressed in OSCC tissue, serum, and saliva
[37-41]. Pre-operative serum levels of CYFRA
21-1 have shown potential as candidate biomarker
for risk stratification in OSCC, with higher levels
associated with increased tumor depth, bone and
skin invasion, and distant metastasis [38].
Salivary CYFRA 21-1 levels correlate well with
its parent cytokeratin-19 and also disease recur-
rence [39]. Salivary CYFRA 21-1 levels have
been reported to be threefold higher than serum
levels in patients with OSCC [40, 41].
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14.2.4.2 Tissue Polypeptide-Specific
Antigen

Tissue polypeptide-specific antigen (TPS) is a
fragment of cytokeratin-18. TPS is an indicator
of high tumor proliferative rate. Its role was iden-
tified in nasopharyngeal carcinoma and oral and
head and neck squamous cell carcinoma [42]. Its
serum level also correlated with therapy, being
lower following therapy [42]. Patients with lower
levels of TPS had longer survival following
therapy, and it was shown as a good predictor of
advanced disease, having both diagnostic and
prognostic significance [43].

14.2.5 Intracellular Proteins

14.2.5.1 Mac-2 Binding Protein

Mac-2 binding protein is essential in the regula-
tion of growth and motility of OSCC cells [44].
Elevated levels of the protein in tissue, sera, and
saliva have been documented in several studies
[30, 44, 45].

14.2.5.2 Salivary Zinc Finger Protein
510 Peptide

Zinc finger proteins are the largest family (5926
members) of transcription factors in the human
genome playing versatile roles in metabolism, dif-
ferentiation, and autophagy [46]. Besides DNA
binding, they also interact with RNA, proteins, and
lipids [46]. The zinc finger proteins hold both
oncogenic and tumor suppressor functions.
Salivary zinc finger protein 510 peptide (ZNF-
510) is a zinc finger protein involved in transcrip-
tional regulation, localized chiefly to the cell
nucleus [46]. The 24-mer peptide of ZNF-510 was
elevated in immunohistochemical analysis of
tumor and saliva [47]. It was not found in the saliva
of healthy controls, and its levels correlated sig-
nificantly with tumor stage, i.e., T3+ T4 >T1 + T2
(n = 45) [47]. In a systematic review, it was
revealed as the only peptide to increase with
increasing tumor stage [48]. ZNF-510 is a power-
ful marker that can differentiate early and late
OSCC, and more studies are required for further
validation.

14.2.6 Enzymes

14.2.6.1 Matrix Metalloproteinases
Matrix metalloproteinases (MMPs) are key pro-
teases secreted by tumor stroma, involved in the
digestion of extracellular matrix, promoting the
local invasion and metastasis of oral cancer [49].
Among the many enzymes in the MMP family, in
a systematic review, MMP-1 and MMP-3 were
identified as potential oral cancer markers [48].
Saliva concentrations of MMP-1 and MMP-3 are
elevated several folds in OSCC and increase with
increasing tumor grade [50]. MMP-9 can digest
type IV collagen, a major basement membrane
component, elastin, and fibronectin. MMP-9 was
also identified in the saliva of OSCC and OPMD
[51]. Matrix metalloproteinase 1 is an interstitial
collagenase which was also identified as a poten-
tial biomarker (AUC = 0.871) to discriminate
OSCC from healthy controls [2].

14.2.7 Inflammation-Related
Proteins

14.2.7.1 Cytokines

The pro-inflammatory and pro-angiogenic cyto-
kines IL-6, IL-8, TNF-p, and IL-1f are linked to
aggressive malignant behavior in OSCC [52, 53].
They promote SCC, and higher concentrations of
cytokines are related to larger tumor size and
metastatic potentials. As their expression is
silenced in normal tissue, monitoring their levels
could be advantageous [52-54]. In a study
focused on early TI/T2 OSCC, IL-8 showed ele-
vation in saliva, whereas IL-6 showed elevation
in serum [54]. The predictive power of detection
increased when saliva IL-8 was used in combina-
tion with serum IL-6 (accuracy = 0.998) [54].
Their elevation is seen at both protein and mRNA
level. The high expression of IL-6 and IL-8 is
established in cell lines and tissue specimens and
was linked to growth potential. Moreover, serum
levels of these cytokines decrease after surgical
treatment, chemo- or radiotherapy, reflecting
their true biomarker potential [52]. IL-6 and IL-8
showed significant elevation across multiple
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cohorts of OSCC [30, 55]. The proteomic marker
IL-8 showed highest AUC value in the discrimi-
nation between OSCC, OPMDs, and controls,
and IL-8 and IL-1p, together produced improved
discrimination between OSCC and controls [56].

14.2.7.2 C-Reactive Protein
Cancer-associated inflammation can elevate the
levels of acute phase protein enzymes like
C-reactive protein (CRP) significantly. CRP is
produced and released by the hepatocytes in liver
in response to inflammation and is a potential
marker for activation of immune response [40,
57]. CRP is known to be regulated by the pro-
inflammatory cytokines (IL-1, IL-6, and IL-8,
TNFa) secreted by the neutrophils and macro-
phages. The production of CRP can increase to
50,000-fold in response to acute inflammation,
and its assessment is a test for inflammation [57].
As chronic inflammation is associated in OPMDs
and OSCC, it serves as a good biomarker. It is
primarily a serum marker, and its elevation cor-
related with clinico-pathological features and
disease-free survival in buccal cancers [57]. The
ratio of C-reactive protein/albumin score was
shown to have good prognostic ability in OSCC;
the group with high ratio had high TNM clinical
stage and low survival [58].

14.2.7.3 Defensin-1

Human neutrophil defensin proteins designated
as HNP-1, HNP-2, and HNP-3 are host defense-
related cytotoxic peptides primarily derived from
the azurophilic granules in neutrophils [59].
Defensin-1 has been reported in saliva of OSCC
patients and may represent defense response of
host to OSCC tissue [59]. They originate from
saliva ductal cells, oral epithelial cells, and blood
cells [60]. Salivary levels of defensin-1 increase
with oral inflammation and showed a strong posi-
tive correlation with CRP [61]. Saliva defensins
also increase in OPMDs like leukoplakia and
lichen planus [62].

Other proteomic biomarkers include S100A9
and thioredoxin (small redox proteins) [53], sali-
vary actin and myosin [63], endothelin, and resis-
tin [20]. Salivary amylase declined, and
concentrations of albumin, lactate dehydroge-

nase (LDH), and IgG increase in OSCC [22]. A
five-candidate proteomic panel, M2BP, myeloid-
related protein 14 (MRP14), CD59 (protectin),
profilin, and catalase (cell protector against oxi-
dative stress), yielded a high accuracy (>90%) in
OSCC detection [19]. Salivary antibodies to early
genetic aberrations like p53 and circulatory anti-
bodies against heat shock proteins have also been
identified in OSCC and OPMDs in some studies
[64, 65]. The formation of antibodies represents a
“humoral immune response” to accumulated
nonfunctional proteins [66].

14.2.8 Techniques Investigating
Saliva Proteome

The proteome is the protein complement of the
genome. It is primarily analyzed by 2D or 1D
polyacrylamide gel electrophoresis (PAGE),
where proteins appear as spots [58]. PAGE can
separate different molecules with similar molecu-
lar weight and also isoforms of same proteins,
providing a snapshot of the saliva proteome [67,
68]. The gels are stained with silver (5 ng/spot) as
per protocols, visualized under the CCD camera
system and imaged for optical density and calcu-
lated in parts per million [67]. Following electro-
phoretic separation, the most consistently
upregulated bands can be excised and subjected to
trypsin digestion for mass spectrometry (MS)
analysis. Through MS, a range of proteins can be
identified in nontraditional samples like saliva,
and MS has already yielded high-quality informa-
tion about the proteome component of saliva sup-
porting the role of saliva as a diagnostic biofluid.
The ionization methods, electrospray ionization
(ESI) and matrix-assisted laser desorption ioniza-
tion (MALDI) with mass analyzers (quadrupole/
linear ion trap, time-of flight (TOF), quadrupole
time-of-flight (QTOF), and Fourier transform ion
cyclotron (QTOF), Orbitrap), improve sensitivity,
resolution, accuracy, and efficiency of protein
sequence determination [19]. Targeted MALDI-
TOF MS peptide analysis can also be performed
[69]. High-performance liquid chromatography
(HPLC) and MS has also been conjugated. Using
dendrimer-associated MS, MALDI-MS, and tar-
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geted high-performance liquid chromatography
(HPLC)-ESI-MS/MS  even posttranslational
changes such as phosphorylation, glycosylation,
acetylation, and methylation can be characterized
[70]. Posttranslationally modified proteins (e.g.,
glycoproteins and phosphoproteins) occur rou-
tinely in oral cancer, which are also present in
saliva [70]. Recently, Jiang et al. utilized MALDI-
TOF-MS combined with magnetic beads and
identified 50 proteins differentially expressed in
early OSCC tumors (n = 40) [71], and each signa-
ture is represented by a protein peak showing dis-
crimination of oral and esophageal cancer [72].
Protein microarrays are also available for the
determination of more than 5000 proteins with
only microliters of sample [72]. More recently
another proteomic approach surface-enhanced
laser  desorption/ionization-time-of-flight/mass
spectrometry (SELDI-TOF/MS), with precision
of MALDI and high-throughput nature of protein
arrays, has also been developed [73]. SELDI-TOF
allows the separation of less abundant proteins,
with great accuracy suitable for saliva diagnos-
tics. Through MS abundant data is generated
complicating analysis, and there is often a lack of
procedure standardization between laboratories,
which is perhaps the only limitation [72]. In the
recent times, evolving data automation improved
feasibility of MS applications. More recently,
Luminex point-of-care technology and selected
reaction monitoring (SRM)-based tandem mass
spectrometry have been used for targeted identifi-
cation of multiple proteins in oral cancer [51, 53,
74,75]. Zymography can also be performed using
SDS-PAGE for oral cancer proteolytic enzymes
like MMPs [76, 77]. In this method, the gels are
stained and quantified, and the corresponding pro-
tease activity could be measured based on optical
density [76, 77].

14.2.8.1 RNA Signatures

RNAs are important in cell metabolism tran-
scribed from DNA. In a recent study using mas-
sive parallel sequencing, more than 4000 coding
and noncoding RNAs were characterized in the
saliva of healthy individuals. Most of the anno-
tated genes (~90%) belong to the coding family.
Most of the noncoding genes belonged to the

“small  nucleolar RNA  family” [78].
Extracellular RNA research was funded by the
National Institutes of Health (NIH) Common
Fund’s Extracellular RNA Communication
Program, a consortium devoted to define func-
tion and produce reference catalog in different
body fluids, biomarkers, and development of
discovery tools [79, 80]. RNA can arise from
blood, salivary glands, and oral microbial flora,
and many reads do not align with the human
genome [78]. About 20-25% RNA reads in cell-
free saliva align with human genome (eukary-
otic transcriptome), and 30% RNA sequences
align with the human oral microbial genome
database (prokaryotic transcriptome) [78].
Microbial RNA markedly reduces the sensitiv-
ity of human RNA analysis [78]. The whole
saliva transcriptome therefore includes both
eukaryotic and prokaryotic transcriptome.
Removal of RNA arising from microbiota
increases sequencing perfection of human sali-
vary RNA to define true molecular signatures.
Centrifugation at low speed is one such step that
removes microbial RNA significantly.

Human RNA molecules in saliva include cod-
ing RNAs (messenger RNAs) and noncoding
RNAs (microRNA, piwi-interacting RNA
(piRNA), small nucleolar RNA, and circular
RNA) [81]. The saliva transcriptome is hence a
complex agglomeration. The saliva cell-free
RNA may exist in intact or fragmented form.
Intact RNA is mostly from the apoptotic bodies
released from tumors, or via actively released
exosomes, or through circulation.

14.2.8.2 Messenger RNA

The role of salivary messenger RNA (mRNA) in
oral cancer detection was reported by Li et al. in
2004 [82]. Their utility as circulating biomarkers
has also been reported [83]. Although large inter-
patient variability is known to exist for mRNA,
seven transcripts have shown significance in
OSCC in several reports [30, 54, 82, 84]. They
include interleukin-8 (IL-8) and interleukin-1B
(IL-1B), dual specificity phosphatase 1 (DUSP1),
ornithine decarboxylase antizyme 1 (OAZIl),
S100 calcium-binding protein P (S100P), sper-
midine/spermine N1-acetyltransferase 1 (SAT),
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and H3 histone family 3A (H3F3A). Among the
seven mRNAs, IL-8 and SAT were identified as
top performers, in multiple OSCC cohorts and in
a large sample (n = 395 patients) [30]. PRoBE
studies validated six markers repeatedly demon-
strating approximately two to four fold increase
(ct values), highlighting their superiority [85,
86]. The mRNAs may arise locally from tumor
tissue or due to a tumor-induced response [30].

14.2.8.3 IL-8and IL-IB

A group of investigators have successfully linked
IL8 protein a candidateoral cancer marker to IL8
mRNA, through electrochemical sensors [54,
87]. This test has yielded a high sensitivity and
specificity for both IL-8 and IL8- mRNA, alone
and in combination.In a study by Brinkmann
et al, RNAs: IL-8, IL1B were among the 4 RNA
which were significantly elevated in OSCC [45].
However, in chronic periodontitis the levels of
these inflammatory RNAs can be potentially
affected [88, 89]

14.2.8.4 DUSP-1

Dual specificity protein phosphatase 1 plays an
essential role in the activation of MAPK pathway
linked to protein modification, oxidative stress,
and signal transduction [90-93]. DUSP-1 is con-
trolled by p53, and its hypermethylation has been
implicated in oral carcinogenesis [56, 94].
However, in some studies saliva DUSP-1-mRNA
was nonsignificant and elevated in early OSCC
[45, 96].

14.2.8.5 OAZ1

Ornithine decarboxylase antizyme 1 (OAZ1) has
effect on proliferation and differentiation of oral
cancer cells, through inhibition of polyamine pro-
duction necessary to prevent cell proliferation [95].
Stable expression of OAZI in squamous cell carci-
noma cell lines induces G1 phase and increases
epithelial islands. This tumor suppressor molecule
participates in the repair of DNA double stranded
breaks and in regulation of DNA methylation [95—
97]. Salivary OAZ1-mRNA was shown to correlate
with OSCC patients during remission and in oral
lichen planus (OLP) patients [96].

14.2.8.6 S100P

S100P (“S” solubility, “P” placenta) is a
calcium-binding protein overexpressed in a
broad range of malignancies [98]. S100P pro-
tein is overexpressed in cancer and has a multi-
faceted role [99, 100]. It participates in the
degradation of heat shock proteins (Hsp70 and
Hsp90) important in oncogenesis [98], partners
with a scaffolding protein IQGAP1 affecting
downstream pathways for G protein-coupled
receptors [99], and upregulates oncogenes
cyclin D1 [100, 101]. It participates actively in
the regulation of cytoskeleton and microtubule
assembly through binding and activation of
ezrin. S1I00P mRNA is seen with high expres-
sion in “anoikis”-resistant OSCC cell line than
anoikis-sensitive OSCC, indicating its role in
cancer cell survival and metastasis [100]. S100P
was shown to be a reliable marker of OSCC,
irrespective of poor oral hygiene status in peri-
odontitis [101].

14.2.8.7 Sat1

Spermidine/spermine N1-acetyltransferase 1 is a
protein belonging to the acetyltransferase family
that participates in the catabolism of polyamines
[102, 103]. SAT-mRNA was among the four pro-
teins identified in a transcriptome panel that
showed elevation in late-stage OSCC, in a study
by Brinkmann et al. [89]. This was also among
the six mRNA (IL-1p, IL-8, OAZI1, SAT, S100P,
and DUSP1) that showed elevation in the studies
of Martin et al. [85, 86].

14.2.8.8 H3F3A

H3 histone, family 3A is a nuclear protein that
forms the histone background responsible for the
structural integrity of chromosomal nucleosome;
mutations in H3F3A have been linked to some
cancers [104, 105]. The H3F3A-mRNA is a cell
proliferation marker [104, 106]. In the study of
Gleber-Netto et al., H3F3A-mRNA combined
with IL-8 protein gave high accuracy in the
discrimination of OSCC and OPMD [54].
H3F3A-mRNA was validated as a potential
marker in a multi-cohort study, adding strong evi-
dence to its biomarker potential [30, 85, 89].
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14.2.8.9 Noncoding RNAs

Besides the well-known messenger RNA land-
scape, significant changes have been reported in
the noncoding RNA family. Nearly 98% of all
transcriptional output in humans is noncoding
RNAs (ncRNAs) [107]. The ncRNAs have two
types, small noncoding RNAs (<200 bps) which
include microRNAs and small nucleolar RNAs
and long noncoding RNAs (>200 bps) [108]. The
ncRNAs are now emerging biomarkers of
OSCC. Moreover, ncRNAs are not as susceptible
as mRNA s to the action of RNase. They are short
sized and therefore more stable in body fluids
like urine, blood cerebrospinal fluid, sweat, pleu-
ral discharge, and saliva, showing promise for a
saliva test [108].

MicroRNA
Among the noncoding RNAs, microRNAs (miR)
are the most important biomarkers in OSCC dem-
onstrating highest fold change. They are 19-23
nucleotides long, single-stranded RNA molecules
[1]. About 1000 miR molecules have been
reported in human genome. They are important
functional molecules as a single molecule can
bind with more than 100 mRNAs through nonse-
lective binding, and more than 30 mRNAs are
posttranscriptionally modified by miRNAs [109].
The ultimate advantage of miRNA markers is
the fold change (10-1000 times higher expression)
compared to messenger RNAs [109]. In a meta-
analysis, the overall diagnostic accuracy of OSCC
detection through body fluid miRNA was 0.832
[110]. The main miRs that have been implicated in
OSCC include miR-125a, miR-200a, miR-31,
miR 184, miR-27b, and miR-7 [111]. Some have
shown downregulation and some have shown
upregulation. For example, miR-125 and miR-
200a are significantly degraded, and miR-31 is
oncogenic and frequently upregulated in plasma
and saliva [112, 113]. Recently miR-184 was iden-
tified as a marker of oral mucosal malignant trans-
formation, with threefold increase observed in
OSCC, and oral potential malignant disorder com-
pared to normal subjects [114]. In a genome-wide
study on salivary RNAs, miRNA-27b was identi-
fied as a valuable marker to identify OSCC [115].

The advantage of profiling miRNA in saliva
over other body fluids is their overabundance.
Saliva was shown to have the largest number of
microRNAs, among 12 body fluids tested,
exceeding plasma levels [116]. Among the abun-
dant salivary miRNA, only few arise from
plasma, and majority come from regular cell
turnover and lysis in the oral cavity [116]. This
highlights the local release of miRNA from tumor
tissue. The important disadvantage of saliva RNA
is its high susceptibility to digestion by RNase
and cumbersome handling problems during anal-
ysis. Moreover, OSCC patients were also shown
to possess elevated RNase activity [84].

Circular RNA

In a customized bioinformatics report, more than
400 circular RNAs (circRNAs) were isolated
from cell-free saliva in healthy controls [81].
circRNAs are highly abundant in cells, greatly
exceeding the concentrations of linear RNA
[117]. circRNA compliments the role of
microRNA [117]. Their size ranges from few
hundred to thousands of nucleotides, forms a cir-
cular loop without 5" cap or a 3’ poly A tail, and
acts as microRNA sponge, competitively sup-
pressing microRNA action, and as transcriptional
regulators through interactions with RNA-
binding proteins and as parent gene expression
modifiers by accumulating around transcription
site [117-120]. They are abundant in the nucleus,
and their knockdown leads to repression of par-
ent genes [119]. The “circRNA-miRNA” axis has
a critical role in signaling pathways in cancer
[117]. A Circlnteractome web tool (http://circin-
teractome.nia.nih.gov) is available for exploring
the interaction between circular RNA and their
respective proteins and mRNA [121].

The half-life (t;,) of circRNA is 48 h, approxi-
mately four times that of mRNAs, indicating a
superior stability [120]. Their overall stability,
abundance, and superior t;, support their role as
potential biomarkers [122]. The absence of free
ends adds to their resistance against the action of
debranching enzymes and exonucleases. The role
of CDRI1as (or ciRS-7), a circular RNA acting as
miRNA 7 sponge, has been implicated in tongue
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cancer [123]. Another circRNA, ci-mcm5 an
enhancer of memS expression, is also known to
participate in OSCC. Higher expression of MCM5
is associated with the early stages of oral neoplasia,
progression, and poor prognosis [124]. Recently a
circular RNA circRNA_100290 through interac-
tion with miR-29 family members was identified as
a critical regulator of OSCC development [125].
circRNAs are a new diagnostic alphabet in the
RNA biomarker family, and identifying them in
saliva can be a new trend in OSCC detection. In the
current literature, only little evidence is available
linking circRNA and OSCC [125].

14.2.9 Techniques in Transcriptome
Landscape

Transcriptome is an emerging landscape in oral
cancer for noninvasive detection. Initial microar-
ray and qRT-PCR validation studies were per-
formed by Prof. David Wong and colleagues
(University of California, Los Angeles) who
identified an enormous transcriptome load in
saliva [126]. Subsequently, the advent of next-
generation sequencing led to a rapid expansion in
the number of RNAs identified. Identification of
RNA was chiefly by microarray technology and
quantitative real-time PCR, but the disadvantage
is the loss of biomolecules due to fragmentation.
These two methods, quantitative PCR and micro-
array, were preliminary methods in saliva-based
biomarker discovery and identification; quantita-
tive real-time PCR (qRT-PCR) can also be used,
but low amounts of RNA in saliva can hinder the
performance of qRT-PCR. This can be overcome
by multiplex reverse transcriptase-PCR-based
pre-amplification approaches. Significant
improvement was made with the advent of next-
generation sequencing (NGS)-based approaches
and 3-poly (A)-independent amplification tech-
nology, which offers no loss of information
recovering all salivary RNA fragments [126].

14.2.9.1 Microarray Technology

Microarray is the key technique to identify
expression of cancer-associated genes and RNA
biomarkers from samples. These gene chips can

detect specific gene expression by detecting RNA
transcripts in the sample giving insight into the
genes activated and inactivated. It is a genome-
wide screening tool frequently applied to investi-
gate the expression profile of a very large number
of genes. Previously, Northern blotting technique
was used for investigating expression of one or
several genes. In OSCC and OPMDs, expression
profiling of a large set of gene changes provides a
“whole-genome fingerprint” [127-129]. A micro-
array platform (e.g., Affymetrix U133 Plus 2.0,
Human Exon 1.0 ST) is a collection of several
miniature spots of specific DNA sequences (oli-
gonucleotides) located on a solid base (glass or
silicon chip) [126, 130, 131]. Hybridization is the
core principle behind microarray analysis. It con-
tains thousands of probe sets and distinct oligo-
nucleotide features representing the entire human
genome [1, 126]. Each oligonucleotide sequence
known as a “probe” allows hybridization of
c-DNA from an unknown sample, but before this,
the sequences (c-DNA or RNA) in the sample
under study are fused to fluorescent dyes (e.g.,
cyanine 3, cyanine 5) [132]. The fluorescent
labels tagged to the target sequences hybridize
with probe sequences to generate a signal whose
strength can be measured. This measurement is
proportional to the number of photons emitted
after excitation with a laser of particular wave-
length [130]. A digital image is formed, and
intensity values are obtained for each probe set.
Microarray manufacturers provide data analysis
software (e.g., MicroArray Suite) along with
plate readers that help in the creation of huge raw
data. Once images are made, they are corrected
for background and quality, through filtration,
aggregation, and normalization, followed by rec-
ognition of gene expression pattern. Any gene set
is reliably “present” if p < 0.001 and intensity
value >200 [126]. The gene chip array informa-
tion can be tallied with reference gene mining
tool of the respective company.

Today, several robust network clustering
algorithms are available for cancer subtype
discovery (e.g., acute myeloid leukemia, acute
lymphoblastic leukemia) based on microarray
data [131, 133]. Each cancer type has a charac-
teristic expression profile of genes in key signal-
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ing pathways upregulated and downregulated
[133]. Microarrays can be used for molecular
classification of OSCC or OPMDs, apart from
simple diagnosis [127, 134]. Through use of
computational algorithms, it is possible to dif-
ferentiate oral cancer from normal tissue [135].
In a microarray study by Li et al., it was possible
to predict biomarkers of oral squamous cell car-
cinoma using microarray data [131]. It was cal-
culated through bioinformatics that 78 genes
showed differential expression in OSCC which
were also validated through in vitro and in vivo
experiments [131]. Data mining software such as
DAVID bioinformatics resource can be used for
enrichment analysis of differentially expressed
genes to give biological meaning to large gene
sets obtained through microarray data [131,
136]. Through microarrays, it is also now possi-
ble to predict cancer tissue of origin and cancer
subtypes without examining histology, with
much more clinical implementation in the future
[137], showing good prospects for noninvasive
diagnosis from biofluids. However, the key limi-
tations of microarrays include high cost, techni-
cal errors and false readings, large tissue
sampling, destructive testing, and lacking reus-
ability [137].

14.2.9.2 Quantitative Real-Time
Polymerase Chain Reaction
(qRT-PCR)

The qRT-PCR is a modification, and major
development of PCR technology, carried out in a
thermocycler [138]. It minimizes contamination
that occurs during PCR product handling [138].
It is a robust method for RNA quantification
(i.e., copy number), which is a direct measure of
targeted gene expression [139]. Based on the
amount of RNA in the given sample, qRT-PCR
allows reliable measurement of products at the
end of amplification cycles [140]. The RNA in
the sample should be reverse transcribed to com-
plementary DNA (RNA to c-DNA) [126]. The
c-DNA sample is mixed with sequence-specific
probes intercalated to fluorescent molecules
known as “reporters.” The fluorophore-labeled
sequence gets hybridized to the complementary
sequence. The qRT-PCR thermal cycler can illu-

minate each sample with a light of specific wave-
length, and sensors detect the fluorescence
emitted by the excited fluorophore; measure-
ments are made through accumulation of fluo-
rescence emitted by the labeled fluorescent
probes following release of the quencher [138].
qRT-PCR can also be used in cases where partial
fragmentation of target RNA is suspected and
where threshold values (Ct values) can be used
[139]. In such cases there is loss of amplifiable
templates in RNA population; extensive RNA
degradation leads to loss of amplicons and
increase in Ct value [139]. Quantification of
gene expression is primarily by two methods:
relative quantification and absolute quantifica-
tion [141, 142]. Absolute quantification gives the
exact number of DNA molecules, and relative
quantification determines fold changes in the
expression of a specific gene. This method can
also be used to quantify any RNA type (mRNA,
miRNA, etc.) in the saliva sample, to further
validate DNA microarray results.

Hybridization platforms like microarrays and
probe (or tag)-based methods provide heavy data
connected to the overall expression of a large set
of genes (thousands) involved in key signaling
events in any disease process.

14.2.9.3 Next-Generation
Sequencing

Although hybridization-based microarrays give
broad knowledge base, they have inherent prob-
lems. The main limitation of microarray profil-
ing for salivary RNA signatures is the presence
of cross hybridization noise and dependence on
gene annotation [143].  Next-generation
sequencing (NGS) methods such as RNA
sequencing (RNA-seq) or massively parallel
DNA sequencing (c-DNA sequencing at mas-
sive scale) have shown unprecedented detail of
the human saliva transcriptome [81, 144, 145].
The major advantage of RNA-seq includes its
high sensitivity to the identification of genes/
exons and splice isoforms, RNA editing, and
fusion transcripts in a single experiment [15,
146]. RNA-seq can provide characterization of
RNA beyond the inputs provided by microar-
rays and probe-based PCR examinations [146].
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RNA-seq was successfully applied to study
RNA signatures in saliva of cancer subjects
[146]. The major limitation of RNA-seq for
body fluids includes low inputs of RNA, vulner-
ability to isolation techniques, and the complex-
ity of preparing libraries [147].

In the recent times, NGS revealed its extraor-
dinary ability in the characterization of ncRNA
species (miRNAs, piRNAs, and circRNAs) in
human saliva. RNA sequencing (RNA-seq)
offers single nucleotide information and is
highly sensitive and accurate in transcript detec-
tion, capable of detecting novel RNA species
and transcript isoforms. RNA-seq is a dynamic
technology, and a large number of new bioinfor-
matic tools are emerging for analysis of RNA-
seq data, ranging from rapid short-read aligners
to detailed examination of RNA expression pat-
terns. Owing to improvements in these tech-
niques, the catalog of human genes (both coding
and noncoding RNA genes) has been greatly
expanded in the last 10 years. The basic steps in
RNA-seq analysis include saliva collection and
RNA extraction through various methods (e.g.,
TRIzol method) followed by quantification,
c-DNA library construction, and sequencing
[148]. Among the RNA-seq library preparation
methods, New England Biolabs (NEB)Next
library preparation method resulted in the high-
est number of genes and even small RNAs, with
a low total RNA input of 100 ng [149-151]. The
HiSeq 2500 from Illumina® is one NGS platform
for RNA sequencing. NGS companies are con-
stantly improving their platforms and sequenc-
ing abilities. The current application of RNA-seq
is mainly based on c-DNA synthesis. The con-
version of RNA to c-DNA by reverse transcrip-
tase itself can be a source of error sequences, due
to template switching and spurious second-
strand synthesis [152]. The amplification RNA is
essential for subsequent sequencing and com-
parison to reference genome or to transcriptome
[15]. Initially, amplification methods resulted in
some discrepancies and errors. The ideal ampli-
fication must maintain a zero error or keep the
error as low as possible [152]. The preservation
of the original sample is another important
aspect. Sequencing samples with low RNA

amounts are more challenging as the error rate is
higher.

In the recent past, another NGS method,
“direct RNA sequencing” (DRS), has been
reported, which does not involve c-DNA conver-
sion [152]. DRS is based on the presence of natu-
ral poly (A) tails, and in their absence, an
additional in vitro step of polyadenylation induc-
tion is performed. This method gives information
of poly (A)'RNA in the unknown sample.
Through this method gene expression pattern can
be profiled, and polyadenylation sites can be
quantified in a genome-wide manner [152]. DRS
is universal in application to decode all RNAs
without c-DNA conversion.

14.2.10 DNA Signatures

Cell-free tumor DNA (ct-DNA) can be directly
investigated in saliva samples. ct-DNA is
released from cells undergoing apoptosis or
necrosis during OSCC development and pro-
gression. Therefore ct-DNA analysis can pro-
vide insight into the basic mutation profile of
tumors. Saliva samples produce sufficient quan-
tity and quality of DNA [8]. Although the quan-
tity of DNA obtained from blood is tenfold due
to the enormous number of white blood cells,
salivary ct-DNA is also of sufficient quantity
(~24 pg) suitable for analysis [8]. In OSCC,
tumor DNA is preferentially enriched in saliva as
compared to plasma [153]. As distance between
the tumor site and saliva decreases, the chance of
finding its ct-DNA biomarkers in saliva increases
and plasma decreases [153]. Saliva therefore
shows highest sensitivity for detection of ct-
DNA for oral cavity cancers [153]. As little as
5 ng/ml is considered optimum for genotyping
[8]. The exfoliated epithelial cells from oral
tumors within saliva also can provide sufficient
genetic material for analysis [84]. The strategies
for detecting salivary ct-DNA include NGS,
PCR-based (qRT-PCR), and PCR enhancement
techniques (clamped-based PCR technique,
etc.); MS; beads, emulsion, amplification, and
magnetics (BEAMing); or nanoparticle-based
techniques [15].
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14.2.10.1 Mitochondrial DNA
Mitochondrial dysfunction is an important find-
ing in oral cancer cells [154]. Alterations in mt-
DNA content occurs in advanced head and neck
squamous cell carcinoma, independent of age
and smoking habit, and is potentially detectable
in saliva [156—164]. The salivary levels of mt-
DNA also decreased following treatment with
primary surgical resection and radiotherapy
[156]. The main alterations in mitochondrial
genome include mutations and copy number
changes. Mitochondrial mutations occur in cod-
ing (cytochrome c oxidase genes) and noncoding
regions, and sometimes mutations occur only in a
subset of mitochondrial DNA (mt-DNA) copies,
out of the 10°~10* copies in each cell, a condition
called heteroplasmy [155-157]. Displacement
loop (D-loop) is the hot spot for mutations in the
mitochondrial genome, with strong biomarker
potential [158-160]. The presence of D-loop
mutations potentially alters respiratory chain and
bioenergetics. Mutated mitochondrial DNA (mt-
DNA) is 19-220 times more abundant than
mutated p5S3 DNA and is readily accessible from
bodily fluid like saliva [161].

Mitochondrial DNA copy number is high in
tobacco-betel quid chewers with OSCC [162].
Due to the high copy number change, they can be
assessed in body fluids and are therefore well
suited to serve as potent salivary marker of OSCC
[163]. Testing for salivary mt-DNA could be used
for early detection of OSCC and for treatment
monitoring [161, 163]. Microarray platforms
(Human MitoChip) were designed for detecting
mutations in mitochondrial genome in body fluid
samples [165]. Recently, a novel method
“MitoRS” was reported for amplification of
entire mitochondrial genome in a single reaction
with a starting material of 5 ng [166].

14.2.10.2 Nuclear DNA: Mutation
and Methylation

P53 mutations were identified in several studies
using saliva samples [106, 167]. The first report
of saliva as a diagnostic medium for oral squa-
mous cell carcinoma was published by Liao et al.
and was based on (C-deletions) in exon4, con-
don63 of p53, in 5/8 patients [106]. In a recent

study on saliva of 20 OSCC samples, C-deletion
was identified in 100% cases [167].

Hypermethylation of gene promoters is an
important molecular mechanism for gene silenc-
ing and is therefore an important biomarker of oral
cancer. DNA methylation status of tumor suppres-
sor genes (P16, death-associated protein kinase
(DAPK), methylguanine-DNA methyltransferase
(MGMT)) also correlated with smoking history,
and oral rinse showed good correlation [168—170].
An exfoliative brush can be used to brush the oral
cavity or just the suspected lesions, and then rins-
ing and gargling can provide a more informative
sample [168]. Based on the concordance of results
between oral rinse with and without brush, it was
identified that oral rinse itself without brush is suf-
ficient [168]. The tumors with more epigenetic
burden reflect their methylation in oral rinse, due
to significant shedding of cells from widely meth-
ylated epithelial fields [168]. Saliva methylation
status perfectly reflects tissue methylation status
[169]. Aberration in methylation pattern of one of
three genes, p16 (CDKN2A), O6-methylguanine-
DNA methyltransferase (MGMT), and death-
associated protein kinase (DAPK), was identified
in saliva of 17/30 patients with HNSCC [170]. In a
study by Righina et al., methylation in either of the
six genes (pl6, MGMT, DAPK, TIMP3, ECAD,
RASSF1) was identified in 75% OSCC samples
[169]. In 22 patients followed after treatment,
there was abnormal methylation in saliva of 5
patients few months after treatment, which corre-
lated with early recurrence on FDG-PET [169].
Methylation pattern of cancer-related genes in
saliva can be efficient biomarkers for oral cancer.
High-quality DNA can be obtained from saliva,
and following this a methyl PCR can be run on
samples. Methylated DNA is suitable biomarker
for early detection of OSCC and may help in the
assessment of relapse [169].

14.2.10.3 Detecting Methylation

Since methylation of DNA causes gene silencing
(lack of transcription) a protein is not formed.
ELISA and electrophoresis are therefore unsuit-
able methods. As methylation is a general phe-
nomenon in OSCC involving a large set of genes,
a panel of tumor suppressors can be selected for
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screening saliva samples. Since more genes are
involved, initially it is important to depend on
genome-wide approaches following which quan-
titative methylation-specific PCR or pyrose-
quencing methods can be employed. In fact,
methylation enrichment pyrosequencing, a com-
bination of methyl-specific PCR and pyrose-
quencing, was first described on saliva and tissue
samples of OSCC [171]. Several newly available
methylation arrays can screen methylation at a
large number of CpG islands on several hundred
genes [171]. Classifiers can be used to construct
the smallest possible panel of genes for clinical
application. MethyLight can be used with multi-
plexed PCR for clinical use to screen methylation
at multiple regions [172]. Single methylation
events can be investigated directly by a
methylation-specific PCR. Study results may
vary widely, when two different CpG islands on
the same gene are screened [173]. It is important
to select the most sensitive CpGs for analysis.
The genes selected should also be of highest rel-
evance to OSCC, such as P16.

For examination of DNA mutation or methyl-
ation pattern, saliva can be collected in vials or as
saline mouthwash or via sponge kits [174]. A
saliva sample is superior and presents more DNA
for analysis than a mouthwash or saliva collected
through sponge kits [174]. However, it should be
noted that all saliva methods produce sufficient
DNA for analysis.

14.2.10.4 Telomerase

Telomere attrition and telomerase activation are
detected in 85-90% malignancies, including
OSCC [175, 176]. Telomerase is a ribo-
nucleoprotein that is frequently upregulated in
oral malignant cells. It is a marker of ‘cell escape
from senescence’, an important step in cancer
progression. Telomerase is not active in normal
tissues, and highly up-regulated in HNSCC tis-
sue [175, 176]. As a result, detectable telomerase
activity is identified in a considerable fraction
(32%) of oral rinse samples of HNSCC cases
[177]. The telomerase repeat amplification assay
(TRAP assay) is a key investigation in the esti-
mation of telomerase activity in body fluids like
oral rinse [72, 178]. Sensitive fluorescent and
electrochemical strategies for telomerase activity

detection using exonuclease Ill-aided target
recycling and T7 exonuclease-assisted target
recycling amplification is reported with limited
telomerase positive cancer cells, which can
beobtained through saliva [179-181].

14.2.10.5 Viral DNA

Oral infection with HPV confers a 50-fold risk
of developing HPV-positive OSCC. The genomic
sequence of human papillomavirus (HPV-16 and
18) can be recovered in saliva and oral epithelial
scrapings of OSCC and OPMDs, due to their
high prevalence in corresponding tissues [153,
182, 183]. A conventional PCR assay is suffi-
cient. Recently, a Hybrid capture 2 test for use in
low resource countries, GP5+/6+-Based
Luminex Assay based on microsphere suspen-
sion technology or cartridge-based Xpect PCR
amplification assay capable to detect 14 types of
HPV in less than 1 hour can be used to screen for
genomic DNA (E6, E7) of high risk HPV [182—-
186]. Screening for HPV is a reliable method to
document the additional risk of OSCC develop-
ment within OPMDs? This is also necessary for
couples to screen their unaffected partners for
emerging HPV associated OSCC/HNSCC! The
presence of HPV is not diagnostic of OSCC or
HNSCC, but, indicates a possible additional risk.

14.2.10.6 The Metabolic Profile

Metabolites are small compounds formed in the
various metabolic processes. Saliva metabolites are
unique fingerprints and can reflect physiologic and
pathologic states [187]. In saliva, nearly 853 metab-
olites were identified (http://www.salivametabo-
lome.ca/statistics) [187]. Saliva metabolic markers
emerged useful in many conditions (pancreatic can-
cer, Sjogren’s syndrome, periodontitis), and recent
evidence document its usefulness in oral cancer
[16]. In oral cancer, as a result of genetic changes,
significant changes also occur in critical metabolic
pathways like glycolysis, tricarboxylic acid cycle,
pentose phosphate cycle, polyamine synthesis, urea
metabolism, etc. [188, 189]. The metabolism in oral
cancer is therefore different from metabolism in
healthy normal tissue. Metabolic profile of saliva
has showed excellent precision and accuracy in
OSCC detection; 17 metabolites showed significant
changes in saliva and tissue of OSCC patients [ 188].
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Oral cancer tumor tissue revealed more glucose
consumption and lactate accumulation (Warburg
effect), glutamine consumption and glutamine to
lactate conversion, and changes in several metabo-
lites. Both tissue and saliva revealed significant
changes in levels of spermidine, kynurenine,
S-adenosylmethionine, methionine, choline, beta-
ine, pipecolate, etc. [188, 189]. However, glycolysis
remains a chief source of energy in OSCC [190].
The metabolite combination of choline, betaine,
pipecolic acid, and l-carnitine yielded a very high
accuracy (0.997) in saliva of stage I-II OSCC cases
[191]. Amino acids, L-leucine and L-phenylalanine,
have a promising role in diagnosis of early- and
late-stage OSCC cases, respectively [192]. Their
combination has also yielded superior accuracy.
The methyl donor, S-adenosylmethionine (S-Adm),
which adds methyl groups to a range of biomole-
cules (phospholipids, proteins, ribosomal RNA, and
DNA) formed from methionine also shows eleva-
tion in tissue and saliva [188]. This partly explains
the hypermethylation noticed in OSCC [193]. In
oral cancer, there is upregulation in polyamine syn-
thesis which correlates with increase in prolifera-
tionrate [194]. The enzyme necessary for polyamine
synthesis is ornithine decarboxylase [194].
Metabolic polyamines include putrescine, cadaver-
ine, spermidine, and spermine which play roles in
ion channel modulation, ribosomal functions, and
programmed cell death in cancer. Polyamines are
important salivary biomarkers of oral cancer. The
metabolic profile is primarily investigated using
capillary electrophoresis and time-of-flight mass
spectrometer [189].

14.2.10.7 Oxidative Stress-Related
Biomarkers

The various free radicals and oxidants cause dam-
age to cell and cell organelle membranes and
DNA. Free radical damage can occur through
lipid peroxidation, DNA damage, protein dam-
age, and enzyme activity alteration and can also
induce cytokine signaling [195]. Oxidative stress
is when the balance between free radicals and
antioxidant mechanisms is lost and is common to
OSCC. Reactive oxygen species can form from
endogenous metabolic pathways (e.g., electron
transport chain) or due to exogenous sources like
tobacco. Oxidative biomarkers in saliva are

mainly related to smoking-related malignancies
like oral cancer or lung cancer. Tobacco in smoke
and chewable form contains several oxidizing
agents and carcinogens leading to oxidative
stress-related biomarkers in the saliva of OSCC
and OPMDs. Free radicals such as reactive oxy-
gen and nitrogen species formed in response to
tobacco make up the main pillars in pathogenesis
of oral cancer. They involve at various stages of
cancer development including promotion, initia-
tion, and termination. Even saliva has been impli-
cated to play some part in the genesis of oral
cancer [196]. In the presence of cigarette smoke,
saliva loses it protective antioxidant capacity and
becomes highly deleterious [196]. In this way
saliva catalyzes oral carcinogenesis, favoring its
evolution. Saliva antioxidant compounds are
therefore linked intimately to oral cancer, and
saliva oxidative radicals definitely reflect stage of
oral cancer and early detection [196]. Saliva car-
bonyls are significantly elevated in saliva of
OSCC patients, due to the direct action of free
radicals on saliva proteins, an indicator of
oxidative damage to proteins [197]. Carbonylation
of proteins is irreversible damage and an indicator
of oxidative damage to proteins. Substantial car-
bonylation (256%) was present in saliva patients
with OSCC [197]. Salivary malondialdehyde
(MDA), a principal product of lipid peroxidation,
was also used to measure oxidation and antioxi-
dant imbalance, but wide variation between
healthy controls was noticed. Salivary MDA,
however, arises from systemic source and food
material and can change with smoking and drug
history [198]. The saliva level of malondialde-
hyde showed statistically significant elevation in
oral precancer and cancer groups as compared to
controls [199, 200]. MDA is also highly toxic and
may induce oral carcinogenesis [200]. Although
individual oxidation markers can be used, total
antioxidant capacity (AOC) defined as moles of
oxidant neutralized by a liter of solution can be a
more convenient biomarker for examining the
antioxidant potential of saliva [201]. Saliva total
antioxidant capacity is a reduced in OPMDs like
leukoplakia, oral lichen planus, erythroplakia, and
oral cancer, and a low AOC may indicate cancer
inception [201]. In oral cancer and OPMDs,
markers of lipid damage (MDA, 8-hydroxy-2-de-



282

P.Panta and D. T. W. Wong

oxyguanosine (8-OHdG)) and protein carbonyls
are increased, and antioxidant vitamins (vitamins
A, C, E), retinol, carotenes, and total antioxidant
capacity are reduced [198, 202].

14.2.10.8 Oral Microbiota
Through NGS, as many as 10,000 microbial flo-
rae were identified in healthy oral cavity, as
opposed to 700 bacterial species mentioned in
Human Oral Microbiome Database (http:/www.
homd.org/), a database of NIH [10, 16]. Healthy
oral cavity shows abundance of bacterial species
in the phyla Firmicutes (e.g., Streptococcus),
Proteobacteria, Bacteroidetes, Actinobacteria,
and Fusobacteria, with small individual varia-
tion. The most common bacterial genes include
Streptococcus and less occasionally the genus
Prevotella, Veillonella, Neisseria, and
Haemophilus [203]; different oral locations also
show some variation. The microbiota dynamics
can also change with the intake of certain drugs
or with deleterious habits like smoking and alco-
holism or in the presence of certain diseases [10].
Shifting microbiome is an important finding
in oral cancer. This change can be perceived in
two distinct ways: as an effect of local cancer
microenvironment and as a cause of the disease
itself or due to associated oral habits like smok-
ing. The pathogen, i.e., microbial saliva marker
linked to OSCC, should always be associated
with the disease and should diminish in a patient
responding to treatment reflecting true disease
status [10]. Mager et al. report emphasized that
oral cancer causes significant changes compared
to smoking or periodontitis, so changes in micro-
biome may be due to a direct effect of the cancer
environment [204]. In OSCC, changes were
noticed in microorganisms in 6—8 phyla, majority
belonging to Firmicutes and Bacteroidetes [205—
207]. Three oral florae, Capnocytophaga gingi-
valis, Prevotella melaninogenica, and
Streptococcus mitis, could differentiate OSCC
and healthy controls with a sensitivity and speci-
ficity of 80% [10, 204]. Certain microbiota were
also linked with Fanconi’s anemia (FA), a model
of oral cancer risk, where patients have devel-
oped OSCC following hematopoietic stem cell
transplantation. Many microbiota can be easily
cultured using saliva samples and probed to pro-

vide information about OPMDs and their pro-
gression to cancer, differentiation of cancer
subtypes, and potential recurrence [208, 209].
Technologies of value in the investigation of oral
microbiota include human oral microbe identifi-
cation microarrays (HOMIM) which are 16 s
rRNA based, restriction fragment length poly-
morphism (T-RFLP) analysis, and deep sequenc-
ing. These technologies can be useful even for
uncultivatable strains [10, 207, 210].

14.2.10.9 Inorganic Components

and Immunoglobulins

Saliva mineral composition and immunoglobulin
concentrations also change in OSCC patients
[211-217]. In OSCC, high levels of calcium
(Ca), inorganic phosphate (P), magnesium (Mg),
and sodium (Na) and low levels of potassium (K)
were reported [22, 211]. The change in ionic
composition can be linked to oral dehydration,
which may be linked more to alcoholism than
OSCC [212, 213]. Mineral biomarkers were also
linked to cancer in certain oral sub-sites [212].
The secretary IgA which maintains mucosal
immunity is decreased in patients with oral can-
cer [22, 214]. The basis for this decline may be
due to inhibition of steps in the formation of Ig
antibody (extracellular hydrolysis of polymeric
immunoglobulin receptor PIgR) by the tumor tis-
sue [214, 215]. The levels of sialic acid were also
increased in smokers and in patients with OPMDs
and OSCC [21, 216-218]. Their levels were also
higher in OSCC than OPMDs [219]. It is difficult
to draw conclusions on mineral composition and
saliva antibodies (secretory IgA, IgG) from low-
power studies. Moreover, these biomolecules
enter saliva primarily through the salivary glands.
The mineral composition in saliva is primarily
influenced by hydration status and oral habits
(smokers and smokeless tobacco, alcoholism), as
aresult may be reliable but not highly representa-
tive biomarkers [22, 216, 217].

14.2.11 Mechanisms of Biomarker
Entry into Saliva

Saliva biomarkers (metabolites, proteins, RNA,
DNA) move into saliva in a defined manner.
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Proteins, RNA, and DNA biomarkers in the
saliva are formed from salivary glands, exfoli-
ated oral mucosal cells, oral microbiota and
HPV, circulation through passive diffusion,
active transport and ultrafiltration, food parti-
cles, and most importantly tumor tissue. These
biomolecules enter saliva either locally (major
mechanism) from the oral lesion itself (OSCC
or OPMD) or secreted in response to the oral
tumor through the circulation (minor mecha-
nism) (Fig. 14.6). From the bloodstream, they
can enter through the cells or between the cells
[10]. The passage between cells is referred to as
“transcellular entry,” which occurs through pas-
sive intracellular diffusion or active transport.
The passage of chemical compounds can also
occur via “paracellular entry” via extracellular
ultrafiltration [10]. Due to these mechanisms,
certain biomarkers can en route from blood and
reflect in saliva, supporting “saliva” as a “mirror
of blood biochemistry.” This is of particular sig-
nificance as some salivary biomarkers like CRP
and IL-6 elevate primarily in the systemic circu-
lation. This limits the identification of circula-
tory biomarkers that increase in response to
OSCC. The most important source for salivary
OSCC biomarkers is through local release
mechanisms via extracellular vesicles from the
tumor tissue site.

> ‘ CIRCULATION |

V
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Extracellular Vesicles:
Potential Local Source

of Biomarkers

Cancer cells often shed several vesicles around
30 nm from the cell surface into extracellular
matrix and to the exterior environment (Fig. 14.7)
[220]. The vesicles are bound by phospholipid
bilayer and contain a range of substances includ-
ing proteins involved in metal transport, prolif-
eration, etc., RNA, and DNA. These extracellular
vesicles (EVs) gained attention only recently,
when speculated for hidden mechanisms protect-
ing salivary RNA. EVs are broadly divided into
exosomes, microvesicles, or apoptotic bodies
(Fig. 14.8). The EVs attach to cells to deliver key
molecules through endocytosis or directly
release their constituents into cell cytoplasm. In
this way, they mediate complex functions like
cellular communication, propagation of onco-
genesis, and also in establishment of premeta-
static niche [221, 222]. So they can be the perfect
targets to grasp the molecular and biomarker
landscape of oral malignant and premalignant
tissue.

Their size and morphology can be validated
using atomic force or transmission electron
microscope (Fig. 14.7). EVs have an elastic mem-
brane and exhibit different shapes. Under low-
atomic force mode, their structure is simple,

14.2.11.1
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Fig 14.7 Ultrastructure of individual saliva exosomes
observed under Tapping mode, AM-Atomic force micro-
scope (AFM) and microscopy (FESEM). (a) Tapping
mode topographic AFM image showing round morphol-
ogy of isolated exosomes. (b) AM-AFM phase image of
aggregated exosomes. Interconnections (arrows) lacking
characteristic phase shift, probably indicate some extra-
vesicular protein content. (¢) At higher forces under
AM-AFM (~2 nN) representative single exosome phase
images reveal trilobed sub-structure within the centre of
the vesicles. The contrast in images may be attributed to

100nn

variable constitutive elements (lipid, protein, RNA ratio).
(d) Corresponding height images show a central depres-
sion of the vesicles. (e) FESEM exosome image showing
multiple exosomes and (f) single isolated vesicles as
round bulging structures without a central depression and
well resolved intervesicular connections. Reprinted with
permission from (Sharma et al, Structural-mechanical
characterization of nanoparticle exosomes in human
saliva, using correlative AFM, FESEM, and force spec-
troscopy. ACS Nano. 2010; 4: 1921-6). Copyright (2010)
American Chemical Society
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Fig 14.8 Exosome released from oral cancer cell into
saliva and circulation. The exosomes are contained within
the multi-vesicular bodies and are produced from the
golgi complex. They are released into the saliva through
membrane fusion (a) or via membrane rupture (b). The

presenting as round (50-70 nm) and homogenous
structures [223]. At slightly higher atomic force,
they present with channel like elongations, and at
much higher forces (>5nN), they rupture, break-
ing into small fragments, releasing their contents
[223]. Even the antigenic surface of EVs has been
characterized using gold nanoparticles [223]. EVs
can be separated using ultracentrifugation and can
be tracked using nanoparticle or through immu-
nodetection against membrane proteins [220].
The approaches for extracellular vesicular struc-
tures include density gradient centrifugation and
differential centrifugation chromatography, gel
filtration, and immunocapture [224]. A modified
chromatography column with a filter system has
recently been used in the characterization of saliva
proteomics through exosome capture [224].

Exosomes

Multi-vesicular
bodies

deeply placed tumor cells close to the blood vessels
release exosomes and biomarkers frequently into the cir-
culation. Local release of exosomes and biomarkers into
saliva is a more common mechanism in oral squamous
cell carcinoma

14.2.12 Saliva Collection
and Handling

14.2.12.1 Standardization

The optimal timing for saliva collection is 12 h
fasting after dinner between 8 AM and 10 AM
[67, 225]. The secretion of saliva is controlled by
the sympathetic and parasympathetic systems
and varies during the day due to a circadian
rhythm [10]. Saliva secretion is dependent on
many stimuli including age, sex, diet, oral habits,
health and disease status, and medication [10].
This is the reason saliva sampling must be stan-
dardized. To reduce the chance of degradation of
saliva markers, the time gap between collection
and analysis needs to be minimized (time
delay<5 min). The participants must avoid smok-
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ing, aggressive mouth movements like eating and
chewing, and oral hygiene procedures 30—90 min
before collection [30]. Also before saliva collec-
tion, deionized water can be used to rinse the
mouth to clean the oral cavity thoroughly to get
rid of food debris.

14.2.12.2 Basic Saliva Collection
Protocol

There are two types of saliva: gland-specific and
whole saliva. Gland-specific saliva can be col-
lected into Lashley cup or Carlson-Crittenden
collector but is not so relevant for OSCC bio-
markers and more appropriate for analyzing bio-
marker alterations in salivary gland disorders
[10]. For OSCC, whole saliva is the preferred
option. Whole saliva (WS) is a mixture of secre-
tions from all the salivary glands (submandibular,
parotid and sublingual, and minor glands).
Collection of whole saliva can be spitting, suc-
tioning, and draining or drool methods [10].
Whole saliva can be (a) stimulated or (b) unstim-
ulated. Stimulation brings more saliva due to
reflex activity, from chewing a paraffin block or
gum base or using 2% citric acid [67]. However,
for saliva sampling in OSCC frequently stimu-
lated, whole saliva (WS) is appropriate for analy-
sis and paraffin stimulation resulted in least
variability [67]. Stimulation can be used in
patients who find it difficult to produce enough
saliva. The unstimulated saliva is a collection
method without exogenous facilitation. Even
5 minutes of unstimulated saliva collection will
yield approximately 5 ml of saliva, sufficient for
any analysis [126].

Usually the first few drops are discarded to
reduce the chance of contamination. For saliva
collection, the participant is asked to tilt the head
slightly forward and let the saliva to be collected
in the floor of the mouth before collection into
precooled collection device. Depending on the
type of salivary analyte (DNA/RNA/protein), one
can choose the appropriate saliva collection
devices (saliva collection aid, Salimetrics oral
swab (Salimetrics®); Oragene DNA, Oragene
RNA (DNA Genotek®)) [10].

14.2.12.3 Saliva Sample Handling

e Current saliva handling protocol includes a
mandatory centrifugation step, followed by
freezing at minus 80 °C or dry ice for transpor-
tation [6]. Whole saliva contains many epithe-
lial cells, microbes, and food debris which
needs to be centrifuged (2600 g for 15 min) and
removed [126]. The supernatant (acellular
phase) is suitable for analysis. A protease inhib-
itor (e.g., trifluoroacetic acid) or RNase inhibi-
tor can be added, and sample can be stored in
minus 80 °C for further analysis [126]. Suitable
protocols have also been established for stable
preservation up to 2 weeks for saliva pro-
teomics [8, 19]. Between the two temperatures
minus 80 °C and minus 20 °C, minus 80 °C was
shown to generate more stable results [226].
The addition of stabilizing agent and snap
freezing reduces the chances of RNA degrada-
tion [126]. For optimal proteomic analysis, the
samples can be fast frozen in liquid nitrogen,
but multiple freeze cycles should always be
avoided. The stabilization of transcriptome and
proteome is a critical challenge due to the
action of nucleases and proteases. Recently, a
novel collector system (RNAProeSAL) for
making accurate measurements of proteins and
nucleic acids was developed with performance
comparable to UCLA standard clinical collec-
tion procedure [6, 224].

14.2.13 Selection of Appropriate
Controls

The selection of correct controls is important for
accurate test result in biomarker studies. In the
control group, individuals without any disease
and with matching age, sex, and demographic
characteristics (same cohort) can be used for
comparison as all these factors influence saliva
secretion. The weakness of many studies arises in
the improper identification of controls and care-
ful exclusion. In a recent systematic review, it
was shown that only 12 of 28 studies mentioned
caution of oral conditions before sample collec-
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tion, pointing at a basic flaw in overall methodol-
ogy [227]. The elevation of cytokines and several
mRNAs is common to inflammatory oral dis-
eases like chronic periodontitis or lichen planus,
and it is important to exclude such patients for
biomarker studies in oral cancer [228, 229]. Also
in oral bleeding, the concentration of certain bio-
markers can elevate significantly due to local
release, leading to biased results. Hence it is
essential to exclude patients with gingivitis or
periodontitis which are often associated with oral
bleeding. To avoid false positives, careful exclu-
sion of patients with local inflammatory and
bleeding diseases like gingivitis and periodontitis
is necessary for accurate biomarker study [228].
It is excellent if we identify a biomarker which is
not confounded by common oral conditions or
other possibly coexisting diseases in the general
population. We must identify a biomarker unique
to OSCC and highly representative.

Conclusion

Oral cancer is an aggressive disease in which
changes in saliva precede phenotypic tissue
changes that manifest clinically. Hence we must
design and optimize methods based on salivary
changes (subtle event), rather than relying on
gross clinical patterns or tissue changes, which
occur at a comparatively later stage. ‘Non-
invasiveness’ is the holy grail in diagnostics, and
is ideally achievable through saliva sampling.
The main challenges in the realization of routine
saliva testing for oral cancer include the identifi-
cation of a ‘perfect biomarker’ or a ‘perfect pre-
diction model "with 100 percent accuracy, on a
portable hand-held platform. There is still miss-
ing evidence to strongly support the use of saliva
based diagnosis at the asymptomatic or sub-clin-
ical stage (<T1 stage) of OSCC, which recom-
mends intense research focus. Through high
throughput experiments on large number of
patient derived saliva samples, from multi-ethnic
and multi-cohort studies, rigorous biomarker
profiling and validation is possible, for the con-
clusive identification of a universal biomarker or
biomarker panel significantly affected in initial
malignancies.

Disclosures David Wong is the co-founder of
the RNAmeTRIX Inc., a molecular diagnostic
company. He holds equity in RNAmeTRIX and
serves as a company director and scientific advi-
sor. The University of California also holds
equity in RNAmeTRIX. Intellectual property that
David Wong invented and which was patented by
the University of California has been licensed to
RNAmeTRIX. Additionally, he is a consultant to
GlaxoSmithKline, Wrigley, EZlife Bio Inc, and
Colgate-Palmolive Company.

Acknowledgment Support from the Ronnie James
DioStand Up and Shout Cancer Research Fund.

References

1. Panta P, Venna VR. Salivary RNA signatures in
oral cancer detection. Anal Cell Pathol (Amst).
2014;2014:450629.

2. Yu JS, Chen YT, Chiang WF, Hsiao YC, Chu LJ,
See LC, et al. Saliva protein biomarkers to detec-
toral squamous cell carcinoma in a high-risk
population in Taiwan. Proc Natl Acad Sci U S A.
2016;113:11549-54.

3. Wong DT. Towards a simple, saliva-based test for the
detection of oral cancer 'oral fluid (saliva), which is
the mirror of the body, is a perfect medium to be
explored for health and disease surveillance'. Expert
Rev Mol Diagn. 2006;6:267-72.

4. Martin JL, Wolanin A, Lerner I. Oral Cancer screen-
ing. Reducing fear using salivary diagnostics. Dent
Today. 2016;35:14.

5. Yanning Ma, Xian Wang, and Hongchuan Jin.
Methylated DNA and microRNA in body fluids as
biomarkers for cancer detection. Int J Mol Sci. 2013;
14: 10307-10331.

6. Fang WE, Wong DT. Point-of-care platforms for sal-
ivary diagnostics. Chin J Dent Res. 2012;15:7-15.

7. Wong DT. Saliva omics. J Am Dent Assoc.
2012;143:19S-24S.

8. Wang X, Kaczor-Urbanowicz KE, Wong DT.
Salivary biomarkers in cancer detection. Med Oncol.
2017;34:7. Epub 2016 Dec 10

9. Kazuya Iwai, Tamiko Minamisawa, Kanako
Suga, Yasutomo Yajima, Kiyotaka Shiba. Isolation of
human salivary extracellular vesicles by iodixanol
density gradient ultracentrifugation and their charac-
terizations. J Extracell Vesicles. 2016;5:30829.

10. Yoshizawa JM, Schafer CA, Schafer JJ, Farrell
JJ, Paster BJ, Wong DT. Salivary biomarkers:
toward future clinical and diagnostic utilities. Clin
Microbiol Rev. 2013;26:781-91.



288

P.Panta and D. T. W. Wong

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

217.

Frenkel ES, Ribbeck K. Salivary mucins in host
defense and disease prevention. J Oral Microbiol.
2015;7:29759.

Aps JK, Martens LC. Review: the physiology of
saliva and transfer of drugs into saliva. Forensic Sci
Int. 2005;150:119-31.

AiJ, Smith B, Wong DT. Saliva ontology: an ontology-
based framework for a Salivaomics Knowledge Base.
BMC Bioinformatics. 2010;11:302.

Jenzano JW, Courts NF, Timko DA, Lundblad
RL. Levels of glandular kallikrein in whole saliva
obtained from patients with solid tumors remote
from the oral cavity. J Dent Res. 1986;65:67-70.
Kaczor-Urbanowicz KE, Carreras-Presas CM,
Kaczor T, Michael T, Wei F, Garcia-Godoy F, Wong
DTW. Emerging technologies for salivaomics
in cancer detection. J Cell Mol Med. 2017;21:
640-7.

Wang A, Wang CP, Michael T, Wong DTW. Oral
biofluid biomarker research: current status and
emerging Frontiers. Diagnostics (Basel). 2016;6:45.
Nagler RM. Saliva as a tool for oral cancer diagnosis
and prognosis. Oral Oncol. 2009;45:1006—10.

Shah FD, Begum R, Vajaria BN, Patel KR, Patel JB,
Shukla SN et al. A review on salivary genomics and
proteomics biomarkers in oral Cancer. Ind J Clin
Biochem. 2011;26:326-334.

Yu-Hsiang Lee, David T. Wong. Saliva: an emerging
biofluid for early detection of diseases. Am J Dent.
2009; 22: 241-248.

Wu CC, Chu HW, Hsu CW, Chang KP, Liu HP. Saliva
proteome profiling reveals potential salivary bio-
markers for detection of oral cavity squamous cell
carcinoma. Proteomics. 2015;15:3394—404.

. Dhakar N, Astekar M, Jain M, Saawarn S, Saawarn

N. Total sialic acid, total protein and total sugar
levels in serum and saliva of oral squamous cell
carcinoma patients. A case control study Dent Res J
(Isfahan). 2013;10:343-7.

Shpitzer T, Bahar G, Feinmesser R, Nagler RM. A
comprehensive salivary analysis for oral cancer diag-
nosis. J Cancer Res Clin Oncol. 2007;133:613-7.
Naor D, Sionov RV, Ish-Shalom D. CD44: structure,
function, and association with the malignant pro-
cess. Adv Cancer Res. 1997;71:241-319.

Rudzki Z, Jothy S. CD44 and the adhesion of neo-
plastic cells. Mol Pathol. 1997;50:57-71.

Chen J, Zhou J, Lu J, Xiong H, Shi X, Gong
L. Significance of CD44 expression in head and neck
cancer: a systemic review and meta-analysis. BMC
Cancer. 2014;14:15.

Trapasso S, Allegra E. Role of CD44 as a marker of
cancer stem cells in head and neck cancer. Biologics.
2012;6:379-83.

Franzmann EJ, Reategui EP, Carraway KL,
Hamilton KL, Weed DT, Goodwin WJ. Salivary
soluble CD44: a potential molecular marker for head
and neck cancer. Cancer Epidemiol Biomark Prev.
2005;14:735-9.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Franzmann EJ, Reategui EP, Pedroso F, Pernas FG,
Karakullukcu BM, Carraway KL, et al. Soluble
CD44 is a potential marker for the early detection
of head and neck cancer. Cancer Epidemiol Biomark
Prev. 2007;16:1348-55.

Franzmann EJ, Reategui EP, Pereira LH, Pedroso
F, Joseph D, Allen GO, et al. Salivary protein and
solCD44 levels as a potential screening tool for early
detection of head and neck squamous cell carci-
noma. Head Neck. 2012;34:687-95.

Elashoff D, Zhou H, Reiss J, Wang J, Henson B,
Shen H, et al. Pre-validation of salivary biomark-
ers for oral Cancer detection. Cancer Epidemiol
Biomark Prev. 2012;21:664-72.

Jacobs I, Bast RC Jr. The CA 125 tumour-associated
antigen: a review of the literature. Hum Reprod.
1989;4:1-12.

Balan JJ, Rao RS, Premalatha BR, Patil S. Analysis
of tumor marker CA 125 in saliva of normal and oral
squamous cell carcinoma patients: a comparative
study. J Contemp Dent Pract. 2012;13:671-5.

Geng XF, Du M, Han JX, Zhang M, Tang XF, Xing
RD. Saliva CA125 and TPS levels in patients with
oral squamous cell carcinoma. Int J Biol Markers.
2013;28:216-20.

He H, Chen G, Zhou L, Liu Y. A joint detection
of CEA and CA-50 levels in saliva and serum of
patients with tumors in oral region and salivary
gland. J Cancer Res Clin Oncol. 2009;135:1315-21.
Varun C, Dineshkumar T, Jayant VS, Rameshkumar
A, Rajkumar K, Rajashree P, et al. Salivary
Her2/neu levels in differentiation of oral pre-
malignant disorders and oral squamous cell car-
cinomas. Asian Pac J Cancer Prev. 2015;16:
5773-17.

Barak V, Goike H, Panaretakis KW, Einarsson
R. Clinical utility of cytokeratins as tumor markers.
Clin Biochem. 2004;37:529-40.

Zhong LP, Zhu HG, Zhang CP, Chen WT, Zhang
ZY. Detection of serum Cyfra 21-1 in patients with
primary oral squamous cell carcinoma. Int J Oral
Maxillofac Surg. 2007;36:230-4.

Hsu YP, Hsieh CH, Chien HT, Lai CH, Tsao CK,
Liao CT, et al. Serum markers of CYFRA 21-1 and
C-reactive proteins in oral squamous cell carcinoma.
World J Surg Oncol. 2015;13:253.

Zhong LP, Zhang CP, Zheng JW, Li J, Chen WT,
Zhang ZY. Increased Cyfra 21-1 concentration in
saliva from primary oral squamous cell carcinoma
patients. Arch Oral Biol. 2007;52:1079-87.

Nagler R, Bahar G, Shpitzer T, Feinmesser
R. Concomitant analysis of salivary tumor markers-
-a new diagnostic tool for oral cancer. Clin Cancer
Res. 2006;12:3979-84.

Rajkumar K, Ramya R, Nandhini G, Rajashree P,
Ramesh Kumar A, Nirmala Anandan S. Salivary
and serum level of CYFRA 21-1 in oral precan-
cer and oral squamous cell carcinoma. Oral Dis.
2015;21:90-6.



Salivary Biomarkers in Oral Cancer

289

42.

43.

44,

45.

46

47.

48.

49.

50.

51.

52.

53.

54.

55.

Sun SS, Hsieh JF, Tsai SC, Ho YJ, Kao CH. Tissue
polypeptide specific antigen (TPS) as a tumor
marker in nasopharyngeal carcinoma. Anticancer
Res. 2000;20:4661-3.

Barak V, Meirovitz A, Leibovici V, Rachmut J,
Peretz T, Eliashar R, Gross M. The diagnostic and
prognostic value of tumor markers (CEA, SCC,
CYFRA 21-1, TPS) in head and neck Cancer
patients. Anticancer Res. 2015;35:5519-24.

Weng LP, Wu CC, Hsu BL, Chi LM, Liang Y, Tseng
CP, et al. Secretome-based identification of mac-2
binding protein as a potential oral cancer marker
involved in cell growth and motility. J Proteome Res.
2008;7:3765-75.

Brinkmann O, Kastratovic DA, Dimitrijevic MYV,
Konstantinovic VS, Jelovac DB, Antic J, et al. Oral
squamous cell carcinoma detection by salivary bio-
markers in a Serbian population. Oral Oncol. 2011;47:
51-5.

. Jen J, Wang YC. Zinc finger proteins in cancer pro-

gression. J Biomed Sci. 2016;23:53.

JouYJ, Lin CD, Lai CH, Tang CH, Huang SH, Tsai
MH, et al. Salivary zinc finger protein 510 peptide
as a novel biomarker for detection of oral squamous
cell carcinoma in early stages. Clin Chim Acta.
2011;412:1357-65.

Gualtero DF, Suarez Castillo A. Biomarkers in
saliva for the detection of oral squamous cell car-
cinoma and their potential use for early diagnosis:
a systematic review. Acta Odontol Scand. 2016;74:
170-7.

Thomas GT, Lewis MP, Speight PM. Matrix
metalloproteinases and oral cancer. Oral Oncol.
1999;35:227-33.

Stott-Miller M, Houck JR, Lohavanichbutr P,
Mendéz E, Upton MP, Futran ND, et al. Tumor and
salivary matrix metalloproteinase levels are strong
diagnostic markers of oral squamous cell carcinoma.
Cancer Epidemiol Biomark Prev. 2011;20:2628-36.
Venugopal A, Uma Maheswari TN. Expression
of matrix metalloproteinase-9 in oral potentially
malignant disorders: a systematic review. J Oral
Maxillofac Pathol. 2016;20:474-9.

Russo N, Bellile E, Murdoch-Kinch CA, Liu M,
Eisbruch A, Wolf GT, et al. Cytokines in saliva
increase in head and neck cancer patients after treat-
ment. Oral Surg Oral Med Oral Pathol Oral Radiol.
2016;122:483-490.e1.

Arellano-Garcia ME, Hu S, Wang J, Henson B, Zhou
H, Chia D, et al. Multiplexed immunobead-based
assay for detection of oral cancer protein biomarkers
in saliva. Oral Dis. 2008;14:705-12.

St John MA, Li Y, Zhou X, Denny P, Ho CM,
Montemagno C, et al. Interleukin 6 and interleukin
8 as potential biomarkers for oral cavity and oropha-
ryngeal squamous cell carcinoma. Arch Otolaryngol
Head Neck Surg. 2004;130:929-35.

EvaCs&sz PL, Kall6 G, Markus B, Emri M, Szab6
A, et al. Proteomics investigation of OSCC-
specific salivary biomarkers in a Hungarian popu-

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

lation highlights the importance of identification
of population-tailored biomarkers. PLoS One.
2017;12:e0177282.

Gleber-Netto FO, Yakob M, Li F, Feng Z, Dai J, Kao
HK, Chang YL, Chang KP, Wong DT. Salivary bio-
markers for detection of oral squamous cell carci-
noma in a Taiwanese population. Clin Cancer Res.
2016;22:3340-7.

Tai SF, Chien H-T, Young C-K, Tsao C-K, de Pablo
A, Fan K-H, et al. Roles of preoperative C-reactive
protein are more relevant in buccal cancer than other
subsites. World J Surg Oncol. 2017;15:47.

Park H-C, Kim M-Y, Kim C-H. C-reactive protein/
albumin ratio as prognostic score in oral squamous
cell carcinoma. J Korean Assoc Oral Maxillofac
Surg. 2016;42:243-50.

Mizukawa N, Sugiyama K, Fukunaga J, Ueno T,
Mishima K, Takagi S, Sugahara T. Defensin-1, a pep-
tide detected in the saliva of oral squamous cell car-
cinoma patients. Anticancer Res. 1998;18:4645-9.
Abiko Y, Nishimura M, Kaku T. Defensins in saliva
and the salivary glands. Med Electron Microsc.
2003;36:247-52.

Mizukawa N, Sugiyama K, Ueno T, Mishima K,
Takagi S, Sugahara T. Levels of human defensin-1,
an antimicrobial peptide, in saliva of patients with
oral inflammation. Oral Surg Oral Med Oral Pathol
Oral Radiol Endod. 1999;87:539—43.

Mizukawa N, Sugiyama K, Ueno T, Mishima K,
Takagi S, Sugahara T. Defensin-1, an antimicrobial
peptide present in the saliva of patients with oral dis-
eases. Oral Dis. 1999;5:139-42.

de Jong EP, Xie H, Onsongo G, Stone MD, Chen
XB, Kooren JA, et al. Quantitative proteomics
reveals myosin and actin as promising saliva bio-
markers for distinguishing pre-malignant and malig-
nant oral lesions. PLoS One. 2010;5:¢11148.
Tavassoli M, Brunel N, Maher R, Johnson NW,
Soussi T. p53 antibodies in the saliva of patients
with squamous cell carcinoma of the oral cavity. Int
J Cancer. 1998;78:390-1.

Castelli M, Cianfriglia F, Manieri A, Palma L,
Pezzuto RW, Falasca G, et al. Anti-p53 and anti-heat
shock proteins antibodies in patients with malig-
nant or pre-malignant lesions of the oral cavity.
Anticancer Res. 2001;21:753-8.

Ralhan R, Nath N, Agarwal S, Mathur M, Wasylyk
B, Shukla NK. Circulating p53 antibodies as early
markers of oral cancer: correlation with p53 altera-
tions. ClinCancer Res. 1998;4:2147-52.

Jasim H, Olausson P, Hedenberg-Magnusson B,
Ernberg M, Ghafouri B. The proteomic profile of
whole and glandular saliva in healthy pain-free sub-
jects. Sci Rep. 2016;6:39073.

Walz A, Stiihler K, Wattenberg A, Hawranke E,
Meyer HE, Schmalz G, et al. Proteome analysis of
glandular parotid and submandibular-sublingual
saliva in comparison to whole human saliva by
two-dimensional gel electrophoresis. Proteomics.
2006;6:1631-9.



290

P.Panta and D. T. W. Wong

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

Szanto I, Mark L, Bona A, Maasz G, Sandor B,
Gelencser G, et al. High-throughput screening of
saliva for early detection of oral cancer: a pilot study.
Technol Cancer Res Treat. 2012;11:181-8.

Majem B, Rigau M, Reventds J, Wong DT. Non-
coding RNAs in saliva: emerging biomark-
ers for molecular diagnostics. Int J Mol Sci.
2015;16:8676-98.

Jiang WP, Wang Z, Xu LX, Peng X, Chen
F. Diagnostic model of saliva peptide finger print
analysis of oral squamous cell carcinoma patients
using weak cation exchange magnetic beads. Biosci
Rep. 2015; 35.pii: e00211.

Alicia D. Powers, Sean P. Palecek. Protein analyti-
cal assays for diagnosing, monitoring, and choos-
ing treatment for cancer patients. J Healthc Eng.
2012;3:503-34.

Ardito F, Perrone D, Cocchi R, Lo Russo L, DE Lillo
A, Gianna tempo G, et al. Novel possibilities in the
study of the salivary proteomic profile using SELDI-
TOF/MS technology. Oncol Lett. 2016;11:1967-72.
Kawahara R, Bollinger JG, Rivera C, Ribeiro ACP,
Brandao TB, Leme AFP, et al. A targeted proteomic
strategy for the measurement of oral cancer can-
didate biomarkers in human saliva. Proteomics.
2016;16:159-73.

Aziz S, Ahmed SS, Ali A, Khan FA, Zulfigar G,
Igbal J, et al. Salivary immunosuppressive cytokines
IL-10 and IL-13 are significantly elevated in oral
squamous cell carcinoma patients. Cancer Investig.
2015;33:318-28.

Vandooren J, Geurts N, Martens E, Van den Steen PE,
Opdenakker G. Zymography methods for visualizing
hydrolytic enzymes. Nat Methods. 2013;10:211-20.
Singh RD, Haridas N, Patel JB, Shah FD, Shukla
SN, Shah PM, Patel PS. Matrix Metalloproteinases
and their inhibitors: correlation with invasion and
metastasis in oral Cancer. Indian J Clin Biochem.
2010;25:250-9.

Spielmann N, IIsley D, Gu J, Lea K, Brockman J,
Heater S, et al. The human salivary RNA transcrip-
tome revealed by massively parallel sequencing.
Clin Chem. 2012;58:1314-21.

Ainsztein AM, Brooks PJ, Dugan VG, Ganguly
A, Guo M, Howcroft TK, et al. The NIH extracel-
lular RNA communication consortium. J Extracell
Vesicles. 2015;4:27493.

Laurent LC, Abdel-Mageed AB, Adelson PD,
Arango J, Balaj L, Breakefield X, et al. Meeting
report: discussions and preliminary findings on
extracellular RNA measurement methods from labo-
ratories in the NIH extracellular RNA communica-
tion consortium. J Extracell Vesicles. 2015;4:26533.
Bahn JH, Zhang Q, Li F, Chan TM, Lin X, Kim Y,
et al. The landscape of microRNA, Piwi-interacting
RNA, and circular RNA in human saliva. Clin Chem.
2015;61:221-30.

LiY, St John MA, Zhou X, Kim Y, Sinha U, Jordan
RC, et al. Salivary transcriptome diagnostics for oral
cancer detection. Clin Cancer Res. 2004;10:8442-50.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

LiY, Elashoff D, Oh M, Sinha U, St John MA, Zhou
X, Abemayor E, Wong DT. Serum circulating human
mRNA profiling and its utility for oral cancer detec-
tion. J Clin Oncol.2006; 24:1754-1760.

Adami GR, Adami AJ. Looking in the mouth for
noninvasive gene expression-based methods to
detect oral, oropharyngeal, and systemic cancer.
ISRN Oncol 2012;2012:931301.

Martin JL, Gottehrer N, Zalesin H, Hoff PT, Shaw
M, Clarkson JH, et al. Evaluation of salivary tran-
scriptome markers for the early detection of oral
squamous cell cancer in a prospective blinded trial.
Compend Contin Educ Dent. 2015;36:365-73.
Martin JL. Validation of reference genes for oral
Cancer detection panels in a prospective blinded
cohort. PLoS One. 2016;11:e0158462.

Modi WS, Dean M, Seuanez HN, Mukaida N,
Matsushima K, O'Brien SJ. Monocyte-derived neu-
trophil chemotactic factor (MDNCF/IL-8) resides in
a gene cluster along with several other members of
the platelet factor 4 gene superfamily. Hum Genet.
1990;84:185-7.

Yumoto H, Nakae H, Fujinaka K, Ebisu S, Matsuo
T. Interleukin-6 (IL-6) and IL-8 are induced in
human oral epithelial cells in response to exposure
to period ontopathic Eikenella corrodens. Infect
Immun. 1999;67:384-94.

Yamazaki K, Nakajima T, Gemmell E, Polak B,
Seymour GJ, Hara K. IL-4- and IL-6-producing cells
in human periodontal disease tissue. J Oral Pathol
Med. 1994;23:347-53.

Keyse SM, Emslie EA. Oxidative stress and heat
shock induce a human gene encoding a protein-
tyrosine phosphatase. Nature. 1992;359:644-7.
Martell KJ, Kwak S, Hakes DJ, Dixon JE, Trent
JM. Chromosomal localization of four human
VHI-like protein-tyrosine phosphatases. Genomics.
1994:22:462-4.

Tanoue T, Yamamoto T, Maeda R, Nishida E. A
Novel MAPK phosphatase MKP-7 acts prefer-
entially on JNK/SAPK and p38 alpha and beta
MAPKs. J Biol Chem. 200; 276: 26629-39.

Slack DN, Seternes OM, Gabrielsen M, Keyse
SM. Distinct binding determinants for ERK?2/
p38alpha and JNK map kinases mediate catalytic
activation and substrate selectivity of map kinase
phosphatase-1. J Biol Chem. 2001;276:16491-500.
Khor GH, Froemming GR, Zain RB, Abraham MT,
Omar E, Tan SK, et al. DNA methylation profiling
revealed promoter Hypermethylation-induced silenc-
ing of pl6, DDAH2 and DUSPI in primary oral
squamous cell carcinoma. Int J Med Sci. 2013;10:
1727-39.

Wang X, Jiang L. Effects of ornithine decarboxyl-
ase antizyme 1 on the proliferation and differen-
tiation of human oral cancer cells. Int ] Mol Med.
2014;34:1606—-12.

Cheng YS, Jordan L, Rees T, Chen HS, Oxford L,
Brinkmann O, Wong D. Levels of potential oral
cancer salivary mRNA biomarkers in oral cancer



Salivary Biomarkers in Oral Cancer

291

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

patients in remission and oral lichen planus patients.
ClinOral Investig. 2014;18:985-93.

Tsuji T, Katsurano M, Ibaragi S, Shima K, Sasaki A,
Hu GF. Ornithine decarboxylase antizyme upregu-
lates DNA-dependent protein kinase and enhances
the nonhomologous end-joining repair of DNA
double-strand breaks in human oral cancer cells.
Biochemistry. 2007;46:8920-32.

Prica F, Radon T, Cheng Y, Crnogorac-Jurcevic
T. The life and works of S100P - from conception to
cancer. Am J Cancer Res. 2016;6:562-76.

Heil A, Nazmi AR, Koltzscher M, Poeter M,
Austermann J, Assard N, et al. SI00P is a novel
interaction partner and regulator of IQGAPI. J Biol
Chem. 2011;286:7227-38.

Kupferman ME, Patel V, Sriuranpong V,
Amornphimoltham P, Jasser SA, Mandal M, et al.
Molecular analysis of anoikis resistance in oral cavity
squamous cell carcinoma. Oral Oncol. 2007;43:440-54.
Cheng YL, Jordan L, Chen HS, Kang D, Oxford L,
Plemons J, et al. Chronic periodontitis can affect the
levels of potential oral cancer salivary mRNA bio-
markers. J Periodontal Res. 2017;52:428-37.

Xiao L, Celano P, Mank AR, Griffin C, Jabs EW,
Hawkins AL, et al. Structure of the human spermidine/
spermine N 1-acetyltransferase gene (exon/intron gene
organization and localization to Xp22.1). Biochem
Biophys Res Commun. 1992;187:1493-502.
Coleman CS, Pegg AE. Polyamine analogues
inhibit the ubiquitination of spermidine/sperm-
ine Nl-acetyltransferase and prevent its target-
ing to the proteasome for degradation. Biochem J.
2001:358:137-45.

Zhang Y, Reinberg D. Transcription regulation by
histone methylation: interplay between different
covalent modifications of the core histone tails.
Genes Dev. 2001;15:2343-60.

Yuen BTK, Knoepfler PS. Histone H3.3 mutations:
a variant path to cancer. Cancer Cell. 2013;24:
567-74.

Liao PH, Chang YC, Huang MF, Tai KW, Chou
MY. Mutation of p53 gene codon 63 in saliva as a
molecular marker for oral squamous cell carcinoma.
Oral Oncol. 2000;36:272-6.

Mattick JS. Non-coding RNAs: the architects of
eukaryotic complexity. EMBO Rep. 2001;2:986-91.
Wong DT. Salivary extracellular noncoding RNA:
emerging biomarkers for molecular diagnostics. Clin
Ther. 2015;37:540-51.

Felekkis K, Touvana E. ChStefanou, and C deltas
microRNAs: a newly described class of encoded
molecules that play a role in health and disease.
Hippokratia. 2010;14:236—40.

Tian X, Chen Z, Shi S, Wang X, Wang W, Li N, Wang
J. Clinical diagnostic implications of body fluid
MiRNA in oral squamous cell carcinoma: a meta-
analysis. Medicine (Baltimore). 2015;94:e1324.
Park NJ, Zhou H, Elashoff D, Henson BS,
Kastratovic DA, Abemayor E, Wong DT. Salivary
microRNA: discovery, characterization, and clini-

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

cal utility for oral cancer detection. Clin Cancer Res.
2009;15:5473-7.

Liu CJ, Lin SC, Yang CC, Cheng HW, Chang
KW. Exploiting salivary miR-31 as a clinical bio-
marker of oral squamous cell carcinoma. Head
Neck. 2012;34:219-24.

Liu CJ, Kao SY, Tu HF, Tsai MM, Chang KW, Lin
SC. Increase of microRNA miR-31 level in plasma
could be a potential marker of oral cancer. Oral Dis.
2010;16:360.

Zahran F, Ghalwash D, Shaker O, Al-Johani K,
Scully C. Salivary microRNAs in oral cancer. Oral
Dis. 2015;21:739-47.

Momen-Heravi F, Trachtenberg AJ, Kuo WP, Cheng
YS. Genomewide study of salivary MicroRNAs
for detection of oral Cancer. J Dent Res.
2014;93:86S-938S.

Jessica A. Weber, David H. Baxter, Shile Zhang,
David Y. Huang, Kuo How Huang, Ming Jen Lee,
et al. The MicroRNA spectrum in 12 body fluids.
Clin Chem. 2010; 56: 1733-1741.

Qu S, Zhong Y, Shang R, Zhang X, Song W, Kjems
J, Li H. The emerging landscape of circular RNA in
life processes. RNA Biol. 2016 Aug;11:1-8.

Qu S, Yang X, Li X, Wang J, Gao Y, Shang
R. Circular RNA: a new star of noncoding RNAs.
Cancer Lett. 2015;365:141-8.

ZhangY, Zhang XO, Chen T, Xiang JF, Yin QF, Xing
YH, Zhu S, Yang L, Chen LL. Circular intronic long
noncoding RNAs. Mol Cell. 2013;51:792-806.
Meng S, Zhou H, Feng Z, Zihao X, Tang Y, Li P,
Minghua W. CircRNA: functions and properties of
a novel potential biomarker for cancer. Mol Cancer.
2017;16:94.

Dudekula DB, Panda AC, Grammatikakis I, De S,
Abdelmohsen K, Gorospe M. Circlnteractome: A
web tool for exploring circular RNAs and their inter-
acting proteins and microRNAs. 2016; 13:34-42.
Wang F. Adil J Nazarali, Shaoping Ji. Circular RNAs
as potential biomarkers for cancer diagnosis and
therapy Am J Cancer Res. 2016;6:1167-76.

Jingqiu Li, Jie Yang, Ping Zhou, Yanping Le,
Chengwei Zhou, Shaomin Wang, et al. Circular
44RNA:s in cancer: novel insights into origins, prop-
erties, functions and implications. Am J Cancer Res.
2015; 5: 472-480.

Yu SY, Wang YP, Chang JY, Shen WR, Chen HM,
Chiang CP. Increased expression of 44MCMS is
significantly associated with aggressive progression
and poor prognosis of oral squamous cell carcinoma.
J Oral Pathol Med. 2014;43:344-9.

Chen L, Zhang S, Wu J, Cui J, Zhong L, Zeng L,
Ge S. circRNA_100290 plays a role in oral cancer
by functioning as a sponge of the miR-29 family.
Oncogene. 2017;36:4551-61.

Palanisamy V, Wong DT. Transcriptomic analyses of
saliva. Methods Mol Biol. 2010;666:43-51.
Yoshizawa JM, Wong DTW. Salivary MicroRNAs
and oral Cancer detection. Methods Mol Biol.
2013;936:313-24.



292

P.Panta and D. T. W. Wong

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Abdulmajeed AA, Farah CS. Gene expression profil-
ing for the purposes of biomarker discovery in oral
potentially malignant lesions: a systematic review.
Clin Med Insights Oncol. 2013;7:279-90.

Meéndez E, Cheng C, Farwell DG, Ricks S, Agoff
SN, Futran ND, et al. Transcriptional expression
profiles of oral squamous cell carcinomas. Cancer.
2002;95:1482-94.

Maskos U, Southern EM. Oligonucleotide hybrid-
izations on glass supports: a novel linker for oligo-
nucleotide synthesis and hybridization properties of
oligonucleotides synthesised in situ. Nucleic Acids
Res. 1992;20:1679-84.

LiG,Li X, Yang M, Lvzi X, Deng S, Ran L. Prediction
of biomarkers of oral squamous cell carcinoma using
microarray technology. Sci Rep. 2017;7:42105.
Shalon D, Smith SJ, Brown PO. A DNA microarray
system for analyzing complex DNA samples using
two-color fluorescent probe hybridization. Genome
Res. 1996;6:639-45.

Wu MY, Dai DQ, Zhang XF, Zhu Y. Cancer subtype
discovery and biomarker identification via a new
robust network clustering algorithm. PLoS One.
2013;8:e66256.

Golub TR, Slonim DK, Tamayo P, Huard C,
Gaasenbeek M, Mesirov JP, et al. Molecular clas-
sification of cancer: class discovery and class pre-
diction by gene expression monitoring. Science.
1999;286:531-7.

Kuo WP, Hasina R, Ohno-Machado L, Lingen MW.
Classification and identification of genes associated
with oral cancer based on gene expression profiles.
A preliminary study. N Y State Dent J. 2003;69:
23-6.

Huang da W, Sherman BT, Lempicki RA. Systematic
and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nat Protoc. 2009;4:
44-57.

Ramaswamy S, Tamayo P, Rifkin R, Mukherjee S,
Yeang CH, Angelo M, et al. Multiclass cancer diag-
nosis using tumor gene expression signatures. Proc
Natl Acad Sci U S A.

Heid CA, Stevens J, Livak KJ, Williams PM. Real
time quantitative PCR. Genome Res. 1996;6:986-94.
Antonov J, Goldstein DR, Oberli A, Baltzer A,
Pirotta M, Fleischmann A, et al. Reliable gene
expression measurements from degraded RNA by
quantitative real-time PCR depend on short ampli-
cons and a proper normalization. Lab Investig.
2005:85:1040-50.

Wong ML, Medrano JF. Real-time PCR for mRNA
quantitation. BioTechniques. 2005;39:75-85.

Livak KJ, Schmittgen TD. Analysis of relative gene
expression data using real-time quantitative PCR
and the 2(—Delta Delta C(T)) method. Methods.
2001;25:402-8.

Dhanasekaran S, Doherty TM, Kenneth J; TB Trials
Study Group. Comparison of different standards
for real-time PCR-based absolute quantification. J
Immunol Methods. 2010;354:34-39.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Lin X, Lo H-C, Wong DTW, Xiao X. Noncoding
RNAs in human saliva as potential disease biomark-
ers. Front Genet. 2015;6:175.

Bonne NJ, Wong DT. Salivarybiomarkerdevelop
ment using genomic, proteomic and metabolomic
approaches. Genome Med. 2012;4:82.

Shendure J. The beginning of the end for microar-
rays? Nat Methods. 2008;5:585.

Costa V, Aprile M, Esposito R, Ciccodicola A. RNA-
Seq and human complex diseases: recent accom-
plishments and future perspectives. Eur J Hum
Genet. 2013;21:134-42.

Danielson KM, Rubio R, Abderazzaq F, Das S,
Wang YE. High throughput sequencing of extra-
cellular RNA from human plasma. PLoS One.
2017;12:e0164644.

Majem B, Li F, Sun J, Wong DT. RNA sequencing
analysis of salivary extracellular RNA. Methods Mol
Biol. 2017;1537:17-36.

StevenR. Head, H. Kiyomi Komori, Sarah A. LaMere,
Thomas Whisenant, Filip Van Nieuwerburgh,
Daniel R. Salomon. Library construction for next-
generation sequencing: Overviews and challenges.
Biotechniques. 2014; 56: 61—passim.

Podnar J, Deiderick H, Huerta G, Hunicke-Smith
S. Next-generation sequencing RNA-Seq library
construction. Curr Protoc Mol Biol. 2014;106:
4.21.1-19.

Shore S, Henderson JM, Lebedev A, Salcedo MP,
Zon G, McCaffrey AP, et al. Small RNA library
preparation method for next-generation sequenc-
ing using chemical modifications to prevent adapter
dimer formation. PLoS One. 2016;11:¢0167009.
Ozsolak F, Milos PM. RNA sequencing: advances,
challenges and opportunities. Nat Rev Genet.
2011;12:87-98.

Yuxuan Wang, Simeon Springer, Carolyn L. Mulvey,
Natalie Silliman, Joy Schaefer, Mark Sausen, et al.
Detection of somatic mutations and HPV in the
saliva and plasma of patients with head and neck
squamous cell carcinomas. Sci Transl Med. 2015; 7:
293ral04.

Chattopadhyay E, De Sarkar N, Singh R, Ray A,
Roy R, Paul RR, et al. Genome-wide mitochon-
drial DNA sequence variations and lower expres-
sion of OXPHOS genes predict mitochondrial
dysfunction in oral cancer tissue. Tumour Biol.
2016;37:11861-71.

Dasgupta S, Koch R, Westra WH, Califano JA, Ha
PK, Sidransky D, et al. Mitochondrial DNA muta-
tion in normal margins and tumors of recurrent head
and neck squamous cell carcinoma patients. Cancer
Prev Res (Phila). 2010;3:1205-11.

Jiang WW, Rosenbaum E, Mambo E, Zahurak M,
Masayesva B, Carvalho AL, et al. Decreased mito-
chondrial DNA content in posttreatment salivary
rinses from head and neck cancer patients. Clin
Cancer Res. 2006;12:1564-9.

Hu L. XinyueYao, and Yi Shen. Altered mitochon-
drial DNA copy number contributes to human cancer



Salivary Biomarkers in Oral Cancer

293

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

risk: evidence from an updated meta-analysis Sci
Rep. 2016;6:35859.
LinJC,Wang CC,Jiang RS, Wang WY, Liu SA. Impact
of somatic mutations in the D-loop of mitochondrial
DNA on the survival of oral squamous cell carcinoma
patients. PLoS One. 2015;10:e0124322.

Mondal R, Ghosh SK. Accumulation of muta-
tions over the complete mitochondrial genome in
tobacco-related oral cancer from Northeast India.
Mitochondrial DNA. 2013;24:432-9.

Lievre A, Blons H, Houllier AM, Laccourreye O,
Brasnu D, Beaune P, et al. Clinicopathological sig-
nificance of mitochondrial D-loop mutations in head
and neck carcinoma. Br J Cancer. 2006;94:692—7.
Fliss MS, Usadel H, Caballero OL, Wu L, Buta MR,
Eleff SM, et al. Facile detection of mitochondrial
DNA mutations in tumors and bodily fluids. Science.
2000;287:2017-9.

Mondal R, Ghosh SK, Choudhury JH, Seram A,
Sinha K, Hussain M, et al. Mitochondrial DNA
copy number and risk of oral Cancer: a report from
Northeast India. PLoS One. 2013;8:e57771.
Chatterjee A, Dasgupta S, Sidransky D.
Mitochondrial subversion in Cancer. CancerPrev
Res (Phila). 2011;4:638-54.

Jiang WW, Masayesva B, Zahurak M, Carvalho
AL, Rosenbaum E, Mambo E, et al. Increased mito-
chondrial DNA content in saliva associated with
head and neck cancer. Clin Cancer Res. 2005;11:
2486-91.

Maitra A, Cohen Y, Gillespie SE, Mambo E,
Fukushima N, Hoque MO, et al. The human
MitoChip: a high-throughput sequencing microarray
for mitochondrial mutation detection. Genome Res.
2004;14:812-9.

Marquis J, Lefebvre G, Kourmpetis YAI, Kassam M,
Ronga F, De Marchi U, et al. MitoRS, a method for
high throughput, sensitive, and accurate detection of
mitochondrial DNA heteroplasmy. BMC Genomics.
2017;18:326.

Sukhija H, Krishnan R, Balachander N,
Raghavendhar K, Ramadoss R, Sen S. C-deletion in
exon 4 codon 63 of p53 gene as a molecular marker
for oral squamous cell carcinoma: a preliminary
study. Contemp Clin Dent. 2015;6:5227-34.

Sun W, Zaboli D, Liu Y, Arnaoutakis D, Khan T,
Wang H, et al. Comparison of promoter
Hypermethylation pattern in salivary rinses collected
with and without an exfoliating brush from patients
with HNSCC. PLoS One. 2012;7:e33642.

Righini CA, de Fraipont F, Timsit JF, Faure C,
Brambilla E, Reyt E, et al. Tumor-specific methyla-
tion in saliva: a promising biomarker for early detec-
tion of head and neck cancer recurrence. Clin Cancer
Res. 2007;13:1179-85.

Rosas SL, Koch W, da Costa Carvalho MG, Wu L,
Califano J, Westra W, et al. Promoter hypermeth-
ylation patterns of pl6, O6-methylguanine-DNA-
methyltransferase, and death-associated protein

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

kinase in tumors and saliva of head and neck cancer
patients. Cancer Res. 2001;61:939-42.

Shaw RJ, Akufo-Tetteh EK, Risk JM, Field JK,
Liloglou T. Methylation enrichment pyrosequenc-
ing: combining the specificity of MSP with vali-
dation by pyrosequencing. Nucleic Acids Res.
2006;34:¢e78.

Viet CT, Jordan RC, Schmidt BL. DNA promoter
hypermethylation in saliva for the early diagnosis of
oral cancer. J Calif Dent Assoc. 2007; 35: 844-9.
Dmitry A Ovchinnikov, Matthew A Cooper, Pratibala
Pandit, William B Coman, Justin J Cooper-White,
Patricia Keith, et al. Tumor-suppressor gene pro-
moter hypermethylation in saliva of head and neck
cancer patients. Transl Oncol. 2012; 5: 321-326.
Matthews AM, Kaur H, Dodd M, D'Souza J, Liloglou
T, Shaw R1J, et al. Saliva collection methods for DNA
biomarker analysis in oral cancer patients. Br J Oral
Maxillofac Surg. 2013;51:394-8.

Boscolo-Rizzo P, Da Mosto MC, Rampazzo E,
Giunco S, Del Mistro A, Menegaldo A, et al.
Telomeres and telomerase in head and neck squamous
cell carcinoma: from pathogenesis to clinical impli-
cations. Cancer Metastasis Rev. 2016;35:457-74.
Cunci L, Vargas MM, Cunci R, Gomez-Moreno R,
Perez I, Baerga-Ortiz A, et al. Real-time detection of
telomerase activity in Cancer cells using a label-free
electrochemical Impedimetric biosensing micro-
chip. RSC Adv. 2014;4:52357-65.

Califano J, Ahrendt SA, Meininger G, Westra
WH, Koch WM, Sidransky D. Detection of telom-
erase activity in oral rinses from head and neck
squamous cell carcinoma patients. Cancer Res.
1996;56:5720-2.

Hess JL, Highsmith WE Jr. Telomerase detection in
body fluids. Clin Chem. 2002;48:18-24.

Zuo X, Xia F, Patterson A, Soh HT, Xiao Y, Plaxco
KW. Two-step, PCR-free telomerase detection
by using exonuclease Ill-aided target recycling.
Chembiochem. 2011;12:2745-7.

Wang HB, Wu S, Chu X, Yu RQ. A sensitive fluo-
rescence strategy for telomerase detection in can-
cer cells based on T7 exonuclease-assisted target
recycling amplification. ChemCommun (Camb).
2012;48:5916-8.

Liu X, Li W, Hou T, Dong S, Yu G, Li F
Homogeneous electrochemical strategy for human
telomerase activity assay at single-cell level based
on T7 exonuclease-aided target recycling amplifica-
tion. Anal Chem. 2015;87:4030-6.

Chaudhary AK, Pandya S, Mehrotra R, Bharti AC,
Singh M, Singh M. Comparative study between the
hybrid capture II test and PCR based assay for the
detection of human papillomavirus DNA in oral sub-
mucous fibrosis and oral squamous cell carcinoma.
Virol J. 2010;7:253.

Gichki AS, Buajeeb W, Doungudomdacha S,
Khovidhunkit SO. Detection of human papilloma-
virus in normal oral cavity in a group of Pakistani



294

P.Panta and D. T. W. Wong

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

subjects using real-time PCR. Asian Pac J Cancer
Prev. 2012;13:2299-304.

Tsiodras S, Georgoulakis J, Chranioti A, Voulgaris
Z, Psyrri A, Tsivilika A, et al. Hybrid capture vs.
PCR screening of cervical human papilloma virus
infections. Cytological and histological associations
in 1270 women. BMC Cancer. 2010;10:53.

Lin CY, Li L. Comparison of DNA testing strate-
gies in monitoring human papillomavirus infection
prevalence through simulation. BMC Infect Dis.
2016;16:642.

Geraets DT, Cuschieri K, de Koning MNC, van
Doorn LJ, Snijders PJF, Meijer CJLM, et al. Clinical
evaluation of a GP5+/6+-based Luminex assay hav-
ing full high-risk human papillomavirus genotyping
capability and an internal control. J Clin Microbiol.
2014;52:3996-4002.

DavidJ. Beale, Oliver A. H. Jones, Avinash V. Karpe,
Saravanan Dayalan, Ding Yuan Oh, Konstantinos
A. Kouremenos, et al. A review of analytical tech-
niques and their application in disease diagnosis in
Breathomics and Salivaomics research. Int J Mol Sci
2017; 18: 24.

Ishikawa S, Sugimoto M, Kitabatake K, Sugano A,
Nakamura M, Kaneko M, et al. Identification of sali-
vary metabolomic biomarkers for oral cancer screen-
ing. Sci Rep. 2016;6:31520.

Ogawa T, Washio J, Takahashi T, Echigo S,
Takahashi N. Glucose and glutamine metabolism in
oral squamous cell carcinoma: insight from a quan-
titative metabolomic approach. Oral Surg Oral Med
OralPathol Oral Radiol. 2014;118:218-25.
Sandulache VC, Ow TJ, Pickering CR, Frederick
MJ, Zhou G, Fokt 1, et al. Glucose, not glutamine,
is the dominant energy source required for prolifera-
tion and survival of head and neck squamous carci-
noma cells. Cancer. 2011;117:2926-38.

Wang Q, Gao P, Wang X, Duan Y. Investigation
and identification of potential biomarkers in human
saliva for the early diagnosis of oral squamous cell
carcinoma. ClinChim Acta. 2014;427:79-85.

Wang Q, Gao P, Cheng F, Wang X, Duan Y.
Measurement of salivary metabolite biomarkers for
early monitoring of oral cancer with ultra perfor-
mance liquid chromatography-mass spectrometry.
Talanta. 2014;119:299-305.

Chiang PK, Gordon RK, Tal J, Zeng GC, Doctor BP,
Pardhasaradhi K, McCann PP. S-Adenosylmethionine
and methylation. FASEB J. 1996;10:471-80.

Iwata S, Sato Y, Asada M, Takagi M, Tsujimoto A,
Inaba T, et al. Anti-tumor activity of antizyme which
targets the ornithine decarboxylase (ODC) required
for cell growth and transformation. Oncogene.
1999;18:165-72.

Katakwar P, Metgud R, Naik S, Mittal R. Oxidative
stress marker in oral cancer: a review. J Cancer Res
Ther. 2016;12:438-46.

Reznick AZ, Hershkovich O, Nagler RM. Saliva--a
pivotal player in the pathogenesis of oropharyngeal
cancer. Br J Cancer. 2004;91:111-8.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Shpitzer T, Hamzany Y, Bahar G, Feinmesser
R, Savulescu D, Borovoi I, et al. Salivary analy-
sis of oral cancer biomarkers. Br J Cancer.
2009;101:1194-8.

Khoubnasabjafari M, Ansarin K, Jouyban
A. Salivary malondialdehyde as an oxidative stress
biomarker in oral and systemic diseases. J Dent Res
Dent Clin Dent Prospects. 2016 Spring;10:71-4.
Chole RH, Patil RN, Basak A, Palandurkar K,
Bhowate R. Estimation of serum malondialdehyde
in oral cancer and precancer and its association with
healthy individuals, gender, alcohol, and tobaccoa-
buse. J Cancer Res Ther. 2010;6:487-91.

Shetty SR, Babu S, Kumari S, Shetty P, Hegde S,
Castelino R. Status of salivary lipid peroxidation
in oral cancer and precancer. Indian J] Med Paediatr
Oncol. 2014;35:156-8.

Peluso I, Raguzzini A. Salivary and urinary Total
antioxidant capacity as biomarkers of oxidative stress
in humans. Patholog Res Int. 2016;2016:5480267.
Kaur J, Politis C, Jacobs R. Salivary 8-hydroxy-2-
deoxyguanosine, malondialdehyde, vitamin C, and
vitamin E in oral pre-cancer and cancer: diagnostic
value and free radical mechanism of action. Clin
Oral Investig. 2016;20:315-9.

Zhang Y, Sun J, Lin CC, Abemayor E, Wang
MB, Wong DT. The emerging landscape of
salivary diagnostics. Oral Health Dent Manag.
2014;13:200-10.

Mager DL, Haffajee AD, Devlin PM, Norris CM,
Posner MR, Goodson JM. The salivary microbiota
as a diagnostic indicator of oral cancer: a descrip-
tive, non-randomized study of cancer-free and oral
squamous cell carcinoma subjects. J Transl Med.
2005;3:27.

Pushalkar S, Mane SP, Ji X, Li Y, Evans C, Crasta
OR, et al. Microbial diversity in saliva of oral
squamous cell carcinoma. FEMS Immunol Med
Microbiol. 2011;61:269-77.

Pushalkar S, Ji X, Li Y, Estilo C, Yegnanarayana R,
Singh B, et al. Comparison of oral microbiota in tumor
and non-tumor tissues of patients with oral squamous
cell carcinoma. BMC Microbiol. 2012;12:144.
Guerrero-Preston R, Godoy-Vitorino F, Jedlicka A,
Rodriguez-Hilario A, Gonzilez H, Bondy J, et al.
16S rRNA amplicon sequencing identifies micro-
biota associated with oral cancer, human papilloma
virus infection and surgical treatment. Oncotarget.
2016;7:51320-34.

Hu X, Zhang Q, Hua H, Chen F. Changes in the sali-
vary microbiota of oral leukoplakia and oral cancer.
Oral Oncol. 2016;56:e6-8.

Schmidt BL, Kuczynski J, Bhattacharya A, Huey B,
Corby PM, Queiroz EL, et al. Changes in abundance
of oral microbiota associated with oral cancer. PLoS
One. 2014;9:€98741.

Hooper SJ, Crean SJ, Fardy MJ, Lewis MA, Spratt
DA, Wade WG, et al. A molecular analysis of the
bacteria present within oral squamous cell carci-
noma. J Med Microbiol. 2007;56:1651-9.



Salivary Biomarkers in Oral Cancer

295

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Btoniarz J, Rahnama M, Zareba S. Influence of car-
cinogenesis in the oral cavity on the level of some
bioelements in the saliva. Rocz PanstwZakl Hig.
2003;54:295-300.

Dziewulska A, Janiszewska-Olszowska J, Bachanek
T, Grocholewicz K. Salivary mineral composition
in patients with oral cancer. Magnes Res. 2013;26:
120-4.

Fuchs PN, Rogi¢ D, Vidovi¢-Juras D, Susi¢ M,
Milenovié¢ A, Brailo V, et al. Salivary analytes in
patients with oral squamous cell carcinoma. Coll
Antropol. 2011;35:359-62.

Zhang S, Zhang X, Yin K, Li T, BaoY, Chen
Z. Variation and significance of secretory immuno-
globulin A, interleukin 6 and dendritic cells in oral
cancer. Oncol Lett. 2017; 13:2297-2303.

Johansen FE, Braathen R, Brandtzaeg P. Role of
J chain in secretory immunoglobulin formation.
Scand J Immunol. 2000;52:240-8.

Farhad Mollashahi L, Honarmand M, Nakhaee A,
Mollashahi G. Salivary Sialic acid levels in smoke-
less tobacco users. Int J High Risk Behav Addict.
2016;5:€27969.

Kurtul N, Gokpinar E. Salivary lipid peroxidation
and total sialic acid levels in smokers and smoke-
less tobacco users as Maras powder. Mediat Inflamm
2012;2012:619293.

Vajaria BN, Patel KR, Begum R, Shah FD, Patel JB,
Shukla SN, et al. Evaluation of serum and salivary
total sialic acid and a-1-fucosidase in patients with oral
precancerous conditions and oral cancer. Oral Surg
Oral Med Oral Pathol Oral Radiol. 2013;115:764-71.
Chaudhari V, Pradeep GL, Prakash N, Mahajan
AM. Estimation of salivary sialic acid in oral pre-
malignancy and oral squamous cell carcinoma.
Contemp Clin Dent. 2016;7:451-6.

Winck FV, Prado Ribeiro AC, Ramos Domingues R,
Ling LY, Riano-Pachén DM, Rivera C, et al. Insights
into immune responses in oral cancer through pro-

221.

222.

223.

224.

225.

226.

2217.

228.

229.

teomic analysis of saliva and salivary extracellular
vesicles. Sci Rep. 2015;5:16305.

Al-Nedawi K, Meehan B, Micallef J, Lhotak V,
May L, Guha A, et al. Intercellular transfer of
the oncogenic receptor EGFRVIII by microves-
icles derived from tumour cells. Nat Cell Biol.
2008;10:619-24.

Palanisamy V, Sharma S, Deshpande A, Zhou H,
Gimzewski J, Wong DT. Nanostructural and tran-
scriptomic analyses of human saliva derived exo-
somes. PLoS One. 2010;5:e8577.

Sharma S, Rasool HI, Palanisamy V, Mathisen C,
Schmidt M, Wong DT, et al. Structural- mechani-
cal characterization of nanoparticles-Exosomes in
human saliva, using correlative AFM, FESEM and
force spectroscopy. ACS Nano. 2010;4:1921-6.
Sun'Y, Xia Z, Shang Z, Sun K, Niu X, Qian L, et al.
Facile preparation of salivary extracellular vesicles
for cancer proteomics. Sci Rep. 2016;6:24669.
Chiang SH, Thomas GA, Liao W, Grogan T, Buck
RL, Fuentes L, et al. RNAProsSAL: a device for
rapid and standardized collection of saliva RNA and
proteins. Biotechniques. 2015; 58: 69-76.
Al-Tarawneh SK, Border MB, Dibble CF, Bencharit
S. Defining salivary biomarkers using mass
spectrometry-based proteomics: a systematic review.
OMICS. 2011;15:353-61.

Stuani VT, Rubira CM, Sant'Ana AC, Santos PS.
Salivary biomarkers as tools for oral squamous cell
carcinoma diagnosis: a systematic review. Head
Neck. 2017;39:797-811.

LuR, Zhang J, Sun W, Du G, Zhou G. Inflammation-
related cytokines in oral lichen planus: an overview.
J Oral Pathol Med. 2015;44:1-14.

Lisa Cheng YS, Jordan L, Gorugantula LM,
Schneiderman E, Chen HS, Rees T. Salivary inter-
leukin-6 and -8 in patients with oral cancer and
patients with chronic oral inflammatory diseases.
J Periodontol. 2014;85:956-65.



®

Check for
updates

Saliva-Based Point-of-Care in Oral
Cancer Detection: Current Trend

and Future Opportunities

Prashanth Panta and David T. W. Wong

15

Abstract

Development of point-of-care (POC) for
saliva-based, noninvasive detection of OSCC
is an active area of research. Portable and
easy-to-use biomedical devices and advanced
electrochemical platforms (OFNASET) or
simple paper-strip chromatography (e.g.,
OncAlert®), based on a single or a panel of
salivary biomarkers, are already available for
clinical use. In this chapter, the emerging core
technologies and approaches assisting early
POC detection are discussed. Knowledge
from closely related fields like nanotechnol-
ogy is also summarized to provide insight on
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possible future approaches that can be tailored
for oral cancer detection. POC for oral cancer
can be designed to work on a potential bio-
marker candidate (validated in multi-cohort
and multiethnic studies) among the wide range
of 100 signature analytes from proteins to
RNA, cytomorphometry of exfoliated cells in
saliva (analogous to circulating tumor cells in
plasma), or through high-throughput screen-
ing of salivary exosomes for potential signa-
tures. Surface-enhanced Raman scattering
(SERS) was also used as a saliva assay previ-
ously, and such attempts will evolve signifi-
cantly if saliva samples are mucin-free. ELISA
is a common method for low-cost protein
detection, with great POC potential. Its perfor-
mance can be optimized through bead and
nanoparticle  technology.  Sophisticated
Luminex multi-analyte profiling (xMAP)
technology and metal-linked immunosorbent
assay (MeLISA), based on ELISA and bio-
catalytic ability of enzymes, were already
reported with high sensitivity and specificity,
which can be extrapolated to saliva samples.
Some technologies have also assisted detec-
tion of mutations, such as “electric field-
induced release and measurement” (EFIRM)
recently deployed for identification of EGFR
mutations through saliva samples. In this
chapter, we have narrated the current trend
and future opportunities for POC development
in saliva-based oral cancer detection.
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15.1 Point-of-Care

Early findings in saliva diagnostics have initiated
a series of research grants by the National
Institute of Dental and Craniofacial Research
(NIDCR) and the UCLA Collaborative Oral
Fluid Diagnostic Research Center aiming to
develop saliva-based point-of-care platforms [1,
2]. The program “Development and Validation
Technologies for Saliva Based Diagnostics”
funded by NIDCR involved seven research teams
in different disease domains, one dedicated
entirely to oral cancer led by Prof. David Wong
(UCLA) [3].

Today, several point-of-care (POC) platforms
for saliva based detection of HIV, hepatitis C
(oraquick ADVANCE®, oraquick®-OraSure
technologies) and HPVvirus (OraRisk®- Oral
DNA labs), steroids like cortisol (sailometrics®),
alpha-amylase (Nipro), and alcohol and drugs
(Oral-Eze®- quest diagnostics) are already avail-
able [4]. The possibility of POC for OSCC detec-
tion was identified very early in research and
devices based on electrochemical sensors
(OFNASET®) and also comparatively simple
kits based on lateral chromatography came into
being. POC systems are often integrated systems
incorporating technology on a small structure
(miniaturization). The terms ‘lab-on-chip’ or
more recently ‘lab-on-paper’ applies to such a
technology. The principal technologies used in
POC saliva testing include microfluidics,
Immunoassays, Micromechanical and Electro-
chemical sensors, and nanotechnology based
methods; the POC system can be dominant with
one technology or may be integrated.

The POC platforms for saliva should work on
small volumes with very low analyte concentra-
tion. Simplified saliva collection, detection, user
interface and data presentation are essential for
designing POCs for oral cancer. The preliminary
step however is to collect saliva from patients
which is a critical step. These platforms must
provide biomarker information and diagnosis at
home or chairside or bedside. With such tools,
‘mass screening’ can be conducted, leading to
early oral cancer detection and control of mortal-
ity and morbidity at nation scale [5].

15.2 Emerging Core Platforms
in Point-of-Care

Advancements in microfluidics, immunoassays,
micromechanical and electrochemical detection,
and bead- and nanoparticle-based technology
benefit fabrication of POC diagnostics. The devel-
opments in microfluidics and plumbing have led
to improved efficiency in transfer of saliva sample
and economical automation for analysis of cellu-
lar features. The second advance is the develop-
ment of electronic transducers, which can be
combined onto microfluidics. The most recent
advance is the use of nanoparticles in the detec-
tion of oral cancer, as they can increase the signal
to noise ratio. In the electrochemical systems, the
sensitivity can be highly challenged by the high
molecular weight mucins which compete with the
surface of the transducers. The technologies
should often be perfectly integrated with each
other to produce a fully functional POC device
like OFNASET. The performance of POC is usu-
ally tested by serial dilutions of biomarker of
interest to the desired serum or saliva concentra-
tions in OSCC patients and validated on patient
samples. Although some POCs were not directly
tested in saliva of OSCC patients, data about per-
formance of these platforms is obtained from cen-
trifuged culture media where cell lines were
grown, which is actually representative of saliva
[6, 7].

15.2.1 Microfluidics

Microfluidics is handling fluids at micro- or
nanoliter scale. Microfluidics fabricated through
injection micromolding plastics creates a fine
nozzle diameter at micron scale (~ 1/4 thickness
of human hair), taking the advantage of the prin-
ciple of -capillarity, simplifying the fluid
components in POC. The advent of i-STAT
system revolutionized microfluidics into credit
card-shaped chips (lab-on-chip) for detection.
They can be instrumented or un-instrumented.
The instrumented device has a disposable cas-
sette housing a circuit, reaction chambers,
interconnecting channels, necessary reagents,
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and analyzer. The main advantage of microfluid-
ics is the use of less sample, less time, automa-
tion, low reagent expenditure, and excellent flow
control. Apart from achievement of strict laminar
flow, parallel processing of multiple solutions
can be attempted [8]. Initially, microfluidic
devices were made of plastics, elastomers, but
today paper microfluidics are emerging plat-
forms. Microfluidics have reached multistep,
complex laboratory techniques like PCR and
electrophoresis. A microfluidic PCR platform
can have two configurations: a stationary and
flow through. For OSCC diagnosis, integrated
electrophoresis-based microfluidic  platforms
hold more promise than PCR-based platforms, as
protein biomarker estimation is more important
than genetic screening. Protein biomarker screen-
ing can also be conducted on microfluidics with
many parallel lanes or channels.

Microfluidics are two-decade-old and ven-
tured in cancer detection in distinct ways includ-
ing exosome separation and mutation analysis,
cancer cytology (i.e., isolation of circulating
tumor cells, characterization of tumor cells, and
study of tumor migration and metastatic process),
and for high-throughput molecular profiling of
body fluid (e.g., protein quantification) with
nanoparticle technology [9, 10]. The most poten-
tial application of microfluidic assembly in
OSCC however is the molecular examination of
OSCC cells from scrapings of suspected oral
lesions and through saliva.

e Microfluidics can also be used in the separa-
tion of microvesicles (exosomes), through a
functionalized surface [11]. The exosomes
rich in RNA and other biomarkers indicate the
biochemical status of tumors and are highly
informative [11]. Microfluidic platforms were
also used in genetic analysis to detect JAK2-
V617F oncogenic mutations in myeloprolif-
erative neoplasms via patient whole blood,
with high accuracy and time efficiency (<1 h)
[12]. This system can be extrapolated to detec-
tion of mutation in saliva. The functions per-
formed by Wang et al. are genomic DNA
isolation, nucleic acid amplification, and
visual detection of identified mutations [12].

“Nano-biochips” and “cytology on chip” are
also available for oral cancer detection. This
advanced detection format integrates simple
microfluidic assembly with immunohisto-
chemistry and fluorescence microscopy imag-
ing for sensing atypical cellular and cell
surface features with simple liquid biopsy, oral
cytology, or oral rinse. Liquid biopsy is supe-
rior to conventional cytology in terms of blood
and sample adequacy for studying cell mor-
phology [13-15]. McDevitt et al. (Rice
University, Houston, TX) reported a novel
cytology-sensor-chip for oral cancer [16, 17].
It detects premalignant and malignant cells
based on nuclear-cytoplasmic (N/C) ratio and
through the quantification of oral cancer bio-
marker epidermal growth factor receptor
(EGFR). The cytology suspension is chan-
neled via a pressure-driven microfluidic flow
to the sensor. Here, cells larger than the defined
pore size of the filtering membrane are
retained. The cells captured are stained by flu-
orescent dyes and immuno-reagents against
cytoplasm (staining with phalloidin — red
color) and nucleus (4'-6-diamidino-2-
phenylindole: DAPI blue) and surface marker
EGFR in green (Alexa Fluor®488). The stained
cells are visualized under 3D fluorescent
microscope, and an automated image analysis
is conducted through an open-source software,
aiming to assess the OSCC signatures related
to cellular morphology and surface biomarker
expression. This study was conducted on 52
OSCC and healthy samples and yielded a good
test result showing steady increase in nuclear
size, nuclear-cytoplasmic ratio, and the inten-
sity of emission of EGFR from normal
(6.5 arbitrary units) to premalignancy (9.5
arbitrary units) to OSCC (11.8 arbitrary units)
showing highest [16]. The N/C ratio and
nuclear area showed best performance
(AUC =0.93) and EGFR an AUC of 0.83 [16].
Their combined panel showed much superior
discrimination (AUC = 0.94) of OSCC [16]. In
initial cell-based sensor studies carried out by
McDevitt et al., EGFR expression analysis was
identified as a potential change in oral cancer
cell lines [17]; later the same group incorpo-
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rated cytomorphometric parameters into the
detection panel [16, 18]. Moreover, EGFR-
based assays consume little time and are highly
productive as this surface marker shows strong
expression in early and aggressive cancer phe-
notypes [16-18]. According to a recent, large
population-based exhaustive cytology analysis
by the same group, the signature cytological
parameters in OSCC detection were cell circu-
larity, nuclear area, cell area, and nuclear-cyto-
plasmic ratio, and important biomarkers were
EGFR and Ki-67 [19].

Several nanostructured microfluidic platforms
using glutathione gold nanoparticles are emerg-
ing for the simultaneous ultrasensitive detection
of several cancer biomarker proteins including
IL-6 and IL-8 from the attempts of Rusling et al.
[6]. The “lab-on-chip” format is slowly being
replaced by “lab on paper or lab on stamp” which
consists of chromatographic paper, wax, and fil-
ter [20]. Paper-based microfluidics are low-cost,
lightweight, and disposable technology and the
future of microfluidics [21].

15.2.2 Immunodetection
15.2.2.1 Enzyme-Linked
Immunosorbent Assay

(ELISA)

ELISA is common in the laboratory setting for the
detection of proteins without much cost, suitable
for low-resource and developing countries [22].
In a regular lab-based ELISA, several time-
consuming steps (~6 h) are involved including a
final stage spectrometry detection of compounds
based on color intensity [23]. The limit of detec-
tion (LOD) of ELISA is in the range of lpico-
molar (1 pg/ml) [24]. The adaptation of the same
method in POC would be running an unknown
sample on a special surface functionalized with
antibodies, later acted by antibodies linked to
enzymes emitting a signal of measurable inten-
sity. ELISA-based POC is somewhat challenging
due to the efforts required to minimize the larger
number of steps involved. Paper-based ELISA
was reported for o-fetoprotein, cancer antigen

125, and carcinoembryonic antigen, potential
saliva markers in OSCC [25, 26]. A sophisticated
Luminex multi-analyte profiling (xMAP) tech-
nology (Luminex Corp., USA) combining bead
technology (50-100; 5.6 micron polystyrene
beads) and flow cytometry is being used for
monoplexed or multiplexed detection (500 ana-
lytes) of proteins, nucleic acid biomarkers, virus,
and microbiota. In principle, it is similar to
ELISA, but in performance, it is sensitive to much
lower concentrations of analyte, in the range of
few pg/ml with around 25-50 pl sample volume
[27-30]. The antibodies are immobilized onto the
beads, but unlike ELISA, nonspecific binding is
greatly minimized [27, 30]. ELISA assay can also
be converted into a Luminex xMAP platform
[30]. With metal-linked immunosorbent assay
(MeLISA), based on a combination of ELISA,
antibody-antigen reaction, and biocatalytic ability
of enzymes, the sensitivity and specificity of
detecting PSA in serum reached 100% [31]. The
performance of ELISA can be optimized using
bead and nanoparticle technology [23, 30]. The
complementation of nanoparticles with ELISA
can minimize the problem connected to analysis
instrumentation, making feasibility of image
analysis with Android-based digital cameras [23].
It is difficult to multiplex ELISA [32].

15.2.2.2 Lateral Chromatography
(LF) Test

An example of a simple LF test is the home preg-
nancy detection strip. The lateral flow test, also
referred to as immune-chromatographic flow test,
is a simple and inexpensive technique that can be
built on a porous paper like material, nitrocellu-
lose. There are few test lines for multiplexed
detection and a control line as reference, and on
the test line, antibodies are immobilized against a
known target molecule. The sample is mixed with
buffer and applied to one end of the test line,
where sample is sucked through capillary action.
The test result can be reported using the naked
eye, and flow of specimen is not assisted by any
micro motor or pumps. Gold or carbon nanopar-
ticles can be used as reporters for visible detection
[33]. The important difference between ELISA
and LF is the lack of signal amplification in LF,
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leading to low sensitivity and specificity. A LT test
that operates on the detection of salivary CD44sol
is available (OncAlert® — Vigilant Biosciences). A
lateral flow immunoassay test has also been used
for detecting exosomes, based on nanoparticle
detection probes, by capturing antibodies immo-
bilized on nitrocellulose base [35]. Through this
approach, exosomes in human plasma have been
detected by the naked eye, at concentrations of
5 pg [35].

15.2.3 MEMS-/NEMS-Based
Electrochemical Detection

Microelectromechanical system (MEMS) or
nanoelectromechanical systems (NEMS) are
integrated systems that have a central micropro-
cessor and components connected to microsen-
sors. To develop a POC based on this technology,
a team of clinicians and nano-mechanical engi-
neers is required. The oral fluid nano-sensor test
(OFNASET) is an ideal example of oral cancer
screening tool that is a MEMS-based electro-
chemical system, without ELISA, PCR, pumps,
or valves. The visionary investment of NIDCR
has initiated saliva  microfluidics, and
“OFNASET” is one product that emerged
through this project. OFNASET is a handheld

Fig. 15.1 Schematic of
an electro-chemical sensor
strategy for multiple
salivary biomarker
detection reported in
2009. An array of
electrodes with both
mRNA (left) and protein
(right) detection are
shown. Reprinted with
permission from (Wei

et al. Electrochemical
Sensor for Multiplex
Biomarkers Detection.
Clin Cancer Res. 2009;
15: 4446-4452. Copyright
(2009) American
Association for Cancer
Research

probe, an integrated system with cutting-edge
technology enabling the rapid detection of pro-
teins and mRNA, for early disease detection
including oral cancer [4, 36]. The LOD for RNA
is 1 fM/mland; for protein it is 1 pg/mL with mul-
tiplexed detection in less than 20 min, with 90%
accuracy (http://hspp.dent.ucla.edu/OFNASET.
htm). Under multiplexing model, the LOD of
IL8-mRNA reaches 3.9 fM and IL-8 protein
7.4 pg/ml (Fig. 15.1) [37]. This platform devel-
oped by UCLA is a fully functional electrochem-
ical platform that allows sample collection,
processing, and multiplexed determination of
proteomic, transcriptomic, and genomic bio-
markers including telomerase [38]. It is capable
of measuring up to eight biomarkers and was
introduced in a cohort of Indian patients with
accuracy comparable to traditional laboratory
methods (ELISA and PCR) [38].

In 2009, an electrochemical detection tech-
nique termed ‘electric field-induced release and
measurement’ (EFIRM) was deployed [2, 37]. It
uses an array of probes and read out enzymes to
capture saliva biomarkers [37]. EFIRM was first
applied in oral cancer detection, by the collabora-
tive efforts of UCLA schools of dentistry and
engineering [37]. EFIRM has also shown much
promise in other cancer models like lung malig-
nancy with an, extremely high accuracy (AUC=1),
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Fig. 15.2 Schematic of the electric field-induced release
and measurement (EFIRM) system for detection of
exosomal biomarker. (a) Anti-hCD63 antibodies conjuga-
tion and exosome extraction; (b) magnetic force assisted
exosome extraction and electric field induced release.

based on screening of EGFR mutations (Figs. 15.2
and 15.3) [39-41]. EGFR mutations are also uni-
versal to in epithelial malignancies like OSCC.
EFIRM has also been applied around the same
time for the identification of tumor specific
exosome like microvesicles in saliva [42, 43].
They can be used to extract exosomes through
magnetic particles from biofluids like saliva, to
test the composition of their cargo (Fig. 15.2)
[43]. EFIRM is an easy to use, real time, cost-
effective platform for cancer detection [39]. This
test can be carried out with a minimal sample size
of <200 pL of saliva or plasma and can generate
results in less than 30 min [41]. An electrochemi-
cal sensor technology using endonuclease target
recycling amplification was also used to identify
DNA of oral cancer overexpressed 1 (OLAOV1)
in saliva of oral cancer patients (Figs. 15.3 and
15.4) [44]. Recently for detection of saliva metab-
olite: uric acid and lactic acid, a mouth-guard
enzymatic biosensor was used with wireless elec-
tronics [2, 45, 46]. Thin-film Au/ZnO surface

Reprinted from Biosens Bioelectron, volume 44, Wei et al.
Detection of exosomal biomarker by electric field-induced
release and measurement (EFIRM), page 115-121, copy-
right (2013) with permission from Elsevier

plasmon resonance-biosensors were used in eval-
uation of salivary CA-125, an important tumor
antigen in OSCC, as its LOD falls around the sali-
vary cutoff point (4U/mL) of cancer patients [47].
Electrochemical sensors enriched with nanopar-
ticles and carbon nanotube assembly were used
as ultrasensitive platforms for inflammatory
markers IL-6, IL-8 [6, 7]; the single wall nano-
tube forests were shown to be more sensitive, but
linear range was higher with the gold nanoparti-
cle immunosensor [48]. Semiconductor based
silicon nanowire field-effect transistor biosensors
(SiNW-FET) were used for multiplexed detection
of IL-8, and tumor necrosis factor a (TNF-),
CRP, important biomarkers in OSCC [49, 50].
The advantages beinglow LOD, and specific rec-
ognition [49, 50]. An electrochemical immuno-
sensor was also reported for IL-6 with Carbon
Nanotube Forest Electrodes and Multilabel
Amplification [32]. Similar electrochemical strat-
egies have been useful for telomerase detection, a
potential marker in OSCC [51-53].
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Fig. 15.3 Tllustration depicting an advanced version of
Electric field-induced release and measurement (EFIRM)
technology for the detection of mutations (epidermal growth
factor receptor) in bodily fluids like saliva. The cyclic-square
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and detect the mutations. EGFR sequences were measured
on the electrochemical sensor with a capture probe pre-
coated in conducting polymer. The horseradish peroxidase

15.2.3.1 Future Biofluid Diagnosis
Powered by Nanoparticles:
Basic Principles

and Applications

Nanoparticles synthesized from inert metals like
gold and silver, and nanotubes made from car-
bon, can act as powerful molecular and optical
sensors in the detection of disease biomarkers.
Gold nanoparticles (AuNPs) can be synthesized
into various sizes (1-100 nm) and shapes [54].
Their synthesis is easy, and size depends on salt
concentration, temperature, and rate at which
reactants are added and has been designed into
various shapes: hexagon and boot, with unique
surface-enhanced Raman scattering properties
[55]. Small size, variable shape, and facile sur-
face chemistry, i.e., ability to be manipulated by
any functional group (amine, thiol, cyano, car-
boxyl, or chloro) through electrostatic, covalent,
or hydrophobic interactions, are important fea-
tures of AuNPs [56]. For detection of biomarkers,
the AuNPs are often conjugated with antibodies
(anti-EGFR) or oligonucleotides or anti-mouse

(HRP)-labeled reporter probe generated amperometric
signals when there was a reaction with the 3, 3', 5, 5'-tetra-
methylbenzidine (TMB) substrate under a -200 mV
electrical field. Reprinted with permission from the American
Thoracic Society. Copyright (2014). American Thoracic
Society. Wei et al./(2014)/ Noninvasive saliva-based EGFR
gene mutation detection in patients with lung cancer/Am J
Respir Crit Care Med/190/1117-26

immunoglobulin antibodies [56—58]. The surface
of AuNPs is negatively charged which aids in the
simple mixing and conjugation through simple
electrostatic interactions with positively charged
moieties. They are small enough to scatter light,
and particle size and the interparticle distance
correlate directly to their color [55]. The ligand
and carrier molecule used for conjugation depend
on the type of application, whether diagnostic or
therapeutic. Once the particle has the appropriate
functional group on the surface, coupling agents
may be utilized to covalently link bio-recognition
molecules with good efficiency; coupled NPs can
be stored at 4 °C [57].

Nanoparticles enrich microfluidics, immuno-
assays, and electrochemical platforms to POC
flexibility [6, 7, 48, 59]. The extremely small size
and high surface area of AuNPs enhance Raman
scattering via surface-enhanced Raman scattering
(SERS) and localized surface plasmon resonance
(LSPR), and their suspension and aggregation
can cause visible color changes that can be stud-
ied through colorimetry and fluorescence,
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dynamic light scattering (DLS), and two-photon
scattering (TPS), due to which they have emerged
as unique components of detection platforms.
They can help in the detection of proteins, nucleic
acids (DNA, RNA), whole tumor cells, and exo-
somes [35]. AuNPs have broad applications in
OSCC detection, primarily based on surface-
enhanced Raman scattering spectra assessment,
and surface plasmon resonance, a property inher-
ent to metallic surfaces or as a direct colorimetric
assay based on “nanoparticle-protein assemblies.”
In the literature, many studies have addressed
detection of OSCC, based on nanoparticles using
plasma samples; however, saliva may be a much
more potential substitute. In the following sec-
tion, the possible current and future role of
nanoparticles in saliva-based detection of OSCC
is highlighted based on available and related evi-
dence. We foresee nanoparticles to expand saliva-
based oral cancer detection!

(Tan et al. Ultraselective homogeneous electrochemical
biosensor for DNA species related to oral cancer based on
nicking endonuclease assisted target recycling amplifica-
tion. Anal Chem. 2015; 87: 9204-8). Copyright (2015).
American chemical society

Surface-Enhanced Raman

Scattering Assays

Raman spectroscopy can differentiate healthy tis-
sue, OPMDs, and OSCC with high accuracy [60,
61]. In an initial report by Lin et al., Raman spec-
tra of sera from normal and cancer patients
showed significant differences [62]. The changes
in spectra are attributed mainly to higher concen-
tration of proteins and DNA and lower concentra-
tion of lipids in oral cancer tissue [63-65].
Surface-enhanced Raman scattering (SERS) is a
surface enhancement technique of Raman spec-
troscopy, an ultrasensitive analytical technique,
useful in the identification of OSCC biomarkers
in centrifuged serum and saliva [57, 66—068].
However, weak Raman signals are produced in
this method. This limitation can be countered by
the use of a laser light, tuned to plasma frequency
of AuNPs, which heavily amplify the scattering
cross section, leading to enhanced spectroscopic
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signal (i.e., high-quality spectra). SERS tags are
based on plasmonically active nanoparticles
whose resonance can be tuned to obtain optimal
SERS signals [69]. Sharp narrow peaks are true
SERS signals representative of the sample, while
broad peaks represent background noise [22].
AuNPs have special importance in SERS, as they
enhance Raman scattering by 14—15 orders [66,
70]. SERS can be used in two ways:

Direct labeling approach

e In the direct labeling method, the metallic
nanoparticles are linked to Raman reporters
which are bound to binding molecule-like
antibody [71]. The solution, centrifuged serum
or saliva samples suspected to contain bio-
marker or biomarkers, is mixed with a colloid
of “SERS-optimized nanotags” and incubated,
following which a drop of the incubate is
transferred onto a cover slip (drop-dry
approach), and a Raman spectrometer is
employed for making SERS measurements,
focused at several regions on the cover slip
[65, 71]. Even a signal drop can be quantified
using SERS. Au and Ag nanoparticles mixed
with plasma of histologically proven nasopha-
ryngeal carcinoma increased Raman signal
significantly with high accuracy of detection
[72, 73]. The binding of target analyte with
specific binding molecule leads to characteris-
tic Raman spectra (Fig. 15.5) [71].

Immunoassay format

e Inimmuno-sandwich assay, SERS principle is
used to enhance the Raman signal due to anti-
body and biomarker (target analyte) interac-
tion [71]. It is a slightly complex format,
principal wise comparable to ELISA [71].
Nanoparticles are joined together like a film or
monolayer. But once a molecule (such as bio-
marker) snips them apart, the signal will
diminish and the signal intensity reduces. Kah
et al. have used a SERS active gold nanopar-
ticle monolayer film for simple biosensing in a
saliva assay [57]. In their assay, the colloidal
gold nanoparticles were prepared and conju-
gated to anti-epidermal growth factor, consid-
ering EGFR as a biomarker, and closely

packed unto a monolayer film following which
a saliva sample was used in a drop-dry
approach [57]. SERS was also applied by
Tianxun et al. for body fluid MMP detection
[74]. Their platform has a SERS-based
bimetallic-film-over-nanosphere  (BMFON)
substrate and gold nanoparticles, where sub-
strate and nanoparticles bind through biotin-
avidin-biotin complexation. Their binding is
hindered by the MMP peptide chain. By mea-
suring SERS spectra with BMFON, and after
peptide cleavage and AuNPs binding due to
protease activity, MMP signatures (MMP-2,
MMP-7) can be measured as SERS peaks
[74].

e Algorithms routinely employed to analyze the
Raman data include: principle component
analysis (PCA), discrimination function anal-
ysis (DFA), partial least squares, and more
recently support vector machine (SVM) [65,
75]. To provide more accurate diagnosis from
SERS spectra, advanced algorithms are
required. Support vector machine algorithm
proved its superiority in the discrimination of
OSCC [66, 76]. The SERS as a saliva-based
assay can be promising if tested on a large
number of saliva samples as suggested by Kah
etal. (Fig. 15.5) [57]. The large molecular size
(e.g., proteins) and low concentration of cer-
tain biomarkers in saliva may pose a problem
to the overall sensitivity of SERS application
leading to Raman band overlap, but as most of
the OSCC markers are released locally, this
issue may not be that important.

Surface Plasmon Resonance Assays

Surface Plasmon resonance (SPR) is a phenom-
enon that occurs due to oscillation of conduc-
tion electrons, when light hits a metal surface
[77, 78]. SPR is inherent to AuNPs and exhibits
good sensitivity and success in diagnostics
[79]. It is based on the refractive index changes
associated with the binding of antigen with the
bio-recognition molecules (e.g.: anti-EGFR) on
the sensor surface [80]. The mass change on
sensor surface due to the presence of an immune
complex, results in a change in angle between
incident light and reflected light, captured by
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Step 2: Add saliva to
the substrate

Step 1: Place SERS
substrate on glass slide

Fig. 15.5 Application of silver nanoparticle (Ag-NP)
based surface-enhanced Raman spectroscopy (SERS) of
saliva and desquamated oral cells in the detection of oral
squamous cell carcinoma (OSCC). Reprinted from
Nanomedicine, vol 12, Connolly et al., Non-invasive and

the subtle detectors as signal(Response
Units-RU) [77]. Through SPR analysis, the
binding constants, kinetic analysis of binding
can be studied [77]. In SPR, the binding inter-
actions between two surfaces are measured;
one immobilized on the metal surface and the
other is a biomarker of interest freely available
in the biofluid like saliva [81]. SPR directly
detects concentration or mass, without the need
for fluorescent labeling, allowing label free
detection, and minimizing complexity [81].The
measurements are made in a time dependent
manner by a two-dimensional array of photodi-
odes or charge couple detectors [77].

AuNPs exert strong localized surface
Plasmon resonance (LSPR), which is the oscil-
lation of conducting electrons induced by the
energy of incident light. ‘AuNPs’ are therefore
‘SPR based biosensors’. They have been used
in the detection of circulating whole tumor
cells [58], proteins, DNA, and even microbiota
with good success [82]. The wave length of the
incident light can be tunable between ‘visible
light to infrared band’, which is dependent on
size, shape, particle distance of AuNPs, with
extinction coefficient in the order 103-10'"" M~
Mecm~™ [56]. LSPR sensing strategy is ideal to
study binding mechanisms and with the use of

Step 3: Surface
Enhanced Raman
Spectroscopy (SERS)
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label-free detection of oral squamous cell carcinoma
using saliva surface-enhanced Raman spectroscopy and
multivariate analysis, Pages No. 1593-601. Copyright
(2016) with permission from Elsevier

LSPR, ultrasensitive detection can be reached
with amplification methods, to single molecule
sensitivity [56]. In the ovarian cancer model,
ascites samples demonstrated exosomes
released from ovarian cancer cells in a nano-
plasmonic exosome (nPLEX) assay based on
LSPR principle [83]. The nanoparticle assem-
bly is made of nanohole layout, on a glass base
with 200 nm hole at 450 nm periodicity [83].
Each array is functionalized by antibodies to
exosomes with specific antigens. Exosomes are
ubiquitous to all body fluids, but more abun-
dant in saliva [84]. The sensitivity is 10* times
higher than western blot and 10? than ELISA
[83]. This methodology is applicable when spe-
cific saliva exosomes become characterized as
biomarkers of OSCC based on the surface
antigenicity.

e The role of AuNPs as SPR biosensors in living
whole cells was highlighted by El-Sayed et al.
[85]. They showed a superior binding affinity
(600%) of anti-EGFR antibody-conjugated
AuNPs with oral cancer cells compared to
noncancerous cells [85]. These AuNPs can
also be used for tumor cells in plasma or
saliva. In whole blood of HNSCC patients,
about 1-720 circulating tumor cells (CTCs)
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are present per ml, whereas in saliva their lev-
els will be much elevated [58]. AuNPs tar-
geted for OSCC detection can be conjugated
to anti-EGFR antibody, chiefly expressed in
OSCC. When AuNPs containing a recognizer
like anti-EGFR antibody combine with
EGFR-containing malignant cells, an optical
signal is produced. This method may be used
for exploration of exfoliated cells in saliva of
OSCC subjects through SPR spectral
imaging.

‘LSPR peak’ is also a sensitive marker for
AuNP inter-particular distance. As individual
particles AuNPs exhibit red color with an LSPR
in the range of 520 nm, and when brought into
close proximity, they change to blue due to a phe-
nomenon is referred as ‘Plasmon coupling’ [85].
The spectral shift decays exponentially with
interparticular distance and decay length is
dependent on metal type, particle size, shape and
medium dielectric constant. Due to this phenom-
enon, the colorimetric property of AuNPs can be
harnessed to identify salivary biomarkers and
specific molecular sensors can be designed. A
nano-plasmonic colorimetric assay was also
designed for exosomes and micro-vesicles [86].

15.3 AuNPs as Sensors in Direct
Colorimetric Detection

Nanoparticles are smart sensors that enable naked
eye detection of low concentration (ng-pg/ml)
cancer biomarkers in body fluids [87]. This colo-
rimetric assay is a simple method, without the use
of advanced instrumentation, and wide range of
applications possibly for saliva analytes. The
ultra-high extinction coefficients allow detection
of several molecular species including nucleic
acids, proteins, saccharides, ions, organic mole-
cules, pathogens and cells [56]. Nanoparticles
have unique size dependent and distance depen-
dent optical properties [85, 88], such that peptide,
oligonucleotide functionalized AuNPs can be
used for colorimetric detection [89].

The peptide functionalized AuNPs can work
in two ways: the presence of protease (e.g.:
MMPs) may cleave the peptide at certain loca-
tions leading to a decrease in size and net charge,
leading to aggregation of NPs and a LPSR shift
(color shift) (Fig. 15.6b) [89]. In the second tech-
nique, the presence of a protease breaks the pep-
tide, setting nanoparticles free and ready to
disperse, leading to a color change (Fig. 15.6a).
Through color change, the presence of minuscule

Fig. 15.6 (a) Schematic of
“protease-triggered NP

dispersion approach”. TEM
images of 8.5 nm gold NPs
after functionalization with

peptide are shown (left),
followed by their dispersion
through the action of a
protease (right). (b) Schematic
of “protease-triggered NP
aggregation approach”.
Reprinted with permission
from (Laromaine et al.

Protease-triggered dispersion

of nanoparticle assemblies. J
Am Chem Soc. 2007; 129:
4156-7). Copyright (2007).
American chemical society

Protease




308

P.Panta and D. T. W. Wong

amounts of key OSCC biomarkers can thus be
unveiled? AuNPs in this way can be used in the
visual identification of nucleic acids (Single
nucleotide polymorphisms), proteins, much
larger circulating tumor cells or even exosomes.
The color change is a measure of concentration,
and can be captured through, photometry, reso-
nance light scattering or DLS, and interesting
through visual detection! [90].

15.4 Detection of Mutations

e AulNPs can act as gene sensors, assisting
visual detection of mutations [55]. AuNPs are
incubated and functionalized with oligonucle-
otide aptamers which have the ability to detect
a complimentary strand [91]. In the presence
of mutation or single-nucleotide polymor-
phism (SNP), there will be no hybridization
between the strands, and fluorescence is
detected. In the presence of normal DNA,
there is hybridization of complimentary
strands, and fluorescence is quenched [55].
This method can identify single base-pair sub-
stitution with as low as 10 picomole DNA
[92]. Recently Latorre et al. used “nanoparti-
cle with oligonucleotide aptamer and a cho-
lesterol tag” as gene sensors to screen point
mutations in many genes including KRAS
[91]. When the solution with specific mRNA
or cDNA sequence undergoes hybridization
with oligonucleotides, the nanostructure
unfolds to open the hidden cholesterol group
to water, causing an aggregation of nanoparti-
cles accompanied by a visible color change
[91]. Following aggregation, the red color of
the colloidal nanoparticle solution turns either
bluish or the sample with mutation may take
up differing saturation of red [91]. Suitable
target genes in OSCC can be selected which
often undergo point mutations and are detect-
able in saliva (e.g., TP53), in which case the
oligonucleotides may be designed for hotspots
of those specific genes [92]. As numerous
genes undergo mutation in OSCC and readily
available in saliva, this methodology may help

in early diagnosis [92]. This system can detect
mutations at low nano-molar concentration of
target sequence. This type of investigation is
promising for oral cancer detection, as saliva
bathes the oral lesions, it is preferentially
enriched than plasma for DNA markers related
to oral cancer. Tumor DNA in plasma is repre-
sentative of subsites other than oral cavity,
whereas saliva DNA is more relevant for oral
cancer.

15.5 Protein Detection

Nanoparticles were applied for the detection
of protein analytes like PSA, CEA, CA 15.3,
and EGFR, which are also biomarkers for
OSCC [93]. Laromaine et al. for the first time,
demonstrated protease-triggered nanoparticle
assemblies for colorimetric detection [94],
and their studies are now focused on the oral
cancer model. The principle is “protein co-
assembly and enzyme-triggered disassembly.”
The low sensitivity and specificity of nanopar-
ticle-based colorimetric detection can be
amplified through enzyme-assisted gold
nanoparticle-mediated colorimetric detection
[87]. They used gold particles 10 nm wide and
glued them with short peptide chains that link
the gold nanoparticles together to form aggre-
gates, to form a blue solution [94]. When the
solution is exposed to nACT-PSA, an enzyme
related to prostate cancer, the solution turns
red [94]. This color change occurs because
nanoparticles disperse after the enzyme, “a
protease by nature” breaks the peptides that
maintain the nanoparticles together. This sets
the nanoparticles free from the peptide links
and they readily scatter [94]. Once the peptide
bond is cleaved, at the end of the peptide, a
positive charge is reached, which makes the
particles to further repel. In this method, the
protein itself acts as a signal amplifier reach-
ing an LOD in the range of zeptograms/ml
[93]. In another study by Maher et al., the
same kit was used exploiting SERS applica-
tion to identify hot spots for disease-specific
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Fig. 15.7 Strategy for oral
fluid sampling and analysis
with a rapid point-of-care
or lab-on-a-chip device for
the generation of oral
cancer biomarker report 4
and diagnosis Reprinted
with permission from
Ramseier et al. Periodontal
disease. In: Wong DT,
editor. Salivary diagnos-
tics. Ames, lowa, USA: ) (
Wiley-Blackwell, 2008 f I}'
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enzyme detection [95]. This is a simple expla-
nation of how nanoparticles could be har-
nessed in colorimetry-based cancer detection.
This assay can be extrapolated to saliva sam-
ples in OSCC since several proteases (e.g.,
matrix metalloproteinases) are enriched in
saliva at different stages of oral cancer. The
prospect of this application is therefore high
for oral cancer.

15.5.1 Ideal Requirements of POC

The ideal characteristics of POC according to
World Health Organization (WHO) include:
Affordability, sensitivity, specificity, user
friendly, rapid treatment and robust use, equip-
ment free, and delivered to those in need [96].
The POC therefore must have a simple
organization with minimum reagents and less
complex equipment, having low total cost per
examination, portability, accurately matching

A

Micro Analyzer

the typical laboratory reference. The main
requirements of an ideal POC platform are
accuracy and robustness, multiplexibility, con-
venience, cost efficiency and portability of
device and data (Fig. 15.7) [38].

15.5.1.1 Accuracy and Robustness

Accuracy is the biggest challenge to any POC
platform. The low concentration of biomarkers is
the main reason for low accuracy, and this recom-
mends on increasing the concentration of target
molecule using amplification methods. The
signal intensity in any method is dependent on
solute concentration, and good signal intensity is
necessary for detection. To improve the accuracy,
a nanoparticle-based platform can be used to
concentrate a solute without a small region of the
detector. There are two methods to improve sig-
nal: first is by increasing concentration of target
biomarker of interest and second is by increasing
regional concentration. Background noise (high
molecular weight proteins in saliva) is always a
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limiting factor for accuracy and can be countered
by using specific probes. Laboratory-level identi-
fication of OSCC and detection through POC are
at two ends. To understand accuracy of any POC,
a comparison can be made with its opposing lab-
oratory methods, namely, ELISA (for proteins)
and PCR (for nucleic acids). The achievement of
accuracy comparable to traditional methods is
the greatest challenge.

Robustness of a test is the quality to reproduce
precise measurements repeatedly. A good POC
platform must perform under variable conditions
such as changing temperature and humidity [38].
Ideally, the variation should be less than 20%, for
any POC platform to survive in the clinical sce-
nario [38]. Quality control measures are essential
to check robustness in performance, which can
be made before and after a batch of samples are
tested.

15.5.1.2 Multiplexibility
Multiplexibility is an important feature to be
adapted by oral cancer POC platforms. Even
in simple cancer models like ovarian cancer,
not directly related to external carcinogens,
multiple markers (3-5) showed an accuracy of
0.94 [37]. Oral cancer (OSCC) is a much more
complex model characterized by a wider spec-
trum of genomic, epigenomic, transcriptomic,
proteomic, and metabolic biomarkers, and the
degree of molecular variability is extremely
high compared to simple tumor models. So a
test result based on a single biomarker natu-
rally yields a poor result and multiplexed
detection is required. The typical accuracy of
oral cancer saliva biomarkers is 0.65-0.85
[38], which improves significantly with multi-
plexing [97-99]. Many studies concluded
multiplexing as an important requirement for
early detection of OSCC [99]. Their combined
accuracy was higher, assisting in the discrimi-
nation of OSCC. Multiplexing can include
biomarkers in different categories such as pro-
teins and nucleic acids like RNA [97, 100,
101]. Multiplexing using two classes of bio-
markers mRNA (IL8-mRNA) and proteins
(IL-8) in OSCC was first reported by Wei et al.
using a simple electrochemical sensor [37].

15.5.1.3 Convenience, Cost Efficiency,
and Portability of Device
and Data

For a highly prevalent condition like oral cancer,
POC must be available with all clinicians at low
cost for “mass screening.” The test kit must be
easily operable with limited training and should
make simple and rapid real-time measurements
(<10 min). A recommendation to operate at a
range of humidities (10-90%) and temperatures
(4-30 °C) is suitable for the climatic conditions
of different users [38]. Among the many techni-
cal tests, the lateral force-based chromatography
(strip test) is most convenient owing to its simple
structure and less economical burden for the cli-
nicians [38]. The greatest challenge in building a
POC platform for oral cancer is the miniaturiza-
tion of technology to facilitate mass screening.
New biosensor and wireless technology can
greatly elevate the sensitivity of detection of oral
cancer biomarkers and distance transfer of infor-
mation to an Android or Apple device for easy
and immediate decision making. Using oral can-
cer POC, dentists or physicians should perform
chairside detection of OSCC saving valuable
time both for the patients and clinicians, reducing
diagnostic delay significantly.

OFNASET is a device satisfying these ideal
requirements. If saliva-based diagnosis through
POC is explored, it can potentially enhance mass
screening and clinical staging, and it may be also
possible to evaluate the success of treatment
(prognosis) or detection of recurrence. The role
of technology and the combination of both RNA
and protein biomarkers into a diagnostic panel
brings us close to the real-time application of
saliva biomarkers for early detection of OSCC
[102]. The major limitations in research on saliva
biomarkers include low power studies, lack of
standard sampling method, inconsistent method-
ology, and insufficient exploration of all potential
biomarkers in a single experiment [103, 104].

Conclusion

The future for non-invasive detection of oral
cancer is promising, and superior results in
oral cancer detection should be possible
with the advent of new technologies, and the
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problem of high viscosity of saliva may also
be countered. Saliva shows more promise than
other methods in OSCC detection, and with
the simultaneous development in core tech-
nologies like micro-fluidics, immunoassays,
sensor- and nano-technology, a perfect point-
of-care platform can evolve for routine low
cost, clinical testing.
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