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Abstract:  

The five-year survival rate for oral cancer is 57% and highly correlated to the stage at 

diagnosis. Early diagnosis is challenging with current clinical approach of detection based on 

visual conventional oral examination of oral tissue surface with palpation to guide biopsy as 

subtle alterations often occur in early neoplasia, despite subsurface cellular and molecular 

alterations that are known to occur.  Robust noninvasive methods are needed with improved 

performance to detect neoplasia and delineate benign tissue from treatable high-risk precancers 

and cancers for biopsy guidance. 

Nonlinear optical microscopy (NLOM) has shown potential to identify optical signatures 

associated with microstructural and biochemical alterations in cancer, providing in-vivo three-

dimensional imaging with contrast from endogenous fluorophores, including tissue metabolites, 
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NADH and FAD.  Features revealed by NLOM have shown to parallel histopathology, however, 

studies are few and have focused on epithelial cells or stromal collagen but rarely together.   

While NLOM demonstrates potential in detection of neoplasia, image areas are spatially small.  

Practical implementation will require strategies for assessing larger areas of mucosal surface.    

NLOM encompassing epithelial and stromal-based metrics was investigated to delineate 

neoplasia from normal and benign tissue. To address limited image views, a strategy for 

multimodal multiscale imaging, combining large area fluorescence imaging with subsurface 

microscopic evaluation of neoplastic features by NLOM, was devised. In-vivo NLOM revealed 

high sensitivity/specificity for neoplasia.  Novel quantitative features from multiple layers were 

defined, including alterations in epithelial-connective tissue interface (ECTI) and associated with 

neoplastic cell clusters in 3D.  Two approaches for wide-field fluorescence imaging (endogenous 

and using contrast for glucose metabolism), resulted in high sensitivity, an attribute desired in 

large area imaging to guide NLOM to suspicious sites. A study was conducted combining WF 

imaging with NLOM- results indicating feasibility for multiscale imaging with high 

sensitivity/specificity.  

This research has resulted in new knowledge regarding the use of label-free NLOM in 

epithelial neoplasia and established a proof-of-concept multiscale approach for detection of oral 

neoplasms.  Concepts developed in this dissertation are expected to be beneficial in further 

development of multimodal image based cancer detection method as well as future research on 

understanding how neoplastic changes occur in epithelium. 
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Chapter 1  

Introduction to oral epithelial neoplasms: current 

detection methods, limitations and opportunities for 

improvements 

 

 

1.1 Background: Oral Squamous Cell Carcinoma 

Oral cancer, typically defined as cancer of the mouth and oropharynx, is the sixth most common 

cancer in the world (1). Approximately 94% of oral cancers are oral squamous cell carcinoma 

(OSCC) and over 450,000 cases are detected worldwide annually, of which 49,000 are newly 

diagnosed solely in the US (2). Slightly more than 50% of patients diagnosed with oral cancer 

survive more than 5 years post-diagnosis and this rate has not improved significantly over the 

past several decades despite awareness of this disease and increased efforts at detection (3). 

Survival rate of patients detected with OSCC largely depends on the stage of detection with 

early detection associated with substantially improved chances of survival (4). As OSCC is often 

detected at stages beyond regional occurrence when chances of survival are highest, there is a 

need for development of new and improved techniques for early detection of oral neoplasia, 

including high-risk precancers having a high chance for transformation and cancers, both of 
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which are targets for treatment in current clinical management. The need for improved early 

detection approaches stands for epithelial neoplasms in general, as a common theme found 

among the various types, including cervical, ovarian, esophageal etc. is that patient outcomes 

are improved drastically with early detection. The routine way for detection of oral neoplastic 

lesions to date is white light inspection and subsequent biopsy of suspected lesions. With white 

light visual guidance, the chances of missing potential neoplastic sites are high - clinical 

diagnosis of these sites vary between clinicians and the sampling size is limited by the number of 

biopsies one can perform on a patient.  Also, patients may present with several lesions or 

diffusely spread lesions with varying appearances that makes selection of biopsy site a challenge 

because white-light visualization only shows surface abnormalities. A limitation is imposed by 

the difficulty of detecting early lesions by white light inspection (5, 6). Heterogeneity within 

lesions provides complications toward identification of benign lesions, precancerous lesions or 

oral epithelial dysplasia (OED) and late stage OSCC.  

1.2 Current Clinical Approach for Detection of oral epithelial dysplasia 

(OED) and OSCC: 

The current clinical approach to detect and diagnose OSCC and high risk precursors that 

have a high chance for transformation (discussed below) such as oral epithelial dysplasia (OED) 

begin with conventional oral examination (COE), which is inspection of the tissue surface with 

white light visualization combined with palpation of the oral cavity by an experienced physician. 

COE is performed to identify suspicious sites including suspicious lesions that may be biopsied 

immediately or followed over time by visual surveillance.  Biopsied lesions are subjected to 
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histopathologic assessment by a pathologist.  Accurate histopathologic diagnoses rely on a 

number of critical steps: clinical information provided by COE, appropriate biopsy, and a 

pathologist’s interpretation of biopsy results. 

1.2.1 Clinical diagnosis: In the U.S., the tongue is the most common site (30% cases) for 

OSCC followed by lip (17%) and floor of mouth (14%).  Development of OSCC is a multistep 

process preceded by different grades of OEDs, in which neoplasia of the epithelium is present 

but has not yet progressed beyond the basement membrane that separates the epithelium from 

the underlying stroma, vasculature, and lymph vessels. OEDs have recently been classified as 

“potentially malignant disorders (PMD)” by the WHO Collaborating Center for Oral Cancer and 

Precancer (7) and recent recommendations for the treatment of moderate and high grade OEDs 

have been made based on the risk for malignant transformation (8).  While OED itself is a 

condition that must be defined in histology (e.g. a histological lesion) and is not evident by any 

one visibly identifiable lesion, there are clinical lesions that may be associated with OED and 

with early cancer.  Such oral cavity lesions typically show up as red (erythroplakia), white 

(leukoplakia) or mixed colored lesions often without pain or other symptoms.  These are known 

as clinically premalignant lesions that may contain OED or OSCC.  

Early stages of oral carcinoma are characterized by focal change in color and subtle 

change in surface texture including granularity, keratosis, erosion etc.  These changes arise from 

architectural changes that occur underneath the surface due to altered biochemical properties 

of the epithelium. However, it is important to note that in some cases no obvious signs of 

premalignant or carcinomas are present on the surface, particularly at the stages of OED, 

carcinoma-in-situ, or early carcinoma.  Progression of early stage cancer to later stages is 
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characterized by more severe clinical signs such as ulceration, induration, bone invasion, tooth 

mobility and pain. Tumor invasion and metastasis to lymph nodes are seen in advanced stages 

increasing the severity to levels less likely to be successfully managed. A clinical examination of 

oral cavity of patients suspected to have OED or OSCC usually presents a wide range of clinically 

altered regions that may range from early subtle changes in color, elasticity or surface texture to 

more pronounced lesions. 

 1.2.2 Oral Epithelium and stages of neoplasia: Figure 1.1 shows a schematic 

representation the stages of the mucosal epithelium during neoplastic transformation. The 

expected alterations in tissue architecture from normal (Fig. 1.1a), to mild dysplasia (Fig. 1.1b) 

to severe dysplasia (Fig. 1.1c), are shown, representing architectural elements that are 

visualized in histopathology. The top most surface layer of the epithelium is composed of 

terminally differentiated keratinocytes forming the superficial stratum corneum (9). The 

underlying cell layers are divided into superficial and basal epithelium. The superficial layer is 

represented by larger cells while the basal cells are shown as small epithelial cell layer which 

forms the lower layer of the epithelium. In a normal mucosa cell division takes place primarily in 

the basal layer, with basal cells undergoing a differentiation process and moving superficially to 

form the stratum spinosum and finally stratum corneum before being sloughed off the surface 

(10-12). The extracellular matrix (ECM)/ lamina propria (LP) underlying the basal layer is 

primarily composed of collagen, elastin, and laminin networks and act as a supporting matrix for 

the epithelium and contains the vascular and lymphatic network of vessels. The epithelium and 

LP are separated by basement membrane (BM) and this junction is known as the epithelial 

connective tissue interface (ECTI). In the current understanding, neoplastic transformation 
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begins in the basal epithelium (13-15); increased and uncontrolled proliferation of basal cells 

leads to overcrowding of undifferentiated cells in the upper layers, while at the same time 

secretion of proteases causes remodeling of the ECM (16, 17).  There are a number of cytologic, 

molecular and functional changes that go beyond these architectural changes during neoplastic 

transformation.  

 

Figure 1.1: Diagram of the basic features of dysplasia seen in a typical histologic examination. Cross-sectional views of 

a normal mucosa (a), mild dysplasia (b) and severe dysplasia (c) are shown. Published in Pal et al. 2015 

As noted, the stages of OED are pathologically divided into mild dysplasia in which 

neoplastic changes are confined near the basal layer, moderate dysplasia where neoplastic 

changes extend into the middle one-third of the epithelium and high grade dysplasia (HGD) or 

severe dysplasia comprising the majority of the epithelium in which abnormal proliferation is 

seen from the basal layer into the upper third of the epithelium.  Carcinoma-in-situ (CIS) 
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comprises the full extent of the epithelium.  In the advanced stages of dysplasia (Fig. 1.1c, 

“severe dysplasia”) and CIS severe remodeling of the ECM occurs, reflected in the alteration of 

flat architecture of ECTI by formation of rete ridges as epithelial cells start protruding 

downwards into the lamina propria without physically disrupting the basement membrane (BM) 

(18).  The normal ECTI is relatively flat in the human buccal mucosa, floor of the mouth and the 

ventral surface of the tongue.  However, in other locations in the oral cavity the presence of rete 

ridges result in an altered ECTI shape. The process of neoplastic development described here 

gives rise to multiple cytologic and architectural abnormalities that are conventionally used in 

histopathologic diagnosis and staging of oral precancer and cancers. 

 1.2.3 Histopathologic grading: The first histological grading method for epithelial 

neoplasms was introduced by Broder et al. in 1927 that used a scoring system from I to IV with a 

grade I lesion being highly differentiated epithelium and a grade IV lesion being poorly 

differentiated epithelium (19). Over the years multiple grading systems have been proposed. 

Most of these methods used a similar scoring system of grades 1 through 4 with grade 4 being 

most severe with higher probability for metastasis than a highly differentiated epithelium. In a 

multivariate survival analysis, the Anneroth’s malignancy grading method was found to be highly 

significant prognostic factor and therefore is widely accepted in oral cancer diagnosis. Table 1.1 

shows a summary of the features assessed in Anneroth’s grading system. Criteria for dysplasia 

as described by the World Health Organization (WHO) accounts for similar cytologic 

abnormalities as shown in table 1.1 with additional focus given on architectural changes in the 

epithelium. 
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Table 1.1: Anneroth’s histological grading criteria 

 

1.3 Opportunities for improvements:  

The current gold standard for diagnosis of oral malignant and premalignant lesions is biopsy 

of suspicious lesions and histopathology. Intra-observer and inter-observer variations are often 

seen during pathological diagnosis of oral malignant and premalignant lesions especially in cases 

of OED (20). Diagnosis of OSCC requires sufficient sampling by invasive biopsy methods (scalpel 

or punch biopsy) because of tissue heterogeneity within clinically identified lesions. Additionally 

histopathological abnormalities may be present in areas with no visible and clinically identifiable 

lesions making sampling of biopsy sites very critical.  Some of the basic measures of accuracy of 

a diagnostic test are as following: 

1. Sensitivity: The probability that a test will correctly classify a sample with the disease 

condition 

Sensitivity= true positives/(true positive + false negative) 

2. Specificity: The probability that a test will correctly classify a sample without the disease 

condition 
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Specificity=true negatives/(true negative + false positives) 

3. Positive predictive value: The probability that a positive result indicates the presence of 

the target pathology 

4. Negative predictive value: The probability that a negative result indicates the absence 

of the target pathology 

Studies on the performance of COE for oral cancer detection indicate a large range of 

sensitivities (60-97%) and specificities (75-99%) (21-23). A recent meta-analysis reported 

specificity of 31% with >90% sensitivity for high risk precancerous lesions, noting COE cannot 

reliably distinguish these from benign mucosa (24, 25). Benign conditions offer additional 

complexity to clinical diagnosis of precancerous/premalignant lesions leading to either a false 

sense of security or over sampling during biopsy.  Identification of subtle changes in tissue 

appearance especially in cases of early precancerous lesions could be complicated and while 

they could still be identified by an oral cancer specialist, a lack of experience limits early 

diagnosis by community practitioners or general dentists. Downer et al. has reviewed the 

performance of visual assessment of oral cancers and observed a large variation in sensitivity 

(60-97%) and specificity (75-90%) of detection in the literature (21). To improve contrast 

between normal tissue and precancerous lesions several visual adjuncts are available including 

the use of toluidine blue which is a vital dye that has been used in oral cancer detection for 

many years. However, in a review by Patton et al. in 2008 the sensitivity of toluidine blue was 

found to range from 38-98% while specificity ranged from 9-93% (26). Lack of reliability of 

toluidine blue staining has limited its regular use in clinics in the USA for detection of oral 

premalignant and malignant lesions (27). 
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These limitations in COE sensitivity and specificity as well as variations found between 

physicians indicate the need for adjunct screening and/or diagnosis methods to attain improved 

sensitivity, specificity, positive and negative predictive values of tests for oral premalignant and 

malignant lesions.  Methods to detect subtle changes seen in OED and early cancers and to 

better differentiate neoplasia from benign conditions such as may be present in clinical 

premalignant lesions which may or may not be neoplastic are needed to achieve better 

screening for patients with potential oral malignancy. Additionally, there is a requirement to 

guide clinicians to areas of high potential for neoplastic transformation and better guide 

biopsies that are performed on a patient to better increase changes of detection.  Further, 

improved methods to guide biopsy may 1) reduce the number of invasive procedures, 2) could 

reduce pathological evaluation of unnecessarily biopsied lesions and 3) could reduce the mental 

trauma on patients and their families.  

An improvement in detection of indicators of neoplasia is needed.  A desired method would 

target key hallmarks of cancers.   There are currently ten ‘established’ hallmarks of cancer, 

several of which induce observable microstructural changes in precancerous and cancerous 

tissue (28).  These hallmarks typically describe the process of neoplastic development and have 

been actively targeted for therapeutic interventions.  Several cytologic features such as nuclear 

and cellular overcrowding, abnormal variations in nuclear and cellular shapes and sizes are 

observed during conventional histopathologic diagnosis that could indicate presence of known 

hallmarks such as sustaining proliferative signaling, evading growth suppressors, resisting cell 

death etc. Other well-established hallmarks such as deregulating cellular energetics, inducing 

angiogenesis, activation of invasion and metastasis have shown promise in detection of cancers 
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and needs to be further explored.  Use of techniques that reveal changes that may be associated 

with these known hallmarks that occur with neoplasia presents an opportunity for more reliable 

indicators of OEDs and OSCC.  

1.4 New methods being explored for noninvasive detection of 

precancer/cancer: 

 In vivo assessment of microstructural alterations in oral neoplasia has primarily involved 

optical imaging techniques which offer a noninvasive way to assess the microarchitecture or 

optical properties of tissue which may be related to both structure and biochemical makeup.   

Among these are methods that rely on scattering or reflectance of light from complex tissues 

such as optical coherence tomography (OCT) and confocal reflectance microscopy (CRM) (29, 

30); and methods whose image contrast comes from fluorescence such as large-area widefield 

fluorescence, confocal fluorescence microscopy (CFM) and nonlinear optical microscopy (NLOM) 

(31-34). These techniques depend on the interaction between live tissue and varying 

wavelengths of light to detect neoplastic abnormalities noninvasively. Normal white light 

examination or narrow band illumination (a modality based on reflectance) uses wavelengths in 

the visible range (400-700 nm) which shows abnormalities on the mucosal surface due to 

changes in tissue optical properties such as scattering. Fluorescence methods make use of 

visibile light to induce fluorescence from endogenous biomolecules that have been useful in 

detection of neoplasia, however only on the surface without any depth information. Light in the 

ultra-violet (UV) region (100-400 nm) could be used to probe for fluorescent biomolecules such 

as hemoglobin and may act as an indicator of angiogenesis often seen in neoplastic epithelium.   
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 Among other in vivo detection methods for neoplasia wide-field (WF) fluorescence 

imaging under a variety of approaches has been explored extensively in the past, in some cases 

showing discrimination between normal and neoplastic tissue with high sensitivity but very low 

specificity in presence of benign lesions. WF fluorescence imaging techniques enables 

visualization of large surface areas (many centimeters in length) a capability which is important 

when sites harboring potential neoplasia are first being identified (large areas screening). WF 

methods rely on fluorescence alterations in neoplastic tissue with contrast provided by 

autofluorescence or exogenous contrast agents with molecular specificity.  

A description of the advantages and limitations of these microscopy and large area 

optical imaging modalities are discussed in the following section: 

1.4.1 Detection of epithelial neoplasia with OCT and CRM:  OCT with a resolution on 

the order of ~7-10um may be useful in detecting architectural features epithelial thickness and 

collagen density of oral mucosa that occur with neoplasia and submucosal fibrosis (35). Studies 

with OCT imaging of ex vivo human OSCC tissue showed sensitivity and specificity of 81.5% and 

87% respectively for discrimination of normal and neoplastic tissue (36). Alterations in epithelial 

thickness, variations in morphology of epithelial-connective tissue interface are observed in oral 

neoplasia using OCT (37, 38). A limitation of the method is that it does not provide the 

subcellular resolution needed for assessment of cytologic abnormalities which are associated 

with neoplasia (39, 40). CRM, providing subcellular resolution, on the other hand has been 

shown to be useful in detecting cytologic abnormalities by in vivo imaging of large multifocal 

oral lesions (41).  CRM allows high resolution imaging of mucosal tissue (42) however has limited 

imaging depth restricting in vivo application of CRM in thick mucosa especially in cases of severe 
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dysplasia and squamous cell carcinoma. Moreover, both OCT and CRM work on the principle of 

light scattering in tissue and hence are unable to provide molecular or functional information.  

1.4.2 Confocal fluorescence microscopy in detection of epithelial neoplasms: Confocal 

fluorescence microscopy (CFM) allows investigation of neoplastic tissue with exogenous 

contrast agents (32). Cytologic features like histopathology have been observed in studies 

involving in vivo CFM. Alternatively, exogenous contrast agents such as methylene blue, 

fluorescein, acriflavin, DNA intercalating molecules have been tested with moderate success for 

high resolution visualization of neoplastic features in live tissue. However, CFM is limited in 

imaging depth (42) due to high light scattering of excitation wavelengths from tissues.  Fiber 

based confocal endomicroscopy systems have been developed and investigated for clinical 

applications with the primary drawback being the need for contrast agents which are in some 

cases not FDA approved and may also be damaging to DNA integrity and function. 

1.4.3 Nonlinear optical microscopy (NLOM): NLOM is a general term used to describe 

fluorescence microscopy in which the detected response (e.g. fluorescence) is nonlinearly 

related to the illumination, in contrast to methods in which the collected response is linearly 

proportional to the input as is found in traditional fluorescence microscopy and CFM.    In NLOM, 

fluorescence is generated from higher order light-matter interactions and the dependence of 

fluorescence intensity on incident light intensity is nonlinear in nature (43). The most common 

form of NLOM used in biomedical studies is two-photon excitation fluorescence (TPEF) in which 

two near-infrared photons are absorbed nearly simultaneously (within ~0.5 fs) to induce 

fluorescence emission of a fluorophore (43).  Fluorescence is a process involving absorption of 

photons by a molecule resulting in electronic transitions into high energy states followed by 
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relaxation to the ground energy state which results in emission of photons at a longer 

wavelength.  TPEF involves a similar process, however requires the near simultaneous 

absorption of two photons whose energies equate that of a one (traditional) photon 

fluorescence process (44-46).  Fig. 1.2 shows the Jablonski diagram of excitation and emission 

processes for TPEF where two photons are absorbed by a molecule to produce a single emission 

photon during the relaxation to the ground electronic state.  The two lower energy photons 

(long wavelength) combine to provide the excitation energy for electronic transitions to a higher 

state. The electronic relaxation process to return to the ground state does not differ from that 

of one photon fluorescence.  Therefore, in contrast to conventional fluorescence processes, 

TPEF results in emission of photons having shorter wavelengths (visible light) that those used for 

excitation (near infrared).  In practice, TPEF requires the use of an ultrashort-pulsed near-

infrared laser in which the applied excitation wavelength is approximately twice the wavelength 

normally required for traditional fluorescence of a fluorophore.  The delivery of ultrashort 

pulses at a high repetition rate of light increases the probability of two-photon absorption 

needed, and the near infrared light provides the photon wavelengths needed for the process.  

Three-photon fluorescence involves absorption of three photons to induce fluorescence and is 

relevant in biology samples due to UV fluorophores found in tissues such as aromatic amino 

acids.  Another common nonlinear process based on nonelastic scattering, termed second 

harmonic generation (SHG), is shown in the Fig. 1.2 in which photons interacting with a material 

lacking inversion symmetry ‘combine energies’ to produce a single higher energy (short 

wavelength) photon.  The resulting light following this process has half the wavelength of the 

illumination light.  This process, alternatively termed frequency doubling, has long been used in 

lasers in which a pump beam illuminates a crystal lacking inversion symmetry to produce 
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frequency doubled light (Incident wavelength: 800 nm; SHG wavelength: 400 nm).  In biological 

specimens, non-centrosymmetric biomolecules such as collagen fibers and muscle are known to 

produce SHG signal (47, 48).    In this thesis, the term MPM is used to encompass the methods 

of two and three photon excitation fluorescence, and NLOM is used to describe two and three 

photon processes and second harmonic generation. 

 

Figure 1.2: Jablonski diagram of common nonlinear processes. Absorption of two photons can lead to fluorescence 

(left) or second harmonic generation (right). In second harmonic generation (SHG) electronic excitation does not 

occur. 

Details on how formation of an image occurs using NLOM can be found in the literature 

(46) but briefly involves a laser-scanning microscope configuration.   Key to the ability to form an 

image with depth-resolution is the fact that excitation of multiphoton fluorescence or SHG 

occurs only at the focal volume of the imaging objective, such that all emission arising from the 

tissue at any point in time arises from that known volume.  Since in NLOM fluorescence 

efficiency is nonlinearly dependent on excitation light intensity fluorescence emission reduces 
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rapidly above and below the focal plane confining the fluorescence into a small volume in the 

order of femto liters.  Laser scanning of the illumination point thus allows point-by-point 

collection of fluorescence or SHG (separated using filters that target the spectral properties of 

the process) through raster scanning of mirrors and collection of images one plane at a time.  

Motorized control of the objective allows for its depth movement to collect planes at sequential 

depths. 

1.4.4 Advantages of NLOM for in vivo imaging: Use of NIR excitation enables deep 

tissue imaging for intravital microscopy due to the decreased light scattering that occurs at 

longer wavelengths.  Imaging of thick tissue samples especially in high grade precancers and 

invasive cancers require higher penetration of excitation light. Higher tissue penetration in 

NLOM is achieved by lower scattering of NIR excitation light.  Additionally, NLOM takes 

advantage of low nonspecific tissue absorption of excitation light in the NIR wavelength range.  

This enables NLOM excitation light to penetrate deeper into the tissue for three-dimensional 

imaging of larger volumes of tissue.  This enables an inherent optical sectioning capability of 

NLOM for three-dimensional imaging without the need for a pin hole.  Autofluorescence from 

NADH and FAD, and SHG from collagen in extracellular matrix provide inherent contrast for live 

tissue microscopy. 

1.4.5 Use of NLOM in cancer detection and hallmarks of cancer: NLOM has been 

investigated for use in detection of cancers for revealing cellular and extracellular indicators of 

neoplasia that may be helpful in diagnostics (34, 49-52). Noninvasive imaging by NLOM has 

allowed for layer-by-layer assessment of mucosal microarchitecture (53-55) and been used to 

identify cellular atypia, metabolic dysregulation, (50, 52, 56, 57) extracellular abnormalities, and 
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basement membrane (BM) abnormalities in neoplastic oral tissues and cells by several groups.  

In recent times a major focus of cancer research has been to identify and target cancer 

hallmarks for diagnostic and therapeutic purposes that are progressively acquired by neoplastic 

cells (28). These hallmarks are integral to the multistep process of human tumor pathogenesis 

enabling the cancer cells to ultimately become tumorigenic and develop malignancy. The 

potential role that label-free NLOM may play in delineating the hallmarks of cancer, taking 

advantage of deep tissue imaging that enables assessment of full-depth multilayer micro-

organization, has been of major interest in recent years. The fact that NLOM may reveal metrics 

associated with several of the six classic as well as the emerging new hallmarks of cancer, 

including 1) sustaining proliferative signaling, 2) evading growth suppressors, 3) deregulated 

cellular energetics, 4) activating invasion and metastasis, and 5) inducing angiogenesis, were 

investigated indicating potential for in vivo image based detection of cancer. Sustained 

proliferative signaling and evading growth suppressors were indicated by uncontrolled 

proliferation of neoplastic cells that led to abnormally high cell density, nuclear and cellular 

atypia etc. that has been observed in numerous in vivo and ex vivo studies using NLOM. Image 

based spectroscopy using two-photon excitation have showed alteration in important cellular 

metabolites (NADH and FAD) indicating deregulation of metabolic pathways (glycolysis, TCA 

cycle, oxidative phosphorylation, glutamine metabolism) and hence energetics by the metric of 

optical redox ratio. Combined use of MPAM and SHGM has also allowed for intravital imaging of 

the dynamic tumor microenvironment comprising of hypoerproliferating cancer cells and 

surrounding extracellular matrix (ECM). In vivo assessment of focal expansion of tumor front, 

remodeling of basement membrane (BM) and degradation of ECM have been considered as 

morphometric indication of invasion and metastasis which is supported by biological correlates 
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such as expression of invasion promoting enzymes (Matrix metalloproteases, Lysyl oxidase etc.). 

Finally, NLOM has also shown promise in detecting blood vessels and capillaries associated with 

tumor induced angiogenesis. Owing to its deep-tissue imaging capabilities, NLOM have been 

employed in identification of new vessel growth, rate of blood flow, compromised vessel 

permeability that indicate significant alteration in tumor microenvironment and may provide 

significant information regarding characteristics of primary and metastatic tumors. Therefore, 

over the years NLOM has proved to be a powerful tool in cancer research by allowing for in vivo 

assessment of microstructural and biomolecular features of tumorigenesis by targeting specific 

cancer hallmarks identified in biochemical, molecular, and genetic studies. 

 1.4.6 Limitations of NLOM: Similar to all other microscopy techniques NLOM has a 

limited field-of-view typically in the order of few hundred micro meters. With advanced stitching 

algorithms larger scanning areas are achieved with NLOM however increase in acquisition time 

and time required to process large data sets are still limiting its use in a clinical setting. Even 

with development of fiber based NLOM devices imaging of large areas of oral cavity in the order 

of several centimeters is not feasible and a large area screening method would help in 

identifying areas of suspicion to limit number of sites for in vivo microscopy. 

 1.4.7 Wide-field (WF) fluorescence imaging for quick large area screening: WF 

fluorescence imaging techniques typically provide field-of-views in the order of several 

centimeters and are suitable for a quick assessment of large tissue surfaces. Two modes of WF 

fluorescence imaging have been tested so far based on the source of fluorescence. WF 

autofluorescence imaging is based on endogenous fluorescence from inherent fluorophores 

such as intracellular NADH and FAD, collagen in the extracellular matrix etc. Alternatively, 
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exogenous contrast based WF fluorescence imaging is generally targeted towards a specific 

process or a biomarker that is altered under neoplastic conditions. These imaging methods 

typically utilize a single event or a biomarker that may not be altered in all cases due to tumor 

heterogeneity and variations in patient population.   

 1.4.8 WF autofluroescence (WF-AF) imaging: WF-AF relies on endogenous fluorescence 

alterations from neoplastic tissue. Tissue autofluroescence has shown promise in improving 

visualization of neoplasia and may serve as an adjunct tool for pre-biopsy screening of oral 

mucosa.  Visual identification of lesions is typically performed where neoplastic tissue appeared 

dark and surrounding normal tissue showed green autofluorescence induced by blue light 

excitation.  Loss of autofluorescence in the visible wavelengths by neoplastic tissue is largely 

attributed to loss of collagen crosslinks.  A commercial system VELscope was recently introduced 

based on this principle to enhance contrast between potentially neoplastic and non-neoplastic 

area in the oral cavity.  Although a number of studies have suggested use of the VELscope 

improved detection of suspicious oral lesions with the occasional finding of false positives (58) it 

should be noted that this device is a screening tool and not for definitive diagnosis.  Recent 

clinical reports indicate such visual aids (e.g. VELscope) improve sensitivity and identify 

dysplastic lesions missed by conventional oral examination  (59, 60). However, because changes 

in fluorescence are based on endogenous sources altered in cancer as well as benign conditions, 

high false positive rates (lowered specificity) occur (60-62).  When benign conditions (e.g. 

keratosis or inflammation) are included in the study population, specificity decreases to as low 

as 15-30% (59, 63-65).   
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 1.4.9 WF fluorescence imaging using a molecular contrast: WF fluorescence imaging 

based on exogenous contrast have been employed in the past to identify areas of abnormal 

expression of biomarkers or deregulation of important biochemical pathways (66).  Most of 

these contrast agents are investigational with antibodies for biomarkers being conjugated with 

fluorophores or nanoparticles.  These methods involve injection of contrast agents that are not 

yet FDA approved and hence clinical translation is limited.  In recent years considerable efforts 

have been committed to studies of cell metabolism and metabolic pathways associated with the 

onset and propagation of cancer (44) improving our current understating of cancer biology but 

also providing great potential for development of novel diagnostic targets for cancer imaging.    

One promising fluorescent contrast agent which has emerged is fluorescently is fluorescently 

labeled deoxyglucose used for monitoring metabolic activity of tumor in pre-clinical studies 

using in vivo and ex vivo tissues (67, 68).  It should be noted that altered metabolic activity may 

occur in a variety of benign conditions or other disease states beyond cancer and though 

promising, use of such an agent will require careful study. 

 1.4.10 Limitations of WF fluorescence imaging: As outlined above, WF fluorescence 

imaging for identifying areas of potential neoplasia is highly attractive as these methods offer 1) 

a way in which to image large regions of tissue equivalent to that provided by visual inspection 

and with 2) an image-contrast that could ‘highlight’ areas of suspicion.   These methods have 

typically been associated with reasonably high sensitivity compared to visual inspection (27).  

The greatest limitation that has been encountered by several WF fluorescence approaches has 

been a lack of specificity, however.   In the case of autofluorescence, this limitation occurs 

because the inherent fluorophores that are detected with the method are not specific to 
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neoplasia and changes in their fluorescence intensity can occur with inflammation (69) as well as 

other diseases/benign conditions.  These ‘nonspecific’ changes in autofluorescence occur not 

only due to similar trends in the fluorophores themselves but also architectural changes that 

may obscure their signals (e.g. keratosis/thickness changes decreases ‘green’ autofluorescence 

arising from the stroma in clinical WF systems in the same way proteolytic degradation of 

collagen may decrease the signal).   Methods in which a molecular contrast agent is used to 

‘highlight’ areas of suspicion could one day provide improvements to the WF fluorescence 

approach of epithelial neoplasia detection if the given biomarker is specific to neoplasia.   Thus 

far, such methods are investigational and limited primarily to animal studies, with no known 

optical contrast agent available for use in WF imaging in humans.  Further, one may reasonably 

expect that multiple markers or indicators of neoplasia will be needed for high sensitivity and 

specificity as many of the currently targeted contrast agents target molecules that can change 

not only in cancer but other epithelial diseases and even in inflammation.   Further, levels of 

expression of many targeted biomarkers vary by stage and may complicate interpretation (70, 

71). 

These disadvantages have limited the use of WF fluorescence imaging as a stand-

alone technology.  However, the high sensitivity provided by these techniques could still offer 

advantages, particularly if the approach could be combined with complementary approaches 

that could provide additional metrics associated with neoplasia and enhance the specificity for 

detection of neoplasia.    One such approach that will be considered in the work of this thesis is 

combining WF imaging with NLOM. 
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1.5 Critical gaps in the field:  

The following critical needs have been identified that I believe are needed to improve 

detection of oral neoplasia: 

1) An in vivo noninvasive imaging method that can delineate non-neoplastic oral 

mucosa from neoplastic mucosa in order to better guide clinicians to potential 

neoplastic areas for improved selection of sites for biopsy.  The identification of 

neoplasia should have high sensitivity and specificity for detection of oral 

precancers (OED) and cancers.   

2) Inherent contrast is desired if possible, however the method must surpass the 

performance of WF-AF methods. Metrics based on those used in pathological 

assessment or known hallmarks of cancer are desired. 

3) Reliable detection of benign conditions to reduce the number of unnecessary 

biopsies that are associated with high physical and psychological trauma.  

4) Large area pre-screening methods complementing COE are desired which would 

help clinicians screen surface areas comparable to COE in size.  

5) Detection methods that reveal features of neoplastic transformation early in the 

process are required to catch treatable (moderate, high grade, CIS) precancers early 

enough for effective treatments.  Methods that can be applied in patients with a 

chance for recurrence (those with a history of primary OSCC) is critical due to the 

higher risk of developing a secondary tumor. 
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1.6 Proposed approach to address these gaps:  

As an attempt to address these gaps with biological and clinical relevance a multimodal, 

multiscale optical imaging approach was explored in this dissertation to assess performance of a 

combination of wide-field fluorescence imaging method for high sensitivity prescreening and 

high resolution subsurface microscopy with NLOM for high specificity detection of features of 

neoplasia. This research included comparison of oral epithelial dysplasia (OED), a precancerous 

condition, with inflammation and normal tissue in animal models of cancers and inflammation. 

Imaging modalities explored in this research also enable functional assessment of live tissue in 

their native environment opening avenues for simultaneous microstructural and functional 

assessment of neoplasia. 

 

1.7 Thesis Outline 

In this dissertation I have attempted to address the critical gaps mentioned before in 

order to develop multimodal noninvasive imaging approaches by application of large area 

screening with WF fluorescence imaging and cellular morphologic/functional assessment with 

NLOM. The imaging modalities explored in this research has shown potential in identifying key 

processes leading to neoplasia and a running theme throughout this thesis is application of 

noninvasive imaging in detection of conventional hallmarks of cancer. The thesis is divided into 

three primary sections:  1) efforts that further develop microscopic capabilities for optimal 
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extraction of cytologic, architectural and molecular features in the earliest stages of oral 

neoplasia (Chapters 2-4); 2) efforts to explore large area detection of oral neoplasia in both 

inherent contrast and exogenous contrast based techniques (Chapters 5 and 6); and 3) attempts 

to bring together optimized approaches in high resolution microscopy with large area screening 

for potential approaches that could address critical gaps in detecting areas of neoplasia and 

biopsy guidance (Chapter 7). 

Chapter 2 will discuss a systematic evaluation of full depth oral mucosa and sub-mucosa 

from healthy, inflamed and dysplasia tissue delineated earliest indications of neoplastic 

transformation. Critical cytologic and extracellular features of neoplasia by noninvasive MPAM-

SHGM are described in an animal model of oral epithelial precancer/cancer. These features will 

be further evaluated for multivariate assessment with wide-field fluorescence imaging 

modalities in order to develop a multimodal oral neoplasia detection method. 

Chapter 3 will cover a novel approach developed to detect early microstructural 

changes at the junction of the epithelium and lamina propria where neoplastic events are first 

seen during neoplastic transformation of oral epithelial mucosa. Beyond the cytologic features 

described in chapter 2 this chapter will provide insights into the microenvironment at the 

epithelial-connective tissue interface (ECTI). There is a continuing need to explore the full 

potential of ECTI architectural assessment to understand the dynamic interplay between 

epithelium and ECM. In this chapter I have explored a novel NLOM based technique to extract 

microstructural features from the dynamic remodeling of ECTI in two-dimensions for rapid 

evaluation and in three-dimensions for assessment of this changing interface in relation to the 

developing cytologic abnormalities. 
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Chapter 4 describes spectral characteristics of in vivo autofluorescence in neoplastic 

epithelium making use of the fact that apart from the microstructural features of neoplasia 

NLOM can offer biochemical information of intact tissue based on multiphoton 

autofluorescence spectroscopy. Mitochondrial metabolites such as NADH, FAD and PpIX 

contribute to specific spectral features that were identified in normal and neoplastic epithelial 

cells. These features could potentially lead to metabolic functional assessment of neoplastic 

cells in the native environment and provide cues to detect altered energetics, a critical cancer 

hallmark. 

Chapter 5 will explore a WF autofluorescence imaging technique in delineating dysplasia 

and SCC from normal and inflamed tissue that will provide a platform for primary fluorescence 

based screening for suspicious areas in the oral mucosa.  As discussed before there is a need for 

multiscale imaging with large surface area screening followed by microstructural assessment for 

detection of oral neoplasia in an inhomogeneous neoplastic microenvironment. Relative 

fluorescence emission in red and green channels were evaluated for sensitivity and specificity of 

detection of neoplastic from non-neoplastic oral mucosa in presence of benign lesions 

(inflammation) with the long term goal being potential combination with NLOM for multiscale 

imaging. 

Chapter 6 will discuss WF fluorescence imaging of neoplastic tissue with an external 

contrast agent. While WF autofluorescence is an attractive technique for multiscale imaging 

with NLOM, clinical application has been limited due to its low specificity in presence of benign 

lesions. However, exogenous contrast targeted to specific neoplastic events may provide higher 

specificity of large surface area screening. Therefore, an external contrast based WF 
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fluorescence imaging technique was explored in chapter 6 where higher metabolic rate in 

neoplasia was targeted with an optically active glucose analog, 2-NBDG. Topical application of 

the glucose analog was tested for preferential absorption by neoplastic epithelial cells as 

expected from Warburg effect. This is the first demonstration of in vivo topical application of 2-

NBDG as a WF contrast agent for screening of oral mucosa with high sensitivity/specificity for 

neoplasia. 

Chapter 7 will discuss a multimodal imaging approach by combination of WF imaging 

and NLOM for noninvasive detection of oral neoplasia. Having investigated critical 

microstructural and biochemical features of neoplasia with NLOM and large surface area 

screening with WF fluorescence techniques, information gained from both modalities are 

brought together in chapter 7 to develop a multiscale imaging approach. The focus of this 

chapter was to investigate a new potential paradigm in detection of oral precancers and cancers 

that comprises the benefits of large area screening with WF imaging and 

microstructural/functional imaging with NLOM. The approaches explored for multimodal 

delineation of oral neoplasia, specifically at early stages were heavily dependent on optical 

indications of well-established cancer hallmarks. 

Chapter 8 discusses the overall outcomes of this thesis and potential future research 

opportunities based on the works presented here. 
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Chapter 2 

Nonlinear Optical Microscopy for layer resolved 

qualitative and quantitative assessment of Neoplastic 

Oral Mucosa 

 

 

2.1 Introduction: 

In the past two decades methods of nonlinear optical microscopy (NLOM) such as multiphoton 

fluorescence microscopy (MPM) and second harmonic generation microscopy (SHGM) have 

found numerous biological applications in basic research spanning areas of neuroscience and 

developmental biology to cancer and others (72-74).  It has also been investigated for potential 

clinical translation in the future. The method is particularly advantageous for in vivo microscopy 

owing to its deep imaging abilities compared to previously available optical microscopy methods, 

including confocal microscopy.  Further, MPM provides detection of microstructural and 

biochemical alterations directly related to pathologic status of various tissues, with MPM  

 

 

Results presented in this chapter were partially published in 
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visualized by noninvasive 3D imaging. Pal R, Shilagard T, Yang J, Villarreal P, Brown T, Qiu S, 
McCammon S, Resto V and Vargas G. Cancer Res June 14 2016 DOI: 10.1158/0008-5472.CAN-
16-0252. 

2. In-Vivo Nonlinear Optical Microscopy (NLOM) of Epithelial-Connective Tissue Interface 
(ECTI) Reveals Quantitative Measures of Neoplasia in Hamster Oral Mucosa.  Pal R, Yang J, 
Ortiz D, Qiu S, Resto V, McCammon S, Vargas G. PLoS One. 2015, 10(1): e0116754. 
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allowing direct visualization of cellular structures with contrast due to a dye or endogenous 

autofluorescence (termed MPAM).  SHGM provides contrast of fibrillar collagen in the lamina 

propria underlying the epithelium. Together, these two imaging modalities provide 

complimentary information about three-dimensional microstructure of native tissue.  

NLOM has played a vital role in cancer research in the last ~15 years, aiding in the 

understanding of molecular, cellular and extracellular changes that occur following neoplastic 

transformation. Brown et al. (75) demonstrated possibilities of multiphoton microscopy beyond 

the typical depth of 150 µm in imaging physiological functions. Using in vivo fluorescent labeling 

of biomarkers the authors were able to identify aberrations in gene expression, angiogenesis, 

and tumor cell migration as well as monitor delivery of therapeutic agents. Numerous studies 

that followed up on in vivo imaging of cancer and precancerous (neoplastic) tissues using NLOM 

provided the foundation for noninvasive intravital microscopy in early diagnostics and 

therapeutics investigations.   

2.1.1 Brief history of NLOM in oral cancer detection: As previously described, the 

current gold standard for oral cancer diagnosis is biopsy of suspicious oral lesions and H&E 

staining followed by histopathological grading by an experienced pathologist. Currently there is 

no widely approved and standardized prescreening method to guide clinicians to potential 

malignant oral lesions or lesions with high risk of malignant transformation. In the past several 

years NLOM has been investigated as a potential method to image malignant or premalignant 

(neoplastic) oral lesions made possible by deep tissue high resolution in vivo imaging enabling 

assessment of layer-resolved (~1.7 µm axial resolution) tissue microarchitecture at subcellular 

level.  The first investigations of NLOM for noninvasive imaging of oral neoplasia were in 
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hamster studies conducted by Wilder-Smith et al. (33, 76) focusing primarily on stromal 

components, which showed high correlation (kappa = 0.867) between grading based on NLOM 

and histopathology.   Visual grading was applied based on visually identified features such as 

breakdown of the regular ECM framework, decreased collagen fiber length, protrusion of 

capillaries into the epithelial layer, and inflammatory infiltrates.  Sun et al. demonstrated that 

MPAM/SHG when used together could be used to reconstruct the mucosal/submucosal layered 

structure and that cell nuclei size and epithelial thicknesses measured in vivo were in agreement 

with those measured in histology, validating the use of MPAM for measuring cell features in oral 

mucosa (55).  Skala et al. (54) conducted MPAM imaging of ex vivo biopsies from a hamster 

model for oral cancer and focused on epithelial features including the thickness of the 

keratinizing layer and the epithelium as well as cellular metrics.  Thickness was reported to 

increase with increasing grade of neoplasia and consistent with what is seen in histopathology 

cellular atypia was found. This study also showed loss of the gradient of nuclear area and 

density with depth in neoplasia indicating a more homogeneous population of undifferentiated 

cells throughout the depth of the epithelium.  Observation of perinuclear autofluorescence in 

neoplasia hinted at reorganization and reprogramming of mitochondrial networks.   

The potential of using SHGM for noninvasive imaging of the extracellular collagen 

networks in a healthy mucosa was shown by Zhuo et al. in 2007 using a mouse model (77). 

Images showed normal collagen networks and minor salivary glands in the extracellular matrix 

(ECM).   Vargas et al. combined the methods of MPAM and SHGM for multilayer assessment of 

oral neoplasia in vivo using the hamster model for oral cancer and quantitative measurement of 

SHG in development of OED (78).  In longitudinal studies conducted in the hamster buccal pouch, 
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reduced collagen density (SHG volume) was found during the process of neoplastic development 

(78).   Finally, quantitative SHG imaging has been conducted using texture analysis with a single 

parameter, encompassing collagen fiber length, density, thickness (79) and shown to be altered 

in precancerous tissue compared to normal in animal models.   

Beyond the above studies focusing on microarchitectural features, investigations of the 

use of NLOM have also include the extraction of biochemical signatures based on redox 

potential through imaging and NLOM spectroscopy.  Skala et al demonstrated in vivo redox 

measurement (80) in the hamster model and used fluorescence lifetime MPAM to specifically 

detect metabolic states of neoplastic and non-neoplastic oral epithelium.  Edward et al., 

conducted multiphoton spectroscopy to interrogate the epithelium in neoplasia also extracting 

optical redox values that differed between superficial and basal epithelial cells and between 

normal, moderate and severe dysplasia (53). Assessment of cellular redox ratio with nonlinear 

microscopy and spectroscopy is an emerging field that provides information about metabolic 

status of live tissue. 

 

2.1.2 Goal of the current study: 

While a number of previous investigations have been conducted to evaluate MPAM or 

SHGM for identification of image based markers of neoplasia few have combined the two 

imaging methods to evaluate both epithelial and submucosal changes simultaneously in 

neoplasia.   The few that have combined the imaging methods, did not expressly apply 

quantitative metrics to determine cellular and ECM parameters for determination of sensitivity 
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and specificity.    The purpose of this study was to investigate the potential of MPAM and SHGM 

to delineate neoplasia from normal and benign lesions in oral mucosa. 

In the studies outlined in this chapter, neoplastic features from epithelium and ECM 

were assessed and image based metrics determined for those layers to characterize the 

neoplastic microenvironment in a layer by layer manner.  Following are the specific efforts in 

this study: 

1. As an early assessment of NLOM agreement with histopathology, visual grading was 

applied.  Inter-rater agreement between NLOM based visual image grading and the gold 

standard of histology was determined. An oral cancer grading criteria describe by the 

World Health Organization (WHO) was followed to grade in vivo NLOM images and H&E 

stained histological sections of oral epithelial tissue into control and neoplastic 

(dysplasia and SCC) groups. 

2. Cytologic features as representative features identified visually by pathology were 

quantitatively evaluated. These included basal nuclear density, nuclear area and 

coefficient of variation in nuclear area (CoVa). In the lamina prorpia collagen density 

was measured using SHGM to identify degree of ECM remodeling in OED.  Sensitivity 

and specificity of these features were measured using receiver operator characteristic 

(ROC) curve with results allowing for comparison between parameters. 

3. Finally, multiparameter assessments combining metrics from both the epithelium and 

stroma were conducted to demonstrate utility of simultaneous characterization of 

multiple parameters. 
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2.2 Materials/Methods: 

2.2.1 Animal Model: Animal studies were approved by the Institutional Animal Care and 

Use Committee at the University of Texas Medical Branch and conformed to the Guide for the 

Care and Use of Laboratory Animals. Four weeks old male Golden Syrian Hamsters (Harlan 

Laboratories) were purchased for the studies. OED was induced by topical treatment of 0.5% 

9,10-dimethyl-1,2-benzanthracene (DMBA) in mineral oil on the left cheek pouch of hamsters 

three times a week for 8-12 weeks (81). Control animals were treated with mineral oil following 

the same time course. This model has been used in numerous preclinical studies and has shown 

histological and molecular similarities to human OED and OSCC (81, 82). In an additional group, 

Sodium Lauryl Sulfate (SLS) induced inflammation model was used in which hamsters were 

topically treated for four consecutive days with a solution of 1.4% SLS, 29% calcium 

pyrophosphate and 18% glycerol in sterilized water (83, 84) and used for imaging studies on the 

5th day. Sixteen DMBA-treated, five SLS-treated and thirteen control animals were used 

providing 24 OED, 17 inflamed and 41 control sites for study. All stages of dysplasia (mild, 

moderate and severe) were combined into one OED group. Immediately before imaging, 

animals were anesthetized with intraperitoneal injection of 100-mg/kg ketamine and 2.5-mg/kg 

xylazine. The buccal cheek pouch was gently pulled out of the oral cavity and stretched, onto a 

flat sample holder using pins then rinsed with PBS prior to imaging. Following imaging by 

MPAM-SHGM, imaged sites were biopsied and fixed in 10% neutral-buffered formalin then 

processed for histopathology by H&E staining. H&E stained sections were graded by an 

experienced pathologist into normal, inflammation, mild dysplasia, moderate dysplasia, severe 

dysplasia or carcinoma in situ (CIS) or OSCC. 
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The DMBA model of oral carcinogenesis is a well-characterized model that shows 

histological similarities to human OED and OSCC, following a similar multistep progression from 

normal to increasing grades of dysplasia and carcinoma-in-situ to cancer (81, 82, 85-89). The 

well documented histological and molecular similarities between this model and human oral 

precancer/cancer make this a useful model to study morphometric features associated with 

neoplasia.  Additionally, studies have examined the multistep process involving genetic events 

such as deregulation of oncogenes and tumor suppressor genes in this model (82) and shown 

parallels in molecular marker alterations (e.g. p53, c-myc, p16, Bcl-2 etc.) to human OED and 

OSCC (88, 89). The hamster buccal mucosa model shows microstructural similarities to the 

human buccal mucosa, floor of the mouth and the ventral surface of the tongue (90) which are 

common sites for neoplastic transformation in humans.  It is noted that different areas in the 

human oral cavity has different microstructure.  In human oral cavity, the hard palate, gingiva 

and the dorsal surface of the tongue are keratinized stratified squamous epithelium while the 

buccal mucosa, lips, floor of mouth and soft palate are non-keratinized stratified squamous 

epithelium.  Hamster buccal mucosa lacks lymphatics and salivary glands which are integral part 

of microstructure of human oral cavity including a common site for cancer, floor of mouth, but 

possess the multilayered structure and vasculature present in human tissue.   The layered 

structure of human oral mucosa varies in epithelial thickness, structure of basement membrane, 

and presence of rete-processes depending on the anatomical site.  Care should be taken to 

consider these microstructural variations in different anatomical locations as methods explored 

in this research are considered for their potential for clinical translation. 
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2.2.2 MPAM-SHGM System: The custom-built NLOM system used for MPAM-SHGM is 

shown in Fig. 2.1. The imaging system utilized a Nd:YVO4 laser to pump a Ti:Sapphire 

femtosecond (~100fs, 82MHz) pulsed laser source (Tsunami, Spectra Physics), tunable within the 

wavelength range of 750-1000 nm. For MPAM, samples were excited with 780 nm wavelength 

and AF signals were collected through a 450-650 nm broadband emission filter, while 840 nm 

laser light was used to induce second harmonic generation and signal was collected through a 

420/20 nm bandpass filter. An average excitation power of 28 mW was used at the sample with 

intensity control provided by a variable attenuator using a half wave plate and Glan-Thompson 

polarizer (Thorlabs, Newton). A long working distance 10X, 0.3 NA air objective (Plan-Neofluar) 

was used for localization of region of interest and a 40x, 1.2 NA, C-Apochromat, water 

immersion objective was used for microscopy. This objective provides a field of view of 320X320 

μm in X-Y plane and an imaging depth of about 180 μm can be achieved with the current 

system. Three-dimensional microscopy was performed by obtaining z-stacks using 1 µm z-steps 

and 8-bit images with 512x512 pixels and 0.625µm pixel size.  
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Figure 2.1. Schematic describing the experimental setup for in-vivo multiphoton autofluorescence microscopy (MPAM) 

and second harmonic generation microscopy (SHGM). HWP: half wave plate; GT: Glans Thompson prism; BE: beam 

expander; DF: dichroic filter. The hamster is placed on the stage of the inverted microscope with the buccal pouch 

exposed and facing the objective (90). 

2.2.3 Visual grading of NLOM image stacks and validation: MPAM and SHGM z-stacks 

of each imaged site were subjected to visual assessment and graded as normal or neoplasia 

(dysplasia and squamous cell carcinoma). Image based grading was performed without prior 

knowledge of histopathological grading of individual sites. Kappa statistical analysis was 

performed using an online tool (http://vassarstats.net/kappa.html) to calculate agreement 

between histopathology and NLOM based grading. Following are the World Health Organization 

(WHO) established criteria for epithelial dysplasia that was followed to group samples into two 

categories (normal/benign and neoplastic): 
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Criteria for architectural changes: 1) irregular epithelial stratification, 2) loss of polarity 

of basal cells, 3) drop-shaped rete ridges, 4) increased number of mitotic figures, 5) premature 

keratinization in single cells (dyskeratosis), 6) keratin pearls within rete ridges. 

Criteria for cytologic changes: 1) abnormal variation in nuclear size (anisonucleosis), 2) 

abnormal variation in nuclear shape (nuclear pleomorphism), 3) abnormal variation in cell size 

(anisocytosis), 4) abnormal variation in cell shape (cellular pleomorphism), 5) increased nuclear–

cytoplasmic ratio, 6) increased nuclear size, 7) atypical mitotic figures. 

2.2.4 Image processing and data analysis: 

                         2.2.4.1 Thickness of epithelium: Full thickness of epithelium was 

measured from cross sectional MPAM-SHGM images and H&E stained sections in ImageJ by 

measuring length of five vertical lines that were equally spaced and spanned across the 

epithelium from the end of the keratinizing layer to the top of the lamina propria. Folds and 

curvatures in the tissue were taken into account during measurements. The average of five 

thickness measurements was considered as the epithelial thickness. 

                          2.2.4.2 MPAM-based Cytology: MPAM-SHGM stacks were evaluated by 

quantitative measures that could represent cellular crowding, nuclear enlargement, and nuclear 

pleomorphism, all features present in OED and OSCC and which are graded by pathologists in 

diagnostics. Quantitative measurements were made for nuclear density and nuclear area at the 

basal epithelium, and the coefficient of variance of nuclear area calculated as a potential 

measure of anisonucleosis/nuclear pleomorphism. For quantification of these cytologic features 

three image planes 5-10 µm apart and showing prominent basal epithelial cells in each image 
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stack were identified. Three regions of interest (ROIs) were created in each selected plane and 

nuclear density was found by counting cells within the ROIs to determine number of cells per 

area. Finally, basal nuclear density of the entire image stack was represented as an average 

nuclear density of all 9 ROIs. Nuclear area was measured in a similar way from the same 9 ROIs 

across three image planes by manually delineating the borders of nuclei and calculating the 

length of major and minor axes. The shape of nuclei of these epithelial cells were treated as 

ellipsoidal and the area of each nuclei (~20 nuclei from each image plane and ~60 nuclei from 

each image stack) were determining by using the general formula for area of an ellipse. CoVa is 

represented as ratio of standard deviation over mean of nuclear area. 

                          2.2.4.3 Collagen Density: Collagen density in the lamina propria (LP) was 

measured using a previously described method (91). SHGM z-stacks were thresholded in ImageJ 

using Otsu’s algorithm. The image plane with maximum positive signal (I) and two image planes 

3µm above (I-3) and below (I+3) from each stack were selected for calculation. 246 images from 

control, inflammation and OED were analyzed. To restrict measurements to collagen and 

account for dark vessels in the field, binary masks were created for each image and subtracted 

from thresholded images. For comparison between groups, SHG density in the three planes 

across the full field of view was calculated for each sample (three image planes per sample) and 

an average determined per group. For evaluating spatial variation of collagen density, SHG signal 

density was calculated from regions of interests (ROIs) beneath compromised ECTI in the LP and 

neighboring LP in the OED group. 40 ROIs from compromised LP and 35 ROIs from neighboring 

LP were assessed from 24 OEDs. 
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                                       2.2.4.4 Statistical analysis: Statistical comparison between groups 

were performed by single factor ANOVA followed by the Tukey’s post hoc test with P < 0.05 

considered significant (P value of < 0.05 is represented by a single asterisk ‘*’ and P < 0.01 by 

double asterisk ‘**’). Receiver operator characteristic (ROC) curves were generated using SAS 

software (SAS Institute Inc.) to calculate area under the curve (AUC), sensitivity and specificity. 
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2.3 Results: 

 2.3.1 In vivo NLOM for layer-resolved three-dimensional imaging in hamster buccal 

mucosa: Figure 2.2 describes an overview of the MPAM-SHGM imaging taking advantage of 

inherent contrast in the oral mucosa. Three-dimensional volume reconstructions of normal (Fig. 

2.2a) and severe dysplasia (Fig. 2.2b) indicates increased epithelial thickness and uneven 

expansion of the epithelium in dysplasia. Along with the epithelium, the topmost layer of keratin 

also showed increased thickness in dysplasia. The very thin keratinizing and epithelial layers as 

well as the flat nature of the ECM, which is seen in a normal mucosa was lost in dysplasia. Single 

optical sections of normal keratin (Fig. 2.2c), epithelium (Fig. 2.2d) and ECM (Fig. 2.2e) layers are 

shown in comparison to keratin (Fig. 2.2f), epithelium (Fig. 2.2g), and ECM (Fig. 2.2h) layers from 

severe dysplasia. Loss of typical honeycomb structure of keratinocytes (Fig. 2.2f; “arrow”), 

enlarged epithelial nuclei (Fig. 2.2g; “arrows”), and degradation of collagen fibers in the ECM 

(Fig. 2.2h; “arrows”) that may indicate sites of potential invasion are seen in individual optical 

sections. Fig. 2.2i shows a cross-sectional view a dysplasia site with corresponding 

histopathology shown in Fig. 2.2j. The white dotted line in Fig. 2.2i represents epithelial-

connective tissue interface (ECTI) which is an important site for tumor invasion which is 

discussed in more detail in Chapter 3. However, the important point to note here is the striking 

similarity between in vivo NLOM and histopathology. Architectural similarities were seen in all 

three layers such as thickness of keratinizing and epithelial layers, focal expansion of epithelium, 

pushing boundary of the ECTI etc. 
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Figure 2.2. In vivo NLOM of hamster buccal mucosa. Volume reconstructions of a normal (a) and a severe dysplasia (b) 

showing all three tissue layers (keratin, epithelium and stroma); single optical sections of a normal keratinizing layer 

(c), epithelial cells (d), and stroma (e) are compared with keratin (f), epithelial cells (g) and stroma (h) of a severe 
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dysplasia. Images shows neoplastic features such as dyskeratosis, enlarged nuclei and ECM degradation in severe 

dysplasia; In vivo cross-section of the same severe dysplasia site is shown (i) with corresponding H&E (j). 

2.3.2 Comparison of cytologic and extracellular atypia observed in NLOM and 

conventional histopathology: In a preliminary study including a subset of control (n = 12) and 

OED (n = 17) samples the level of agreement between NLOM based image grading and 

histopathologic grading was tested to validate the use of NLOM in detection of commonly used 

histopathological features of neoplasia in oral epithelial tissue. A comprehensive list of features 

is described in the methods section that are approved by WHO and were observed in the data 

set spanning each of the three mucosal layer. Some of the histopathologically important 

features of cytology (increased basal nuclear density and area, abnormal variation in nuclear 

shape and size), architecture (epithelial thickness) and lamina propria (collagen density) were 

quantified and are described later in the chapter. Other features were utilized for visual grading 

only. NLOM based grading of individual sites were performed similar to histopathological 

grading and samples were graded as normal or neoplasia. Keratin stratification and thickening of 

keratinizing layer are associated with neoplasia as well as benign conditions and may not be 

considered a critical indication of neoplasia however these features are almost always present 

when neoplasia is present in the epithelium. 

Table 2.1 shows the number of correlated and non-correlated samples for two grading 

methods. Cohen's kappa coefficient is a statistical measure of inter-rater agreement for 

qualitative (categorical) items. Kappa analysis showed high agreement (K = 0.715) of NLOM 

based grading with gold standard histopathological grading of neoplasia. Results of the 
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preliminary kappa statistics established the reliability and utility of the imaging method and 

image assessment criteria for following studies. 

Table 2.1: Sample classification based on NLOM and histopathological grading 

 

Increased thickness of the epithelium observed in dysplasia (Fig. 2.2 b, i and j) was 

measured from both NLOM images and histopathology. Variations in epithelial thickness 

between control oral mucosa and different grades of dysplasia is shown in Fig. 2.3. Epithelial 

thickness in SCC was not measured since current NLOM imaging capability did not allow for full 

depth epithelium imaging due to highly keratinized surfaces and severely thickened epithelium. 

Thickness measures from NLOM (Fig. 2.3a) and histopathologic sections (Fig. 2.3b) showed 

similar trends. Median epithelial thickness increased gradually from normal to mild, moderate 

and severe dysplasia with high standard deviations in moderate and severe dysplasia. Large 

standard deviation in higher grades of dysplasia is consistent with our observation that epithelial 

thickness is usually non-uniform at these stages due to focal expansion of epithelium. 

Differences in epithelial thickness between normal and all three OED groups was statistically 

significant in both NLOM and histopathologic assessments. 
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Figure 2.3. Epithelial Thickness measurements from MPAM-SHGM (a) and histology (b) show statistically significant 

increase in thickness of mild, moderate and severe dysplasia from normal mucosa. Box plot analyses show the median, 

25th and 75th percentiles, and outliers for both MPAM-SHGM and histology. “*” and “**” represent statistical 

difference between groups at p<0.05 and 0.01 significance respectively. (Pal et al. 2015) 

 2.3.3 Cytologic abnormalities observed by qualitative and quantitative assessment of 

MPAM micrographs in dysplasia: Figure 2.4 shows single MPAM image planes of superficial 

epithelium from a normal/control (Fig. 2.4a) hamster mucosa compared against two 

representative high-grade/severe OED (Fig. 2.4b and 2.4c) at similar depths of 20-25 µm. Normal 

epithelial cells show a regular mosaic with cells having dark nuclei (diameter: 8-10 µm) and 

highly autofluorescent cytoplasm (Fig. 2.4a). In OED, overcrowding of immature cells and 

atypical keratin production known as keratin pearls (Fig. 2.4b, denoted by “*”) are recognized as 

features of premalignant changes. Abnormally large nuclei (diameter: 16-18 µm) representing 

anisonucleosis can be seen in Fig. 2.4c (white arrows). Areas enclosed with white squares shows 
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comparison of nuclear density between normal and dysplasia. Nuclear density in dysplasia (0.25 

nuclei/100 µm2) was higher than normal (0.12 nuclei/100 µm2) epithelium indicating 

uncontrolled proliferation and overcrowding of epithelial cells.  

 

Figure 2.4:  x-y micrographs from in-vivo MPAM are shown from normal (a), and dysplastic (b,c) epithelium of 

hamster oral mucosa. White boxes in “a” and “b” shows comparison of nuclear density between a normal and OED. 

“*” shows presence of keratin pearls (b) and arrows point towards enlarged nuclei (c) in dysplastic epithelium. 

Representative examples of atypical cytology identified in MPAM images are shown in Figure 

2.5(a-g). Cytologic abnormalities include presence of mitotic nuclei in superficial epithelium (Fig. 

2.5a), nuclear-cellular pleomorphism and anisonucleosis (atypical shape and size of cells and 

nuclei; Fig. 2.5b-d, white arrows).  An interesting feature observed was epithelial cells having 

single or multiple cytoplasmic finger-like processes (Fig. 2.5b-c “outline”).  Clusters of neoplastic 

cells are also visible in Fig. 2.5d showing loss of normal cell polarity and variation in cell shape 

and size that are regarded as indicators of OEDs (40). 

 Linear arrangements of epithelial cells forming Indian file-like patterns (Fig. 2.5f “arrow”) 

were identified similar to those reported in salivary gland neoplasms (41). Epithelial cells in Fig. 

2.5g (arrows) showed perinuclear clustering of fluorescence. Cells with varying degrees of 
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cytoplasmic fluorescence intensities, could potentially indicate deregulated metabolic rates 

since the source of fluorescence is cytosolic NADH and FAD and a characteristic previously 

reported in OED (10).  

 

Figure 2.5: a-g) x-y micrographs from MPAM showing cytologic atypia in OED. Multiple cytologic features such as 

increased mitotic figures (a), nuclear and cytoplasmic pleomorphisms (b-c), increase nuclear area (e), irregular 

polarity (f) and atypical accumulation of autofluorescence around nuclei (g) were observed. Arrows and dotted 

outlines point towards specific features identified in in-vivo MPAM. Scale bar, 40µm. 
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 Cytologic parameters of nuclear density, nuclear area and coefficient of variation (CoVa) 

in nuclear area near the ECTI were increased in OED when compared with control (Fig. 2.6a-c). 

Inflamed tissue was not significantly different from normal by any of three measures. 

Inflammation was statistically different from OED by nuclear area and CoVa, but not in nuclear 

density. ROC of basal nuclear density resulted in the lowest AUC (0.78), sensitivity and 

specificity, with inflammation reducing sensitivity by ~10% (Fig. 2.6d; Table 2.2).  Basal nuclear 

area showed reasonable accuracy (Fig. 2.6e) in differentiating OED from control with an AUC of 

0.82  (Table 2.2) irrespective of presence or absence of inflammation. Of the three parameters, 

CoVa (Fig. 2.6f) had the highest accuracy (AUC=0.99; Table 2.2) irrespective of the presence of 

inflammation as a potential confounding factor.   

 

Figure 2.6: Cytologic features of neoplasia measured from MPAM images. Average basal nuclear density (a), basal 

nuclear area (b) and coefficient of variation (CoVa) of basal nuclear area (c) in control, inflammation and OED are 
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shown. ROC curves for these parameters are shown in d, e and f respectively. Blue and green ROC curves are for data 

sets in presence and absence of inflammation as a confounding factor. “*” and “**” represent p< 0.05 and p<0.01 

respectively. 

 2.3.4 Detection of extracellular collagen remodeling in dysplasia using SHGM: Fig. 2.7a 

shows an SHGM image plane (single optical section) from control ECM having dense thick fibers 

of collagen. Fig. 2.7b shows a single SHGM image plane from OED with diffuse SHG signal 

indicating lack of well-defined collagen fibers. Additionally, SHGM revealed certain areas in the 

ECM with no appreciable SHG signal. These areas were primarily consisted of areas of matrix 

compliance and blood vessels. A representative blood vessel is outlined in Fig. 2.7b (dotted 

outline). After manual masking for blood vessels the remaining areas devoid of SHG indicated 

collagen degradation/remodeling in the ECM (Fig. 2.7b “*”).  
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Figure 2.7: Reduction of collagen density in OED. x-y SHGM micrographs of normal (a) and OED (b) are shown in single 

planes. “*” in (b) indicates area of degraded collagen. Overall reduction of SHG signal density in OED compared with 

control and inflammation is shown in c). “**” represent p<0.01. 

Along with cytologic features observed in MPAM, the OED group showed reduced 

collagen density than control and inflammation primarily because of the presence of large gaps 

in the ECM. Assessment of total collagen density across three groups showed significantly lower 

values in OED vs. control and inflammation (Fig. 2.7c). Collagen density in the inflammation 

group showed lower average value from control group, however this difference was not 

statistically significant. ROC analysis showed very high (> 90%) sensitivity and specificity (Table 

2.2) with or without inclusion of inflammation in the population. Sensitivity and specificity of 
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collagen density were found to be 94% and 92% respectively with an AUC of 0.98 (Table 2.2) in 

presence of inflammation. 

Table 2.2: Summary of the ROC curve analysis of cytologic features and collagen density quantified from in vivo 

MPAM-SHGM. 

 

 2.3.5 Combination of cytologic and extracellular features for multivariate analysis 

showing effects of inflammation: Figure 2.8a and 2.8b shows  scatter plots of basal nuclear 

CoVa and collagen density in absence and presence of inflammation respectively. A preliminary 

multivariate analysis with basal nuclear CoVa and collagen density showed complete separation 

of dysplasia from pathologically normal tissue in both cases. Presence of the benign condition 

had no effect on separation of neoplsatic tissue from control when multiple features were used 

together unlike individual features shown in table 2.2. Fitting to a linear model (dotted line) the 

multivariate algorithm produced separate clusters for dysplasia and control while inflammation 

were grouped with control. 
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Figure 2.8: Multivariate linear models created by using basal nuclear CoVa and collagen density. a) Scatter plot for 

control and dysplasia; b) scatter plot for control, inflammation and dysplasia. The dotted straight line represents 

optimal separation of groups as calculated from the linear model. 

Discussion: 

 The work presented in this chapter provides a systematic study of neoplastic features 

seen in noninvasive MPAM-SHGM in a hamster model of oral epithelial precancer/cancer which 

encompass multiple layers of the tissue.   Results show NLOM has the potential for high 

sensitivity and specificity detection of neoplasia.   Several cytologic and extracellular features 

spanning the full depth of the epithelium were observed and quantified by in vivo imaging. 

Volumetric in vivo imaging enabled by NLOM showed high potential for assessment of 

conventional microstructural features of oral neoplasia with a focus on OED. To the best of my 

knowledge this is the first study based on in vivo NLOM oral epithelial precancers (OEDs) 

describing quantitative assessment of the epithelium as well as ECM from same sites of interests 

taking advantage of the endogenous contrast captured by MPAM and SHGM and the first to 

explore combinations of epithelial and stromal parameters for delineation of neoplasia. 
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  Three-dimensional MPAM/SHGM imaging showed cytologic and architectural features 

of OED akin to that seen in histopathology (Fig. 2.2) in the hamster model. A visual NLOM 

feature based grading method for categorizing samples into two categories (normal and 

dysplasia) showed high correlation with histopathological grading. A comprehensive list of 

assessed features is shown in Table 2.1 and can be corroborated by previously published results 

where most of these features have been described in humans or animal models of epithelial 

cancers (primarily skin, cervical and oral mucosa) using NLOM (34, 92-96).  

Epithelial thickness measurements were performed to compare NLOM and 

histopathological findings. Alteration in epithelial thickness was not envisioned to be a critical 

neoplastic feature since other benign conditions such as inflammation or hyperplasia shows 

increased epithelial thickness. Distribution of epithelial thickness measurements for moderate 

and severe dysplasia was larger than normal and mild dysplasia in both NLOM and histology due 

to heterogeneity (non-uniform thickness) that results at the lesion site.  Highest agreement 

between NLOM and histology occurred for both normal and severe dysplasia. Differences in 

epithelial thickness between NLOM imaging and histology for mild and moderate dysplasia may 

be attributed to the larger sampling area required for biopsy compared to the imaging lateral 

field-of-view. Both methods (imaging and biopsy) were centered over the most central part of 

the lesion which generally comprised the most severe pathology relative to the periphery. 

MPAM based on autofluorescence provides the ability to visualize cells throughout the 

full epithelium which then transitions into a fibrous network in the lamina propria as 

demonstrated in the current study and in previous studies (33, 54, 55, 77). A wide variety of 

cytologic abnormalities in dysplasia are described in Fig. 2.4 and 2.5. Increased nuclear density, 
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cellular overcrowding, abundance of mitotic nuclei, nuclear and cellular pleomorphisms are 

often seen in dysplasia that are not present in control or inflamed epithelium. These features 

together with increased epithelial thickness are hypothesized to indicate certain hallmarks of 

cancer. “Sustaining proliferative signaling”, “resisting cell death” and “evading growth 

suppressors” are the key cancer hallmarks that directly or indirectly induce uncontrolled growth 

of the epithelial cells which could be correlated to the observed NLOM based features. Although 

current evidences lack information on expression of molecular markers for these cancer 

hallmarks, one could hypothesize that abnormally high proliferation rate of the epithelial cells 

would involve faulty mitoses, heterogeneous population of cells and nuclei with unusual shapes 

and sizes. Therefore, the in vivo cytologic and extra cellular feature analysis method presented 

here with the help of NLOM is expected to be of major interest for microstructural assessment 

as well as novel indicators of key cancer hallmarks. 

An interesting feature of autofluorescence is shown in Fig. 2.5g where the areas 

surrounding the nuclei showed higher fluorescence than the rest of the cytoplasm. This 

observation is consistent with a previous report by Skala et. al. (54). Cellular autofluorescence is 

primarily generated from NADH and FAD which are localized in mitochondria. Therefore, the 

perinuclear accumulation of autofluorescence could indicate alteration in mitochondrial 

distribution in dysplasia.  Recent studies in 3D cultured tissue models and human melanoma 

examining NADH signatures attributed to mitochondria indicate that organizational changes in 

these signatures occur in epithelial cancers and may be a way to detect metabolic alterations 

(52, 97).    
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A unique aspect of this study compared to previous studies to evaluate neoplasia by 

NLOM is that it included a group having inflammation.   Inflammation is known to pose 

complications in clinical diagnosis of OEDs and by optical methods (98) due to similarities in 

optical properties (99).  ROC curves were calculated with exclusion and inclusion of the 

inflammation group within the control group.  This showed its effect on performance of 

cytologic and extracellular parameters.  Basal nuclear density and basal nuclear area showed 

reduced performance with inclusion of inflammation - markedly pronounced in the case of basal 

nuclear density in which sensitivity was by ~10% when inflammation was considered. Presence 

of epithelial cells at different stages of maturity within the same layer in OED is reflected in 

increased CoVa in dysplasia. Inflamed epithelium on the other hand has a uniform growth rate, 

which is indicated in a low CoVa – explaining the lack of effect of inflammation on performance 

of CoVa.  

Delineation of OED from control and inflammation with collagen density as an image 

based feature also showed high sensitivity and specificity for discrimination between OED from 

control and inflammation. Inclusion of inflammation in the population reduced the specificity 

from 94.4% to 91.7% while there was no change in sensitivity, showing the high promise of this 

parameter. Reduction of collagen density identified in early neoplasia (OED) indicate loss of ECM 

contents and collagen networks in the ECM. Areas in ECM showing focal loss of collagen was 

consistently observed only in OEDs and are expected to alter the geometry of the basement 

membrane (BM) or the epithelial-connective tissue interface (ECTI), which is described in 

chapter 3. These areas of reduced collagen density are considered to be potential future sites 

for invasion which could be validated by further assessments of these areas over time.   
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 Qualitative assessment of neoplasia as observed in histopathology is largely dependent 

on the experience and level of training of the grader (100). Subtle changes in tissue morphology 

especially in the early stages of neoplasia are often difficult to detect even for an experienced 

pathologist and even among experienced graders there is high variability. Therefore, methods 

that provide more objective and quantitative assessment of the microenvironment in neoplasia 

would be useful for improved detection efforts in particular because if clinical systems are 

developed that can assess these parameters noninvasively automated algorithms could be 

established for grading of neoplastic tissue. An attempt to show objective quantitative 

assessment was performed in this study with multivariate linear model is shown in Fig. 2.8 with 

the best performing NLOM features basal nuclear CoV and collagen density. These two features 

together from two separate tissue layers were able to separate all control and inflammation 

from dysplasia. The linear model emphasizes the high potential of multilayer in vivo NLOM for 

quantitative detection of early indications of neoplasia.   

Fiber based NLOM systems are currently being generated and tested for deep tissue in 

vivo imaging with the goal of potential translation in to clinic (101, 102). These imaging systems 

have shown potential for imaging and detecting cytologic and architectural features in vivo.   

While no systems exist yet for the oral cavity, these efforts have opened new avenues for 

development of fiber based NLOM systems suitable for oral cavity imaging for noninvasive 

detection of neoplasia. 

In summary, this chapter provided indication for in vivo depth resolved NLOM based 

studies on oral epithelial precancers and cancer. Image based features of neoplasia based on 

cellular and extracellular atypia were identified from sequential MPAM-SHGM of individual sites 
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that provided important microstructural information regarding the full epithelium and the 

lamina propria.  This was a first study to assess multiple parameters from each of these layers 

and evaluate them both separately and together.  These features could prove to be useful in 

future for assessment of neoplasia with multivariate statistics. The ability to detect and 

differentiate early changes in cytologic and extracellular atypia in a preclinical model provides a 

powerful way to study processes of early neoplasia and could be developed for imaging of other 

epithelial sites as well as in human epithelium. As nonlinear optical microscopy approach depths 

beyond 1 mm (103, 104) potential clinical application has started to look promising and with 

further development improved diagnostic information is expected. 
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Chapter 3 

Three-dimensional visualization of epithelial-connective 

tissue interface (ECTI) in oral epithelial dysplasia using 

nonlinear optical microscopy 

 

 

3.1 Introduction: 

 Application of NLOM in detecting features of oral neoplasia can be extended beyond the 

assessment of cytologic and extracellular abnormalities. As mentioned earlier MPAM and SHGM 

when used collectively provides a unique opportunity to model multilayered microstructure of 

tissues in a label-free manner. MPAM-SHGM from the same tissue volume enables rapid 

delineation of epithelium from the underlying LP since both layers show autofluorescence while 

the epithelium lacks SHG. The junction at which SHG signatures begin in depth due to transition 

 

 

Results presented in this chapter were partially published in 

1. Remodeling of the epithelial-connective tissue interface (ECTI) in oral epithelial dysplasia as 
visualized by noninvasive 3D imaging. Pal R, Shilagard T, Yang J, Villarreal P, Brown T, Qiu S, 
McCammon S, Resto V and Vargas G. Cancer Res June 14 2016 DOI: 10.1158/0008-5472.CAN-
16-0252. 

2. In-Vivo Nonlinear Optical Microscopy (NLOM) of Epithelial-Connective Tissue Interface 
(ECTI) Reveals Quantitative Measures of Neoplasia in Hamster Oral Mucosa.  Pal R, Yang J, 
Ortiz D, Qiu S, Resto V, McCammon S, Vargas G. PLoS One. 2015, 10(1): e0116754. 
doi:10.1371/journal.pone.0116754. 
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into LP represents the epithelial-connective tissue interface (ECTI). Oral epithelial dysplasia 

(OED), often the precursor of OSCC, is typically differentiated from normal oral mucosa by 

cellular and extracellular atypia along with architectural alterations. A major architectural 

change observed in OED is focal expansion of epithelium due to uncontrolled epithelial growth 

and remodeling of the lamina propria (LP), resulting in transformation of the epithelial-

connective tissue interface (ECTI) where the basement membrane (BM) is located. 

ECTI plays an integral role in neoplasia, serving as the interface at which malignant cells 

cross the compromised BM during invasion (105). The ECTI maintains a distinct separation 

between epithelium and underlying ECM, lymphatics, and vasculature under normal physiologic 

conditions. During development of OED, the ECM and thus ECTI undergo significant remodeling 

that appears to support invasion.  ECM remodeling in precancers due to compression stress (106) 

and secretion of matrix proteases (107, 108) by neoplastic foci in the epithelium alters the 

equilibrium between synthesis and degradation of ECM components. These together results in 

marked changes in BM/ECTI features including new ‘rete-like’ features (109) altering ECTI 

topography, which are useful in pathologic evaluation for diagnosis of neoplastic status (109, 

110).  These topographical changes result from contributors such as an expanding epithelium at 

focal sites of hyperproliferation (111), deregulation of ECM dynamics that alter matrix spatial 

organization (112), and possibly stiffness, inducing pockets of compliance (106).   

 ECTI has been studied under in vitro conditions, using traditional methods of histology 

(113, 114) and electron microscopy (115, 116). Two studies involving animal models for OSCC 

have examined the ECTI 2D shape in histological transverse sections using fractal analysis and 

showed that OEDs and pre-cancers have a significant increase in irregularities compared to 
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controls (105, 117).   The authors are not aware of any 3D ECTI studies based on histology. Such 

a study would require extensive processing of many sequential transverse sections, 

photographed and reconstructed by sophisticated algorithms to provide a 3D view.  This has 

been done in advanced tongue tumors to examine tumor-stroma interface.  Study of ECTI as a 

surface rather than a line-shape in cross-sections has been accomplished by electron microscopy 

which allowed visualization of the 3D structure of ECTI, including abnormalities in density of 

connective tissue papillae in humans and animal models of OSCC.  However, ECTI shape analysis 

was not performed.  Electron microscopy requires removal of the epithelium and is unable to 

visualize beyond the ECTI into the LP.  Thus, ECTI studies have primarily been under in vitro 

conditions that require extensive tissue processing, complete destruction of the epithelium, and 

they do not fully recapitulate the complex 3D organization of the oral mucosa. 

 Since the ECTI and the processes leading to alterations in ECTI morphology are integral 

to carcinogenesis, much regarding the process of neoplastic transformation could be learned 

from methods that allow direct and noninvasive study of this key interface. While difficult to 

appreciate in transverse histological examination, the ECTI is a surface which extends laterally 

across the tissue.  Volumetric imaging of epithelium using MPAM-SHGM with specificity to 

visualize the ECTI itself presents an opportunity to investigate how it is altered in OED.  

3.1.1 Goal of the current study:   

Assessment of ECTI could be useful in the enhanced understanding of early events of 

epithelial neoplasia. Structural evaluation of the ECTI during the early stages of neoplasia could 

lead to identification of patterns associated with pre-invasion. This may also provide important 
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image markers that could be used to develop additional in vivo metrics to identify neoplastic 

sites. Therefore, the overall goal of this study was to assess architectural changes with a focus 

on ECTI remodeling associated with development of neoplasms in oral epithelial tissue using 

NLOM as a noninvasive imaging tool. The following are the specific efforts outlined in this study: 

1) Initial efforts focused on showing that changes in the ECTI occur with OED and could 

be determined from simple, quick to analyze two-dimensional images in x and z. 

Two-dimensional assessment of ECTI shape: An image based parameter ΔLinearity 

was introduced as a measure of ECTI shape change. ΔLinearity was measured in 

NLOM and validated with similar measures in histology. 

2) For a more comprehensive evaluation of the ECTI shape changes that occur in a 

tissue volume three-dimensional assessment of ECTI shape was performed. An 

image based parameter ECTI contour was introduced as a measure of remodeling of 

ECTI surface. 

3) Spatial relationships of neoplasia-related cytologic abnormalities in neighboring 

epithelium with ECTI remodeling were assessed and indicated that alterations in 

ECTI occurred in the context of specific cellular and stromal changes associated with 

neoplastic change as shown in Chapter 1. 

 

3.2 Materials/Methods: 

3.2.1 Animal Model: Animal studies were approved by the Institutional Animal Care and 

Use Committee at the University of Texas Medical Branch and conformed to the Guide for the 
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Care and Use of Laboratory Animals. Hamster models for oral neoplasia and inflammation 

described in chapter 2 were used for the studies presented in this chapter. Control (n=13), 

inflammation (n=5) and DMBA treated (n=16) hamsters were subjected to in vivo multiphoton 

imaging and spectroscopy. Areas for microscopy and spectroscopy were selected based on 

visual inspection. In vivo NLOM from 41 control, 17 inflamed and 24 dysplasia sites were 

performed. Imaged sites were biopsied, fixed in 10% neutral buffered formalin and H&E stained 

for histopathological grading. 

3.2.2 MPAM-SHGM System: The NLOM system used and methods for in vivo 

microscopy with MPAM and SHGM are described in chapter 2. Briefly 780 nm and 840 nm 

excitations were used for MPAM and SHGM respectively. Autofluorescence was captured using 

a broad band emission filter 450-650 nm and SHG was collected through a 420/20 nm bandpass 

filter. Detection was done by cooled PMTs (R6060, Hamamatsu, Japan). Cross-sections of the 

regions of interest were also imaged with a built-in z-scanning function in the image acquisition 

software with the site for acquisition chosen at the center, in the case of a lesion visible by 

microscopy. 

3.2.3 Image Processing and Data Analysis: 

                            3.2.3.1 Two-dimensional quantitative parameter for rapid evaluation 

of ECTI remodeling (ΔLinearity): Cross-sectional x-z/y-z views of MPAM-SHGM image stacks 

were provided by orthogonal view function in ImageJ (NIH). Figure 3.1a shows an example of a 

SHGM x-z cross-sectional image from a moderately dysplastic mucosa. The ECTI surface was 

initially identified from co-registered MPAM-SHGM images (55) as the topmost border in SHGM 

cross-sectional images. These images were thresholded and an edge detection algorithm plugin 



60 
 

was applied to extract the ECTI (“FeatureJ: Edges” plugin in ImageJ).  Consistent with known 

alterations in structure, qualitative observation indicated deviation from a flat surface in cases 

of dysplasia, resulting in areas where the ECTI curved deeper into the tissue.  The expected flat 

surface of the ECTI in normal buccal mucosa was modeled by a straight line across the cross-

sectional image, and a degree of deviation from a flat surface was modeled as a curved surface 

which deviated in shape from a straight line. A quantitative measure of this deviation was 

devised and applied to SHGM cross-sections. Mapping of the ECTI and calculation of its length (l) 

was performed (Fig. 3.1b) using a “simple neurite tracer” plugin, also in ImageJ. The measured 

curved length was then normalized with a theoretical ECTI representing the shortest straight 

line (L) connecting the two ends of the image within the same field of view as shown in Fig. 3.1b.  

 

 

Figure 3.1. Cross-sectional x-z SHGM micrograph is shown in (a). Figure (b) shows an ECTI (solid white line) extracted 

from (a) after the FeatureJ: Edges plugin in ImageJ was applied. The dashed line represents the reference linear 

distance between the two ends of the image. The equations on the right were used to calculate ΔLinearity (ΔLnorm). 

Scale bar: 50 μm. (Pal et al. 2015) 

                             3.2.3.2 ECTI Contour for three-dimensional quantitative evaluation of 

ECTI remodeling: MPAM-SHGM images were processed using ImageJ (NIH, Version 1.48u) and 

Imaris (Bitplane, Version 7.4.2) for 3D volume reconstructions. Because SHG is expected to occur 

only at this interface and beyond, the ECTI surface was defined as the boundary where SHG 
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began in depth.   For visualization representative z-stacks from each pathological group were 

median filtered (using a 2x2 matrix) and with adjustment in contrast/brightness in ImageJ to 

ease visualization of cytologic features, with the same contrast adjustment parameters applied 

to all z-stacks.  

In order to model and quantify surface contour of ECTIs, an ImageJ macro was 

developed that mapped ECTI surface from SHGM stacks. Steps described were performed on 

unprocessed images. Briefly, the ImageJ despeckle algorithm (median filter) was applied to each 

image plane in the stack to reduce salt and pepper noise and Gaussian filtered to smooth the 

image (radius of 2 pixels). Each stack was considered an x,y,z matrix comprised of columns 

extending in z that represents pixels at same x-y position as individual columns. Beginning at 

x,y=0,0 and progressing row by row, columns were sampled at each z position for intensity to 

identify the depth position where a positive SHG signal occurred (thereby defining the ECTI 

along each column). Positive SHG signal was determined based on matching or surpassing a 

threshold intensity value. To insure this position represented the beginning of the LP a ‘true 

signal’ was considered as such only if three consecutive pixels along the z-direction were above-

threshold intensity.  The first of the three pixels was defined as a point on the ECTI surface. After 

a complete scanning of all 262,144 columns for each stack the ECTI point nearest to the surface 

(having the smallest depth value) was set as z=’0’ in the local coordinate system creating a 

temporary reference plane from which each subsequent point on ECTI could be compared. An 8-

bit grey scale depth-map was generated based on the distance between the reference plane and 

each identified surface point on the ECTI (note in this map, each pixel value represents a depth 

rather than intensity).  Z-columns that did not contain signal in any z-depth were assigned a 

depth, z’=0 in the depth-map defining an interface at the surface. This created false surfaces for 
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z-columns without any SHG signal, which is accounted for in a normalization step later in the 

process. Depth-maps containing signal in less than 40% pixels, considered to have poor SHG 

signal from LP, were excluded (four OED sites from the entire data set excluded based on this 

criteria) leaving twenty-four OEDs for further analysis. The ImageJ plugin ‘3D Surface Plot’ was 

used to plot depth-maps in 3D space for representation of the ECTI surface. ECTI surface area 

was calculated from depth-maps since values in each pixel represent depth from the reference 

plane. The method implemented for surface area calculation divides a curvature joining four 

points into two identical triangles and calculates the surface area of each triangle. The sum of 

the two areas is estimated to be the surface area of the curvature joining the four points. 

Matrices of 2x2 pixels were defined for the entire depth-map and each matrix divided into two 

triangles sharing the same hypotenuse. Surface area of each of these triangles was calculated 

using Heron’s formula (118) and the cumulative curved surface area was calculated as a sum of 

all triangles. The calculated surface area was normalized by the area of the reference plane. This 

normalization step generated an ‘ECTI contour’- a measure of the ECTI curvature.  

3.2.3.3 Histopathology: H&E stained samples from sites imaged in-vivo by MPAM-SHGM 

were imaged with an Olympus IX71 inverted brightfield microscope using a 20X, 0.75 NA air 

objective. Samples were graded in four categories (normal, mild dysplasia, moderate dysplasia, 

severe dysplasia) and sites representing the most central region having the most severe 

pathological features were selected for quantitative measurements. Grading was performed 

according to WHO’s criteria for architectural and cytological changes in dysplastic epithelium. 

Two sections closest to the center of lesions encompassing approximately 600μm (twice the 
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FOV of imaging) were chosen for measurements. This was to maintain consistency with the 

imaging protocol in which the most central region of a lesion was imaged.  

 3.2.3.4 Statistical analysis: Statistical comparison between groups were performed by 

single factor ANOVA followed by the Tukey’s post hoc test with P < 0.05 considered significant (P 

value of < 0.05 is represented by a single asterisk ‘*’ and P < 0.01 by double asterisk ‘**’). 

Receiver operator characteristic (ROC) curves were generated using SAS software (SAS Institute 

Inc.) to calculate area under the curve (AUC), sensitivity and specificity. 
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3.3. Results: 

 3.3.1 Visualization of neoplastic abnormalities with ECTI remodeling: Three-

dimensional volumes of MPAM-SHGM overlays for control and OED with corresponding 

histological sections are shown in Fig. 3.2. Normal buccal epithelium is characterized by a thin 

layer of keratinocytes (Fig. 3.2a, Left; z=4µm) at the surface followed by stratified squamous 

epithelium. Superficial epithelium (Fig. 3.2a, left; z=14µm), composed of highly differentiated 

epithelial cells with large round nuclei and low nuclear to cytoplasm ratio, and basal epithelium 

(Fig. 3.2a, left; z=19µm) having smaller epithelial cells are shown in planes to the left. Cell nuclei 

in MPAM images appear as circular regions lacking fluorescence surrounded by autofluorescing 

cytoplasm. The final layer is LP (Fig. 3.2a, left; z=46µm). The 3D multilayer volume 

reconstruction is shown in Fig. 3.2a, right. Transition between autofluorescence (Epithelium: 

magenta) and SHG (ECM: green) represents ECTI (Fig. 3.2a), the boundary between epithelium 

and LP.  

 Fig. 3.2b shows OED with thickened keratinizing and epithelial layers and 

remodeled LP. Superficial and basal epithelial layers (Fig. 3.2b, left; z=100µm and 140µm 

respectively) showed a heterogeneous population of enlarged cells and nuclei and focal 

epithelial thickening resembling typical histological features of dysplasia (Fig. 3.2b; inset). These 

cytologic features are described in detail in chapter 2. Deeper planes in OED traverse across 

both basal epithelium and LP since focally thickened epithelium results downward bulging of 

ECTI. Such areas were not observed in control epithelium due to uniform epithelial thickness. 

Histologic sections of controls and OED showed similar features in cross sections.  In 
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histopathology of OED, focal epithelial thickening was seen along with nuclei of atypical size and 

shape (pleomorphism). 

 

 

Figure 3.2: Layer resolved volumetric MPAM-SHGM of hamster oral mucosa showed cytologic and microstructural 

features associated with neoplasia. Single optical sections and three-dimensional volumes of representative control 

(a), and dysplastic (b) hamster oral epithelium. x-y micrographs from MPAM (magenta) at different depth shows 
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autofluorescence from keratinizing and epithelial layers. SHG (green) from collagen fibers in the lamina propria is 

shown in green. Histologic sections of control and dysplasia of corresponding ROIs are shown in respective insets. K: 

Keratinizing layer, SE: Superficial epithelium, BE: Basal epithelium, LP: Lamina propria. Scale bar, 50µm. 

Figure 3.3 shows cross-sectional MPAM-SHGM images along with histology describing a 

process believed to lead to alterations in the epithelium and ECTI morphology during neoplastic 

transformation (41) and explained in the chapter 1. Figures 3.3a, c and e shows alterations in 

tissue architecture from normal (Fig. 3.3a) to mild dysplasia (Fig. 3.3c) to severe dysplasia (Fig. 

3.3e). MPAM autofluorescence from the keratinizing stratum corneum, the epithelium and 

lamina propria is shown in red, while SHGM from the fibrillar collagen network in the lamina 

propria is shown in green. Autofluorescence from the muscle beneath the ECM (Fig. 3.3a) 

(shown in red) is comparable to the muscle seen in the deepmost layer visible in Fig. 3.3b. A 

faint green layer in the deep most portion of the MPAM-SHGM composite (Fig. 3.3a) arises from 

the lamina propria of the opposing side of the folded buccal pouch. In cases of dysplasia (Fig. 

3.3c, e) an interesting architectural feature at the junction of the epithelium and ECM (arrows) 

was observed that was expected to arise due to severe remodeling of the ECM. This feature is 

reflected in the alteration of flat architecture of epithelial-connective tissue interface (ECTI) by 

formation of rete ridges as epithelial cells start protruding downwards into the lamina propria 

without physically disrupting the BM (51). This feature is also appreciated in three-dimensional 

volumes (Fig. 3.2). Cytological features, such as pleomorphic and atypical cells and nuclei are 

also depicted in Figure 3.3e (marked “*”) under the grade of severe dysplasia. The transition 

between epithelium (red) and ECM (green) is considered to represent the ECTI (white arrows in 

Fig. 3.3a, c, e), where many early dysplastic features are considered to be initiated (4, 45, 46). 

Cross-sectional views of normal (Fig. 3.3a) and mild dysplasia (Fig. 3.3c) epithelium do not 
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provide the contrast to visualize individual cell nuclei (epithelial cells are somewhat flattened in 

this state), but nuclei in the severe dysplasia become enlarged enough and polarized in a 

direction perpendicular to the surface to be easily visible (Fig. 3.3e, f “*”).  

 

Figure 3.3. Early events during neoplastic transformation. MPAM-SHGM micrographs (a, c, e) and histological sections 

(b, d, f) of hamster oral mucosa for normal (a, b), mild dysplasia (c, d) and severe dysplasia (e, f) are shown. In-vivo 

autofluorescence from MPAM (Red) co-registered with SHG (Green) are overlaid to produce cross-sectional MPAM-

SHGM micrographs (a, c, e) comparable to histology (b, d, f). K: Keratinizing layer; E: Epithelial layer, M: Lamina 

propria or ECM. White and black arrows point towards ECTI and “*” shows enlarged nuclei in dysplastic epithelium. 

Scale bar: 50μm. (Pal et al. 2015) 
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Figures 3.3b, d, f shows H&E stained histology sections of the corresponding sites from 

Figures 3.3a, c, e.  Fig. 3.3b shows a normal hamster oral mucosa with characteristic features 

such as a thin keratinizing layer (~10 µm) at the top, followed by tightly packed epithelium and a 

densely packed ECM with the ECTI representing a linear interface (black arrows in Fig. 3.3b, d, f) 

separating ECM from the epithelium. Fig. 3.3d and 3.3f show features of mild and severe 

dysplasia respectively, such as increased epithelial thickness, loss of basal cell polarity, abnormal 

variation in nuclear and cellular shape and size, large number of poorly differentiated cells, and 

irregular ECTI with rete-ridges. The features seen in Fig. 3.3b, d, f are similar to those revealed 

by MPAM-SHGM (Fig. 3.3a, c, e). 

3.3.2 2D evaluation of ECTI geometry and quantification of ΔLinearity from cross-

sectional MPAM-SHGM: As described before irregularities in ECTI is an important architectural 

abnormality seen in dysplasia (Fig. 3.3 “arrows”) and was measured as ΔLinearity. Thirty-three 

normal sites collected from mineral oil treated hamsters and twenty-seven sites with dysplasia 

collected from DMBA treated hamsters were analyzed. H&E stained sections and SHGM image 

cross-sectional images from each site were analyzed for ECTI irregularity (Fig. 3.4). All dysplasia 

groups showed significantly higher ΔLinearity than normal ECTI for both NLOM (Fig. 3.4a) and 

histology (Fig. 3.4b) except mild dysplasia in histology, possibly due to a large sampling area in 

biopsy than microscopy which was approximately twice the size as assurance that the imaged 

region was sampled by histology. The distributions of ΔLinearity of moderate and severe 

dysplasia were larger than normal and mild dysplasia similar to epithelial thickness.  
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Figure 3.4. ΔLnorm measurements from MPAM-SHGM (a) and histology (b) show statistically significant increase in 

ΔLinearity of mild, moderate and severe dysplasia from normal mucosa. Box plot analyses show the median, 25th and 

75th percentiles, and outliers for both MPAM-SHGM and histology. “*” and “**” represent statistical difference 

between groups at p< 0.05 and 0.01 significance respectively. 

Average ΔLinearity for normal and all dysplastic grades (Table 3.1) in MPAM-SHGM 

images were calculated to be 0.11±0.04 for normal, 0.31±0.17 for mild dysplasia, 0.45±0.29 for 

moderate dysplasia and 0.41±0.22 for severe dysplasia. Similar calculations on histology images 

revealed ECTI ΔLinearity of 0.09±0.03 for normal, 0.14±0.04 mild dysplasia, 0.29±0.1 for 

moderate dysplasia, and 0.38±0.19 for severe dysplasia. Average ΔLinearity of dysplastic and 

normal tissue from MPAM-SHGM and histology are shown in Table 3.1.  
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Table 3.1: Summary of the statistical analyses performed from ΔLinearity measurements carried out on cross-section 

images from MPAM-SHGM or histopathology. SHGM: Second Harmonic generation Microscopy, SD: Standard 

Deviation, AUC: Area Under the Curve, TP: True Positive, FP: False Positive, TN: True Negative, FN: False Negative. 

 

 As it is believed that the ECTI shape changes are a direct consequence of interactions 

between neoplastic cells, the basement membrane and ECM of the lamina propria, ROC analysis 

was performed to test the performance of ΔLinearity to differentiate normal from dysplasia. 

ROC curves for ΔLinearity based on MPAM-SHGM and histology were analyzed to differentiate 

normal from dysplasia (mild, moderated, severe) (Fig. 3.5). An ROC plot represents true positive 

rate against false positive rate for different possible cut-offs of ΔLinearity calculated either from 

histopathology (Fig. 3.5, green line) or from microscopy (Fig. 3.5, blue line). Table 3 summarizes 

the results from ROC analysis. As can be seen in Figure 3.5 the ROC curves for MPAM-SHGM and 

histology are very similar and they produced comparable area under the curve (AUC), which is a 

measure of accuracy of a test. AUC values from ΔLinearity for both MPAM-SHGM and histology 

are greater than 0.9, considered a successful test. Table 3.1 shows the sensitivity and specificity 

of ΔLinearity for MPAM-SHGM and histology respectively. True positives, false positives, true 

negatives and false negatives are also shown in Table 3.1 for comparison between MPAM-SHGM 

and histology. 
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Figure 3.5. ROC curve at 95% confidence for ΔLinearity calculated from MPAM-SHGM (Blue) and histological (Green) 

images. (Adapted from Pal et al., 2015) 

 ECTI irregularity or in other words ΔLinearity provided an excellent platform to study 

early neoplastic abnormalities in cross-sectional views, however such analysis did not depict the 

ECTI as a three-dimensional surface, necessary to aptly visualize pockets of matrix compliance in 

OED. Therefore I examined the ECTI and ECTI associated cytologic abnormalities in three-

dimensions utilizing the high-resolution deep tissue three-dimensional imaging capability of 

NLOM.  

3.3.3 Three-dimensional visualization of ECTI surface in relation to cytologic atypia: 

Figure 3.6 shows regions of interests (ROIs) from control and OED in basal epithelium adjacent 

to ECTI. Fig. 3.6a shows an LP SHGM image plane from control having dense thick fibers of 

collagen. Fig. 3.6b is a 3D surface mask of an SHG image stack from control tissue showing a flat 

topography at the top where basal epithelium meets LP. Fig. 3.6c and 3.6d shows a single image 

plane and a 3D surface mask respectively of a LP with OED. Areas devoid of SHG indicate 
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collagen degradation/remodeling in the LP (Fig. 3.6c “*”) with pockets of matrix compliance in 

3D surface masks (Fig. 3.6d “*”). Planes which traversed both LP and epithelium at the same 

depth were observed only in the OED group such as in Fig. 3.6e and 3.6f (top view), where basal 

epithelial cells with cytologic features consistent with OED are visible along with LP at the same 

plane. Collagen remodeling (Fig. 3.6e) is indicated by reduced density of collagen fibers and by 

the expanded epithelial boundary. Cytologic features of neoplasia such as cellular discohesion 

(Fig. 3.6f “white arrow”), anisonucleosis (Fig. 3.6e “*”) and atypical variation in cell shape 

(pleomorphism; Fig. 3.6f “black arrow”) are evident in same spatial location as the compromised 

LP. 
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Figure 3.6: Label-free volumetric imaging revealed remodeling of ECM in OED and confirmed presence of neoplastic 

cells in areas of SHG voids. a) SHGM of a single image plane from a control lamina propria; b) 3D surface map showing 

the flat topography of a control lamina propria comprising of 130 image planes from SHGM; c) SHGM of a single 

image plane from an OED lamina propria; d) 3D surface map showing downward bulging of the OED lamina propria 

comprising of 160 image planes from SHGM; “*” in (c) and (d) indicates areas of remodeled lamina propria; e) ROI of 
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co-registered MPAM (magenta) and SHGM (green) from an OED showing presence of epithelial cells having neoplastic 

cytology (“*” and “→”) near remodeled lamina propria; f) en face view of the ROI shown in (e). Scale bar, 50µm. 

3.3.4 Noninvasive delineation of ECTI contour for quantitative assessment of ECTI 

remodeling during neoplasia: Figure 3.7(a-c) shows ECTI surface maps from representative 

control, inflamed and OED tissues. The color scale (inset, Fig. 3.7a) represents distance of a 

particular pixel in the surface map from a reference plane at depth of z’=0. A surface with larger 

range of colors indicates more irregularities than one showing only few colors.  

 

Figure 3.7: Remodeling of ECTI surface maps results in increased ECTI contour in OED. ECTI surface maps generated 

from SHGM z-stacks for control (a), inflammation (b) and dysplasia (c) show changes in surface topography. Color 
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scale in (a) indicate changes in depth of the ECTI surface map. Red indicates a point towards the top and blue 

indicates a point towards the bottom of the surface map. (d) ECTI contour calculated from ECTI surface maps for all 

three groups. (e) ROC curves of ECTI contour when inflammation is present (blue) or absent (green) in the control 

group with AUCs 0.91 and 0.95 respectively. 

 ECTI surfaces in control and inflamed mucosa were relatively flat with average 

ECTI contour 1.52±0.35 and 2.22±0.88 respectively. ECTI from OED showed major alteration in 

its surface leading to an elevated ECTI contour (4.01±1.85). The increase in ECTI contour in OED 

was found to be statistically significant (**<0.01) from control and inflammation (Fig. 3.7d). 

Inflamed epithelium had a marginal increase from control in ECTI contour however was not 

statistically significant. Fig. 3.7e shows ROC curves comparing control and OED in the absence 

and presence of inflammation. The presence of inflammation reduced sensitivity from 91.7% to 

87.5% and specificity from 90.2% to 87.9%. Overall, AUCs in absence and presence of 

inflammation were calculated to be 0.95 and 0.91 respectively (Table 3.2). 

Table 3.2: AUC, sensitivity and specificity of ECTI contour in absence and presence of inflammation in study 

population as measured from ROC analysis. 
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3.3.5 ECTI remodeling showed spatial correlation with cytologic abnormalities in 

neoplasia: Visual assessment of several cytologic features from MPAM was performed to 

correlate presence or absence of cytologic abnormalities within sites of ECTI remodeling. As 

expected a large percentage of OEDs showed presence of at least three cytologic features listed 

in Table 3.3 and ECTI contour changes were accompanied by neoplastic features (Fig 3.8).  

Table 3.3: Visual assessment and distribution of cytological features associated with OED 

Parameter  Defining Criteria  
Normal 
(n=41) 

Inflammation 
(n=17) 

Dysplasia 
(n=24)  

Epithelial Thickening 
Shortest distance from keratinizing 

layer to ECTI 
0 16 22 

Anisonucleiosis/ 
Anisocytosis   

Abnormal variation in nuclear and 
cellular size  

(e.g. enlargement) 
1 3 18 

Overcrowding/ Cell 
Discohesion   

Nonuniform intercellular spacing 1 6 13 

Pleomorphism  
Atypical variation of nuclear and 

cellular shape 
3 3 16 

Binucleation    
Two nuclei share single cytoplasm as 
a result of increased mitotic rate and 

defective cytokinesis  
1 3 11 

 

Epithelial thickening was considered abnormal when the epithelium expanded beyond 

40 μm, the typical thickness in the hamster cheek pouch model (54, 55, 90). All other features 

were qualitatively assessed following guidelines presented in (100). The number of samples 

from each category (control, OED, inflammation) showing these features was calculated and 

presented in Table 3.3. As shown in Fig. 3.8 more than 90% samples with ECTI deformations 

were associated with cytologic abnormalities while only less than 10% normal and inflamed 

samples with no appreciable change in ECTI contour showed such cytologic features. 
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Figure 3.8:  Association of cytologic features with ECTI deformation. (Pal et. al. 2016) 

3.3.6 Multivariate statistical model for delineation of neoplasia from normal and 

benign conditions: Since basal nuclear CoVa was the highest performing cytologic feature in 

chapte 2, a multivriate statistical model was created by combining basal nuclear CoVa with ECTI 

contour. Fig. 3.9a shows the model when only control tissue was compared with OED while Fig. 

8b shows the effect of addition of inflammation to the model. The first model (Fig. 3.9a) was 

able to achieve a perfect separation of OED from control tissue. When inflammation was 

included in the population as a benign condition the model criteria (intercept and estimate) 

were re-evaluated and in the process one OED site (Fig. 3.9b; “arrow”) was grouped with the 

control and benign group. However a simple linear model was not able to achieve any 

separation between the control and inflammation groups. 
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Figure 3.9: Multivariate linear models created by using ECTI Contour and basal nuclear CoVa. a) Scatter plot for 

control and dysplasia; b) scatter plot for control, inflammation and dysplasia. Dotted straight lines represent optimal 

separation of groups as calculated from the linear model. The arrow in b) indicate the only miss-classified OED in 

presence of inflammation. 

 

3.4 Discussion: 

 Noninvasive characterization of ECTI remodeling is expected to lead to the better 

understanding of the initial processes that leads to neoplasia and ultimately invasion. NLOM 

allowed for the ECTI to be represented as a 2D cross section (similar to histology), as well as a 

3D surface expanding beyond limited views provided by traditional histopathology. ECTI in OED  

was characterized by downward bulging of the epithelium similar to a well-delineated pushing 

margin seen in pre-invasive OSCC (119) resulting in a contour change/deformation and 

quantified as ECTI contour. Results indicated delineation of OED from control/benign tissue in a 

hamster model of OED and inflammation. ECTI deformations were found to occur along with 
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basal cellular atypia as measured by nuclear density, nuclear area and CoVa, and with collagen 

remodeling measured by collagen density. 

 3.4.1 ECTI remodeling quantified as ΔLinearity in neoplasia:  The significance of ECTI 

shape is based on the potential central role this interface serves in neoplastic transformation. 

There are indications that early pathological events leading to neoplastic transformation of basal 

epithelium initiate structural alterations in the ECTI (120). Based on the observation that the 

ECTI shape went from relatively flat to curved, forming rete-ridges (Fig. 3.3: arrows) with OED, a 

parameter representing deviation of ECTI from absolute linearity (ΔLinearity) was introduced. 

With more rete ridges present in OED (Fig. 3.3 and 3.4), the average ΔLinearity between two 

given points on the ECTI surface increased relative to a flat appearance observed in normal 

mucosa. ROC analysis showed the potential of ΔLinearity to differentiate dysplastic abnormality 

from normal mucosa with AUC and sensitivity/ specificity comparable to analysis based on H&E 

(Fig. 3.5 and Table 3.1). Such quantitative assessment of ECTI remodeling was based on cross-

sectional MPAM-SHGM imaging which provides a method for quick screening of the oral mucosa. 

It is clear from Fig. 3.3 that characteristics of remodeling of ECTI during neoplastic development 

were strikingly similar in both MPAM-SHGM and histopathology. However, identification of 

cytologic features associated with abnormal ECTI from MPAM-SHGM cross-sections can be 

difficult due to low contrast presented by autofluorescence especially by normal and low grade 

dysplasia. 

3.4.2 Volumetric assessment of ECTI remodeling:  In addition to ΔLinearity measured 

from MPAM-SHGM cross-sections the ECTI contour also increased (Fig. 3.7) with increasing 

degree of remodeling and formation of new rete-like features in OED. Average ECTI contour in 
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inflamed tissue was higher than control (Fig. 3.5d) and may be attributed to vasculature near 

the surface of LP. Future studies may include vessel masks to blend vessel surfaces with ECTI 

surface and reduce artifacts in ECTI contour. ROC curves calculated with exclusion and inclusion 

of inflammation within the control group showed its effect on performance of ECTI contour. As 

mentioned in chapter 1 inflammation can pose complications in clinical diagnosis of OEDs and 

by optical methods (98) due to similarities in optical properties (99). Performance of ECTI 

contour in delineation of OED from normal/inflamed mucosa was superior to nuclear density 

and area as shown in chapter 2.  ECTI contour showed sensitivity/specificity comparable to CoVa 

and collagen density (Chapter 2) with slightly lower AUC. However, 95% confidence interval of 

all three parameters overlapped significantly, indicating comparable differentiating power for 

OED despite inflammation.  Identification of cellular atypia and collagen remodeling 

accompanying ECTI deformation highlights the relevance of ECTI contour as a reliable indicator 

of OED. As expected, inflammation induced epithelial thickening but showed no significant 

change in ECTI contour, collagen density or evident cellular atypia in visual assessments.  

 3.4.3 Advantages and challenges of volumetric assessment of ECTI remodeling:  

Overall advantages of ECTI contour were that it allowed for assessment of deformation and the 

algorithm developed was fairly straightforward, using freely accessible software (ImageJ).  The 

primary challenge in determining ECTI contour was identifying pixels with SHG signals indicative 

of collagen contribution with high accuracy which was ensured by requiring at least three 

consecutive depth locations showing a positive SHG signal. This algorithm is adaptable to other 

image stacks with a hard interface, as seen in SHGM. More advanced edge detection algorithms 

could be developed in future when detection of subtle changes in fluorescence intensities is 
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necessary as has been done for OCT or CRM (37, 121). Given that depth of imaging encompasses 

the epithelium and LP, the algorithm could be readily applied in similar mucosal structures and 

in those in which rete-like ridges extend in depth.  The general approach could also be applied in 

cases involving bulb-like rete ridges; in such cases, each z-column may contain more than one 

transition, requiring an algorithm to detect each major transition as an edge and defining the 

pixels that lie on the epithelial side versus stromal side.  A second challenge that may be 

encountered in human neoplasia could be the depths needed to reach the ECTI.  While human 

oral mucosa can range in thickness from ~200 µm to several hundred microns accessible to 

NLOM, in neoplasia these depths may be increased substantially, potentially limiting ECTI 

analysis.  Future studies will need to be conducted to evaluate the full potential for ECTI analysis 

in human neoplasia. 

 3.4.4 Association of ECTI remodeling and cytologic atypia:  Qualitative analysis revealed 

the vast majority of samples having ECTI deformation also showed additional architectural and 

cellular atypia. Three neoplastic cytologic features related to features in histology were 

identified from images in 96% OED samples. Importantly, in about 90% cases those features 

occurred along with increased ECTI contour (Fig. 3.8), indicating presence of ECTI surface 

deformation whenever neoplastic cytology is present. The link between these features and ECTI 

contour is anticipated due to known modulation of each other’s microenvironment. Since all 

stages of OED were grouped, it is possible that these percentages are on the lower end since 

changes in mild OED may be more difficult to identify in micrographs. To demonstrate the 

feasibility of multivariate assessment of oral neoplasia ECTI contour and basal nuclear CoVa 

were utilized as important NLOM based signatures of neoplasia. As shown in Fig. 3.9 information 
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gained from analysis of a cytologic feature and ECTI remodeling provided reasonable delineation 

of neoplasia from normal tissue even in presence of benign conditions. These results helps re-

emphasizing on the fact that multiple image based features would be required to accurately 

identify neoplastic processes just like in cases of histopathologic assessment. 

 3.4.5 Conventional methods to study ECTI remodeling and their limitations: Studies 

resulting in direct assessment of irregularities in ECTI morphology have been  restricted to 

histological evaluation and in some part electron microscopy (53, 105, 115, 116, 122-124). 

Studies have been reported in which density (87) or shape (124) of rete ridges from histological 

sections under normal and dysplastic conditions were quantified. Others have demonstrated 

ECTI irregularities in histology by looking at tissue complexity based on fractal geometry 

calculations (105, 117).  While histopathology provides assessment of cellular and architectural 

atypia together, it is typically in cross-section and requires tissue removal. Examination of the 

ECTI by electron microscopy also revealed irregular ECTI with discontinuities and prominent 

focal thickening of the BM during epithelial dysplasia and invasive carcinoma (115, 116). With 

electron microscopy the 3D ECTI surface is appreciated however it requires removal of 

epithelium excluding assessment of cytologic abnormalities. All of these studies required tissue 

removal and extensive processing of the excised tissue to extract ECTI parameters. 

3.4.6 Advantages of NLOM based study of ECTI remodeling: A key advantage of the 

method presented in the current study is that the method allows direct imaging of the ECTI 

without disruption to the epithelium and requires no exogenous stains.  Further, delineation of 

the ECTI is without ambiguity as there is no SHG signal in the epithelium, arising only from 

noncentrosymmetric molecules in the lamina propria (fibrillar collagen), and creating a ‘hard’ 
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interface defining the transition from a region of no SHG signal (epithelium) to one with strong 

SHG signal (lamina propria).  Independent optical signatures arising from epithelium and fibrillar 

collagen in MPAM and SHGM, respectively, help in accurate segmentation of ECTI in 3D while 

preserving the mucosal structural integrity, important in assessing the interplay between 

epithelium and LP across the ECTI.  This ability to extract independent signal contrasts is an 

advantage over reflectance based techniques, such as OCT and CRM discussed in the 

introduction, due to a clear contrast between epithelium (lacking SHG) and LP (strong SHG).   

While ECTI in oral mucosa may be segmented in OCT (29, 125), cytologic features are beyond 

the current capability due to resolution limits.  Further study with CRM will be needed to 

examine ECTI demarcation in oral mucosa which is unpigmented and presents lower contrast 

between epithelium and LP than skin (particularly dark skin) in which dermal-epidermal junction 

has been delineated in 3D (121). 

 To conclude, I showed that ECTI topography changes from flat to curved surface, 

increasing ΔLinearity and surface area (ECTI contour) in OEDs. I also showed cytologic features 

consistent with neoplasia in basal epithelium were associated with increased ECTI contour as 

was collagen remodeling. The significance of this work is that a new approach utilizing NLOM for 

in vivo imaging has been shown for observing and quantifying ECTI topography in three-

dimensions without tissue perturbation. The ability to noninvasively study topographical 

changes at the ECTI along with cellular and extracellular atypia expands the possibilities for 

investigation of early neoplastic transformation in OED and could potentially lead to 

development of novel diagnostic approaches. 
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Chapter 4 

Spectroscopic characterization of Oral Epithelial 

Dysplasia and Squamous Cell Carcinoma using 

Multiphoton Autofluorescence Micro-spectroscopy 

 

4.1 Introduction: 

In addition to microstructural assessments using NLOM, there is a potential to extract 

spectroscopic features that can augment the understanding of the biochemical neoplastic 

microenvironment, such as evaluation of metabolic dysregulation in neoplasia. The origin of 

autofluorescence interrogated in previous chapters arises in large part from metabolites such as 

NADH and FAD and images are composed based on those contrast signatures.   Extraction of the 

specific spectroscopic features of those signatures could be useful toward improved 

understanding of signals comprised within obtained images and could potentially be used to 

extract metabolic-related parameters from images or be could be used in concert with image 

base MPAM to evaluate signatures altered with neoplasia. While tissue spectroscopy has been 

widely studied in the context of neoplasia, traditional single-photon fluorescence used for these 

 
Results presented in this chapter are currently under review in Lasers in Surgery and Medicine 

1. Spectroscopic characterization of Oral Epithelial Dysplasia and Squamous Cell Carcinoma 
using Multiphoton Autofluorescence Micro-spectroscopy.  Rahul Pal, Kert Edward, Liang Ma, 
Suimin Qiu, Gracie Vargas. 
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studies samples tissue volumes that encompass millimeters in depth (126-129). There are few 

studies examining multiphoton autofluorescence spectroscopy (MPAS) in oral mucosa.  A study 

in mouse normal oral mucosa established a general characteristic for emission spectra by MPAM 

(77).  One study (53), established the potential to identify redox potential differences between 

normal and OED mucosa as well as showed parallels to earlier single photon spectroscopy 

assessments in oral neoplasia. The study did not include oral squamous cell carcinoma (OSCC) 

with OED. A significant advantage of MPAS is the ability to gain depth-resolved fluorescence to 

spatially localize spectroscopic signatures to the subcellular scale which can be used to 

complement image-based information. This helps to better delineate the origin and 

interdependence of spectral contributors.  

Fluorescence from native biomolecules such as NADH, FAD, collagen, porphyrins and 

aromatic amino acids show altered homeostasis during neoplasia and have been examined 

extensively for their potential to reveal indication of neoplastic transformation by a variety of 

optical approaches. Biochemical assessment of metabolic activity in the form of redox potential 

can be performed using MPAM with isolation of autofluorescence from the metabolic 

coenzymes NADH and FAD (34, 130).  NADH and FAD play an important role in metabolism by 

acting as electron carriers between key metabolic pathways and maintaining the intracellular 

redox balance.  The ability to evaluate metabolic and biochemical features based on 

endogenous fluorophores has made MPAM and MPAS a valuable tool in cancer research 

including investigations examining the potential for early and noninvasive detection of neoplasia 

in skin (131, 132) and oral mucosa (76, 78).  
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MPAS has been applied to the study of normal and neoplastic epithelium in recent 

studies focused on skin and oral mucosa. A recent study explored multiphoton spectral 

properties in a mouse model for skin SCC (133).  Palero et al. (126) conducted spectral imaging 

of murine skin examining emission spectra due to collagen, elastin, phospholipids, intracellular 

NADH and FAD etc. in the 400-600 nm range induced by excitation with 764 nm. Two 

multiphoton spectroscopic studies in the oral mucosa includes a study by Zhuo et al. who 

reported multiphoton autofluorescence spectroscopy of normal oral mucosa (77) with a 

characteristic primary ‘blue-green’ emission peak centered at 485-495 nm occurring at the 

epithelium with 810 nm excitation.   The primary emission from epithelium was attributed to 

the metabolic cofactors NADH and FAD. Edward et al. reported MPAS in oral dysplasia and 

established the potential to identify redox potential differences between normal and OED 

mucosa as well as showed parallels to traditional single photon spectroscopy assessments in 

oral neoplasia but  did not examine squamous cell carcinoma (SCC) (53).   This study, evaluating 

emission wavelengths from 400-650 nm arising from excitation wavelengths ranging from 780 to 

890 nm found that a significant decrease in autofluorescence intensity occurs with dysplasia, 

consistent with literature in single photon autofluorescence spectroscopy, and demonstrated 

depth-dependent redox which was maximal in the basal layer.   Additionally, spectral shifts in 

the primary blue-green peak comprising signatures from the metabolic coenzymes NADH and 

FAD were found to occur, with the greatest change occurring in both superficial and basal 

epithelium at 780 and 800 nm excitations.   

  In each of these studies investigations focused on the primary emission within the 400-

600 nm range, with major signatures attributed to NADH and FAD.   NADH and FAD play a major 
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role in cellular metabolism and as mentioned above may be used to extract an optical redox 

value.  Another important metabolite that has not been evaluated in epithelial neoplasia using 

MPAS is protoporphyrin IX (PpIX), a highly autofluorescent metabolic intermediate of heme 

biosynthetic pathway and characterized by a sharp peak centered at 635 nm (134, 135) when 

excited by blue light in the single-photon fluorescence scenario. PpIX has been reported to 

contribute to changes in autofluorescence with neoplasia and in at least one single-photon 

fluorescence spectroscopy study was investigated for noninvasive detection of oral 

precancerous lesions. With cancer becoming increasingly recognized as a metabolic disease, the 

ability to extract signatures arising from key metabolites could lead to improved detection 

strategies.  For example changes in PpIX are reported to occur in hypoxia (136).  Varying degrees 

of hypoxia leads to deregulation of mitochondrial and cytosolic metabolism (137) hence altering 

intracellular proportions of NADH, FAD and PpIX.  Thus enhanced knowledge of these 

fluorophore contributions to imaging signals could help with improved understanding of the 

tumor microenvironment as well as identification of new optical markers indicative of OED or 

SCC. 

4.1.1 Goal of the current study:  

The overall goal of this study was to evaluate multiphoton spectral characteristics 

specifically from neoplastic epithelial cells (focusing primarily on the intracellular cytosolic space) 

in both OED and OSCC.  Here I report my findings on autofluorescence changes in a hamster 

model of neoplastic oral mucosa using in vivo multiphoton spectroscopy (MPAS).  Following are 

the specific goals of this study: 
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1) Evaluate the spectral characteristics of the cytosolic space of OED and early OSCC 

epithelial cells in the spectral range from ~425-650nm, encompassing a) the broad blue-

green autofluorescence peak attributed to the coenzymes NADH and FAD (~460-560 nm) 

as well as b) the red spectral peak (~630 nm) for PpIX fluorescence in neoplastic tissue. 

2) Extracted quantitative values from spectra at these two regions, including a ratiometric 

blue-green and red metric. 

Knowledge gained from these MPAS characteristics will be helpful to future studies 

examining the contributors to the microscopy images obtained by multiphoton 

autofluorescence microscopy explored in Chapters 2 and 3.  Further they could contribute to the 

growing body of knowledge regarding changes in metabolic signatures with neoplasia and could 

be extended for 1) basic scientific questions regarding spectral/metabolic alterations in 

transformation and 2) identifying new spectral/image based metrics of dysfunction in neoplasia. 

4.2 Materials/Methods: 

4.2.1 Animal Model: All studies were approved by the Institutional Animal Care and Use 

Committee at the University of Texas Medical branch. Hamster models for oral neoplasia and 

inflammation described in previous chapters were used for the studies presented in this chapter. 

Control (n=5) and DMBA treated (n=17) hamsters were subjected to in vivo multiphoton imaging 

and spectroscopy. Areas for microscopy and spectroscopy were selected based on visual 

inspection. Multiphoton imaging and spectroscopy from 21 control, 11 dysplasia and 10 SCC 

sites were performed. Imaged sites were biopsied, fixed in 10% neutral buffered formalin and 

H&E stained for histopathological grading.  
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4.2.2 Microscopy/Spectroscopy: A previously described (Chapters 2 and 3) custom-built 

MPAM system with an incorporated spectrometer was used for this study (53). Regions of 

interests (ROIs) were determined using a 10X, 0.3NA air objective (Plan-Neofluar) with a long 

working distance, while a 40X 1.2NA C-Apochromat water immersion objective was used for 

both multiphoton microscopy and spectroscopy. The spectrometer contained a spectrograph 

(Acton Research Corporation, Spectra Pro 150) and a calibrated EM CCD (Newton, Andor, 

Ireland) for detection and recording of spectra. For each site, multiphoton fluorescence image 

was taken from the epithelium at 780nm excitation and ROIs for spectroscopy were selected 

based on the images. Multiphoton spectroscopy was performed on ROIs selected from 

cytoplasm in epithelial cells using 780 nm excitation and autofluorescence spectra were 

collected with a spectral resolution of 0.1 nm per pixel in the spectral window of 200-700 nm 

and an integration time of 10 seconds. The entrance slit separation was 0.25 mm for all 

measurements and a 300 g/mm grating was used. The system was calibrated using a Mercury-

argon light source before experiments were performed. Spectral properties of all optical parts of 

the system were determined and used for correction of all emission spectra. Recorded spectra 

were background corrected and processed for removal of sharp spikes due to cosmic rays. A flat 

field correction was also performed for the wavelength dependence of the CCD camera using 

standard fluorophores. A translation mirror was used to direct fluorescence emission from 

sample to either the PMT for microscopy or the spectrometer.  

4.2.3 Hisopathology: For histopathological grading, H&E stained sections were imaged 

using an Olympus IX71 inverted brightfield microscope with a 20X, 0.75 NA air objective. 
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Grading was performed according to WHO criteria for oral premalignant and malignant lesions 

(100). Mild, moderate and severe dysplasia were categorized into one OED group. 

4.2.4 Data Analysis: Data was processed using codes written in Matlab. Single factor 

ANOVA followed by Tukey’s post hoc test for p<0.05 (*) and p<0.01 (**) was performed to 

assess statistical significance of intensity differences between groups. 

 

 

 

4.3 Results: 

Representative images from in vivo multiphoton autofluorescence microscopy (MPAM) 

of hamster oral epithelium are shown in Fig. 4.1 for 780 nm excitation. Since the source of 

autofluorescence in epithelial cells are primarily NADH and FAD which are abundant in 

cytoplasm, these cells are visualized as dark ellipsoidal nuclei surrounded by bright cytoplasm 

(Fig. 4.1a “*” and “→” respectively). Moderate dysplasia (Fig. 4.1b) and SCC (Fig. 4.1c) 

epithelium showed an overall nuclear enlargement (‘*’ in Fig. 4.1b), nuclear and cellular 

pleomorphism with progression of neoplasia when compared with control epithelium (Fig. 4.1a). 

Uniform organization of epithelial cells was seen in control epithelium while dysplasia and SCC 

was indicated by loss of cellular arrangement and atypical distribution of large and small nuclei 

in single image planes. This is an indication of loss of epithelial differentiation leading to 

abnormal variation in nuclear shape and size. The SCC epithelium shows scattered bright signal 
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(Fig. 4.1c “→”) which is expected to originate from premature keratinization in undifferentiated 

epithelial cells. Images from MPAM were utilized to direct spectroscopic assessment and ROIs 

for MPAS were selected from clearly visible cytoplasm in the epithelium. 

 

Figure 4.1: Two-photon autofluorescence images of control (a), moderate dysplasia (b), and SCC (c) epithelium at 780 

nm excitation. “*” and “→” in (a) indicates cytoplasm and nucleus respectively, and “*” in (b) indicates pleomorphic 

nuclei. “→” in (c) indicates premature keratinization. Scale bar: 50 µm. 

Spectroscopic features of autofluorescence emission from the epithelium of control 

(blue), dysplasia (red and yellow) and SCC (green) are shown in Figure 4.2. Comparing these 

autofluorescence spectra it is evident that there are differences in spectral peak locations and 

intensities between control, dysplasia and SCC. Representative emission spectra recorded in the 

400-650 nm spectral range indicates a broad peak centered around 480-520 nm for all three 

groups (Fig. 4.2a) of tissues. This blue peak is characteristic of cytoplasmic NADH and FAD 

autofluorescence and is typical for all epithelial tissues. Control epithelium showed one major 

peak in the blue spectral range and no further peak was seen at longer wavelengths. Dysplasia 

and SCC showed less autofluorescence in the same spectral range compared to control spectra. 

To compare spectral shape characteristic spectra from Fig. 4.2a were normalized to their peak 
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intensities and shown in Fig. 4.2b. Normalized spectra showed an overall red shift of the main 

blue peak in dysplasia and SCC. In dysplasia blue shifted spectra were also present, but the 

majority of samples were red shifted although the overall spectral line shape in the blue-green 

region stayed same for all three groups. 

 

Figure 4.2: In vivo two-photon autofluorescence spectra obtained from control, dysplasia and SCC from epithelium of 

hamster cheek pouch mucosa using 780 nm excitation; (a) raw intensity profile showing comparison between control 

(blue), two representative dysplasia (red and yellow) and SCC (green) epithelium; (b) same spectra as in (a) 

normalized to their peak intensities. 

Apart from the peak shift in blue-green spectral range a new peak at 635 nm at the 

wavelength expected for Protoporphyrin IX (PpIX) was evident in SCC and in some cases of 

dysplasia. It is clear from Fig. 4.2 that SCC produces more autofluorescence than control at 635 

nm (red peak), which is expected to arise from PpIX fluorescence. Although, there was a large 

variation in absolute intensity it was the dominant peak in most SCC epithelium. Two 

representative spectra of dysplasia are shown in Fig. 4.2 where one is highly fluorescent (red) in 

the PpIX region while the other one (yellow) showed marginally increased fluorescence than 
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control in the same region. Nine out of ten SCC and six out of eleven dysplasia tissues evaluated 

showed this distinct secondary peak. 

 

Figure 4.3: Distribution of autofluorescence peaks in the 456 nm to 545 nm ranges is shown for all three pathological 

groups. Histograms indicate most samples in the control (blue) group showed a blue-green peak in lower wavelengths 

while in dysplasia (red) and SCC (green) showed a wider distribution of the blue-green peak, which was often in the 

longer wavelengths than control. 

A histogram distribution of blue-green autofluorescence peak for all three pathological 

groups is shown in Figure 4.3. As our data suggest there was a larger variation in peak 

distribution in dysplasia and SCC than in control (Fig. 4.3). Also, for most dysplasia and SCC, blue-

green peaks were shifted to longer central wavelengths than control. Median blue-green peak 

for dysplasia and SCC were 513 nm and 514.5 nm respectively while for control tissue the blue-

green peak was centered at 488 nm. Median peak location was used instead of average, since 

average peak was less reliable due to high within-group variance in dysplasia and SCC.  
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Figure 4.4: (a) Difference in peak fluorescence intensity at 635 nm emission between control, dysplasia and SCC; (b) 

Difference in blue/red intensity ratio between control, dysplasia and SCC. * p < 0.05 and ** p < 0.01. 

Peak intensity of all samples at 635 nm emission wavelength was calculated and compared 

as shown in Figure 4.4a. SCC showed statistically significant increase in peak intensity from 

control and dysplasia. The standard deviation of 635 nm peak intensity in SCC was also very high 

presumably because of heterogeneity in the tumor microenvironment. In order to quantify 

relative change in fluorescence between blue (480-520 nm) and red (635 nm) fluorescence a 

ratio parameter was introduced which is shown in Fig. 4.4b. Since control tissue did not show 

the distinct secondary peak for PpIX, the blue/red intensity ratio in control was significantly 

higher than dysplasia and SCC. The 635 nm peak intensity alone (Fig. 4.4a) was sufficient to 

allow for differentiation between SCC and control tissue, but it was not sufficient to separate 

dysplasia and control. However, when used in conjunction with the blue-green peak intensity 

(Blue-green/Red intensity ratio) (Fig. 4.4b) the discrimination between dysplasia and control 

became greater and statistically significant. 
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4.4 Discussion: 

The application of NLOM explored in this study goes beyond conventional 

microstructural assessment of neoplastic tissue and focuses on spectroscopic features of 

metabolic changes that are associated with neoplasia. With the origin of signals investigated 

being the cytoplasm of epithelial cells and spectral characteristic of NADH, FAD, and PpIX, 

obtained data showing alterations in these spectra could be indicative of intracellular metabolic 

deregulation, which is an important cancer hallmark. Results of this study demonstrate the 

potential of MPAS for delineating neoplastic (dysplastic and OSCC) from non-neoplastic oral 

mucosa based on spectroscopic signatures arising specifically from the metabolic deregulation 

in neoplasia.  Observed spectroscopic changes included differences in intensities of fluorescence 

from these metabolites as well as spectral shifts in the NADH/FAD band in which the wavelength 

of the main emission peak changed between control, dysplasia and OSCC epithelium. 

4.4.1 Reduced NADH-FAD autofluorescence in oral epithelial neoplasia: With excitation 

at 780 nm the overall autofluorescence intensity of epithelial cells in the blue-green spectral 

region was less in neoplastic tissue than control a finding that is consistent with the literature 

involving traditional single-photon fluorescence spectroscopy and imaging (138-140). 

Autofluorescence spectroscopy of neoplastic epithelium in the past has shown reduced 

fluorescence intensity in the blue-green spectral region (127, 141). This is particularly important 

in cancer research since the major contributors for autofluorescence in blue-green region are 

endogenous metabolic cofactors NADH and FAD (53, 142) and with the help of optical sectioning 

capability of MPAS we were able to localize these changes in the cytoplasm rather than in a 

large volume that is seen in single photon spectroscopy. Reduction in overall fluorescence 



96 
 

intensity in the blue-green emission window may be an indication of altered metabolic activities 

in dysplasia and SCC. Other likely scenarios for reduced fluorescence in single photon 

spectroscopy are epithelial thickening, remodeling of collagen in extracellular matrix, and 

increased hemoglobin absorption with increased microvascular density (129). Multiphoton 

spectroscopy ensures collection of spectral information isolated to an optical plane, such as the 

epithelium in this case, excluding contribution from these other factors.   

4.4.2 Spectral peak shifts in NADH-FAD autofluorescence: Another feature observed in 

autofluorescence spectra in this study is a shift of the blue-green peak to longer wavelengths in 

dysplasia and SCC. Similar red shift in SCC was also reported in single photon autofluorescence 

spectroscopy for multiple excitation wavelengths ranging from 330 nm to 470 nm (129, 143). 

However, these studies did not evaluate peak shifts in dysplasia. Although in our study median 

peaks in dysplasia and SCC were red shifted with respect to control, average peak for dysplasia 

did not show significant red shift from control. In a previous study, our group reported a blue 

shift of the primary blue-green peak in moderate and severe dysplasia, rather than the red shift 

seen in SCC and in some cases of dysplasia (53).  The direction of spectral shifts are likely a 

consequence of metabolic factors such as shifts to higher or lower redox potential (higher NADH 

relative to FAD in higher redox potential) which could vary in various microenvironments (e.g. 

hypoxia, nutrient availability). Another scenario that may result in shifts to longer wavelengths 

could be a thickened keratinizing layer with increased scattering from keratin (144). Future 

studies to further understand the noted shifts could examine these factors. 

4.4.3 Potential application to detection efforts:    While of a limited dataset the findings 

of this study indicate the potential for use of the blue-green/red ratio and red peaks for 
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indicating presence of neoplasia.  This spectroscopic information will likely have to be combined 

with cytology and microstructural parameters such as those discussed in Chapters 2 and 3.  As 

noted before spectral based metrics explored in this study could be indicative of alterations in 

metabolic activities during neoplastic transformation and thus may help identify molecular 

signatures in the native tissue environment.  A combined effort with MPAM, SHGM and MPAS 

would therefore be able to provide cytologic, microstructural and biochemical information 

about neoplastic transformation which may be helpful in clinics for better delineation of 

neoplasia from normal mucosa or benign lesions. 

4.4.4 Autofluorescence spectra and potential relationship to study of metabolism: 

Since NADH and FAD are key players in mitochondrial metabolism, measurement of relative 

contribution of NADH and FAD from multiphoton spectra could inform about redox potential or 

metabolic status of individual epithelial cells. Multiphoton image based (145) and multiphoton 

spectroscopy based (53) estimation of redox potential has shown promise in ex vivo and in vivo 

studies of oral neoplasia. However, beyond estimation of redox potential multiphoton 

autofluorescence spectra may be correlated to an important cancer hallmark, deregulation of 

energy metabolism. Alteration in relative amount of NADH and FAD autofluorescence could 

indicate alterations in activities of glycolysis, TCA cycle and oxidative phosphorylation and 

eventually provide cues to cancer hallmarks such as metabolic defects characteristics of 

neoplastic development. Recent studies in ex vivo engineered tissue and skin have explored the 

relationship of detected NADH from MPAM images with such metabolic contributors (52, 97). 

4.4.5 Cytoplasmic autofluorescence spectra showed presence of PpIX: A sharp peak at 

635 nm was present in all OSCC and a subset of dysplasia samples.  This emission peak matches 
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the expected wavelength and shape of PpiX, reported extensively in the literature for single 

photon autofluorescence spectroscopic detection of oral neoplasia (141, 143, 146).   An 

expected secondary peak at 705 nm was not detected in the optical setup as optical 

components in this system blocked detection of fluorescecnce above 650 nm. PpIX fluorescence 

has not previously been reported by the method of multiphoton imaging or spectroscopy. In the 

past, increased red fluorescence typically within 630-640 nm has been observed in SCC (127, 

129, 141) with single photon excitation at 405 nm or 410 nm. De Veld et al. showed the 

presence of a peak at 638 nm in the center of tumors but not in the periphery where tissues 

were dysplastic or benign (141, 147). These are attributed to PpIX.  Since typical single-photon 

fluorescence samples volumes of tissue that encompass epithelium and sub-epithelium together, 

many have attributed PpIX fluorescence in tumors from animals and humans has been 

demonstrated to be of bacterial origin. The PpIX fluorescence has also been suggested to be of 

endogenous origin since bacterial cultures from tumors with this characteristic red fluorescence 

did not show the characteristic PpIX fluorescence (148). Instead, tumors injected with these 

organisms produced PpIX fluorescence, which indicated requirement of a host-microbe 

interaction. Finally, endogenous PpIX which is produced in mitochondria of epithelial cells has 

also been shown to be altered in oral cancer (134, 149, 150) and is supported by our 

spectroscopic assessment of cytoplasm of neoplastic epithelial cells.  

4.4.6 Intracellular dynamics of NADH, FAD and PpIX in a heterogeneous tumor 

microenvironment: Three important metabolites described above, NADH, FAD and PpIX, may be 

correlated and interdependent based on the tumor microenvironment and metabolic status. In 

tumors, due to hypoxic microenvironment energy production primarily relies on glycolysis 
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(Warburg effect) while more energy efficient mitochondrial metabolic processes are 

downregulated (151). As a result, neoplastic cells show increased levels of NADH leading to a 

loss of the tight regulation of NADH/FAD balance and altering the autofluorescence spectra.  On 

the other hand depending on the degree of hypoxia neoplastic tissues might be severely 

deprived of nutrients leading to downregulation of glycolysis and activation of mitochondrial 

metabolism. Energy production in these cases relies on carbon sources other than glucose such 

as glutamine (152). As a result, the NADH/FAD balance is affected with oxidation of NADH and 

FADH2. Since PpIX is also produced in the mitochondria, and known to be altered by hypoxia, 

relative amounts of cellular NADH, FAD to PpIX is expected to fluctuate as a result of the hypoxic 

nature.  Further understanding of how variations in tumor microenvironment affects the levels 

of NADH, FAD, PpIX and the overall autofluorescence spectra can be examined in future studies.   

For example, studies could be conceptualized that examine the effect of hypoxia on these 

signatures, akin to studies examining effects on NADH signatures under hypoxic conditions (52, 

97).   

In conclusion, this study describes MPAS characteristic features of epithelial cells in OED 

and OSCC in vivo tissues, and showed that spectral parameters differed in a statistically 

significant manner between normal and neoplasia.  These parameters could potentially be 

incorporated into MPM methods to evaluate presence of neoplasia, potentially coupled to 

imaging presented in Chapters 2 and 3.  Of note, the study found an emission peak at 635 nm, 

which we attribute to PpIX which also was helpful in delineating neoplasia from normal.   The 

PpIX-like fluorescence was identified in the cytoplasm of neoplastic epithelial cells, indicating an 

endogenous origin of this fluorophore. Characterization of spectral properties for dysplasia and 
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SCC epithelium using multiphoton excitation may serve as a platform for future studies 

combining MPAM and MPAS for multimodal detection of epithelial neoplasia.  Further 

development to extract contributions from individual metabolites of NADH, FAD, and PpIX may 

also be helpful for examining the tumor metabolic microenvironment including potentially 

studying heterogeneities that are known to occur.  Future efforts in this area should be focused 

on examining areas beyond cells to study heterogeneities that likely exist within neoplastic areas 

and better characterize the OED and OSCC neoplastic microenvironment. 
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Chapter 5 

Large Area (Wide-field) Autofluorescence (WF-AF) 

Imaging in the Hamster Model for Oral Epithelial 

Neoplasia 

 

 

5.1 Introduction: 

NLOM as described in previous chapters provided microstructural and biochemical 

metrics for detection of oral neoplasia that performed with high sensitivity and specificity even 

in presence of benign conditions. Sensitivity and specificity values greater than 85% were found 

for promising parameters. However, as evident, NLOM is a microscopic method and is thus 

limited in field-of-view, restricting the potential use for on-site screening for neoplastic 

abnormalities over the areas needed for clinical translation (on the order of cm).  Large area 

imaging methods that could potentially be applied in conjunction with in vivo NLOM were 

explored in this chapter.  A desired method should have high sensitivity to locate areas of 

suspicion since MPAM is expected to provide high Se and Sp.  The efforts in this chapter were 

designed to test the performance of wide-field autofluorescence (WF-AF) alone in detecting 
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altered fluorescence properties of neoplastic tissue and for potential further exploration in 

Chapter 6 where it was studied alongside NLOM. The current chapter will discuss the findings on 

wide-field autofluorescence imaging method which is based on changes in autofluorescence in 

the green and red spectral regions. 

 Several adjunct methods to white light examination of oral precancers and cancers have 

been proposed so far including methods based on wide-field reflectance and fluorescence. One 

such method was provided by ViziLite (Zila Pharmaceuticals, Inc., AZ, USA) which utilized blue 

light illumination with detection of reflected light for indication of oral lesions. Epstein et al. and 

Kerr et al. performed initial studies on performance of ViziLite and reported multiple lesions 

being identified with the help of ViziLite that were not detected by conventional white light 

examination (153, 154). However, others have reported no change in diagnosis with or without 

the use of ViziLite (155). Lesions identified with ViziLite were also detected in white light 

examination and it was demonstrated that differentiation between benign lesions and 

premalignant or malignant lesions was not possible, which remained an important issue in oral 

cancer diagnosis even in the present clinical setup (1). 

 Alternatively detection of tissue autofluorescence has shown promise as an adjunct 

method to improve contrast between normal and neoplastic tissue. There are a variety of 

inherent fluorophores in the epithelium or stroma that show fluorescence properties when 

excited by UV or visible light and can be detected even with the naked eye. As discussed in 

previous chapters, it is well known that tissue autofluorescence is sensitive to functional and 

structural changes associated with neoplastic transformation in the oral mucosa. A US FDA 

approved clinical device named VELscope (LED Dental, Inc., White Rock, BC, Canada) was 
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introduced to improve discrimination of neoplastic tissue from surrounding normal oral mucosa. 

The working principle of this device is based on the fact that neoplastic tissue shows significantly 

less autofluorescence across a variety of excitation wavelength in the UV and visible region. The 

loss of autofluorescence is typically attributed to the loss of crosslinks in the collagen matrix 

underneath the neoplastic oral epithelium (27). However, fluorescence spectroscopic studies as 

described in the previous chapter also shows loss of autofluorescence from cellular NADH and 

FAD under conditions of neoplasia or preneoplasia (129). Lane et al. (156) conducted a study in 

2006 to assess the performance of VELscope in direct visualization of oral precancerous lesions 

and found a sensitivity of 98% and specificity of 100%.  

However, follow up studies suggested that there was no difference in outcome between 

VELscope and white light examination (157). Importantly, 72% lesions with reduced 

fluorescence identified through VELscope were diagnosed as benign or inflammation making 

differentiation of benign lesions from true neoplasia difficult. In a recent study by Mehrotra et al. 

the sensitivity and specificity of VELscope was found to be merely 50% and 38.9% respectively 

(158) raising questions about the performance of this adjunct tool especially in presence of 

benign conditions, a significant one being inflammation. Therefore, the literature indicates 

VELscope may be useful for surveillance of lesions identified by COE, but further research is still 

required to establish its value as a general screening tool.  It is also noted that existing 

commercial devices based on single ‘color’ fluorescence rely solely on visual information 

without quantification and outcomes are dependent on the experience level of the examiner. 

 Improvements to commercial devices may include methods for improved 

quantification as well as incorporation of multiple emission bands representing different 
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fluorophores, in a sense akin to spectroscopic studies.  Recent efforts in humans have in fact 

shown improvement is possible in WF-AF imaging by collection of red and green 

autofluorescence with quantification of these signals relative to each other (31, 159, 160).  In a 

study involving human subjects normalized red-to-green fluorescence intensity ratio resulting 

from 405 nm excitation, was shown to have the highest performance in differentiating dysplasia 

and OSCC from normal oral mucosa compared to values related to single wavelength emission.  

Although highly promising, these results did not account for the benign conditions that are 

typically associated with neoplastic oral mucosa.  Loss of autofluorescence in the green 

spectrum is usually associated with reduced collagen cross links in the stroma as well as changes 

in relative amounts of NADH and FAD in the epithelium. Additionally, neoplastic tissue showed 

increased fluorescence in the red spectrum and while not identified as such in these studies 

could have been due to accumulation of protoporphyrin IX (PpIX) discussed in Chapter 4.  

5.1.1 Goal of the current study:  

The overall goal of this study was to explore the potential of wide-field autofluorescence 

(WF-AF) imaging to detect neoplastic changes in oral epithelial tissue in vivo with the long term 

vision being potential combination with in vivo NLOM for a bimodal and multiscale imaging 

approach in early detection of oral epithelial neoplasia. This chapter presents WF-AF imaging 

results on detection of OED and OSCC with groups also representing benign inflammation. 

Following are the specific studies performed:  
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1) Establish the use of red-to-green autofluorescence (R/G) in detection of control and 

neoplastic tissue in the hamster model for OED and OSCC, setting the stage for 

combination of WF-AF with microscopic approaches explored in early chapters. 

2) Assess the performance of WF-AF in experiments that included inflammation as a 

benign condition as well as neoplasia, using receiver operator curve (ROC) statistics 

to determine potential sensitivity and specificity.  The inclusion of the inflammation 

group is important to begin exploring advantages and limitations of explored 

methods. 

 

5.2 Materials/Methods: 

5.2.1 Animal Model: Hamster models for oral neoplasia and inflammation described in 

previous chapters were used for the studies presented in this chapter. Control (n=7), 

inflammation (n=4) and DMBA treated (n=13) hamsters were subjected to in vivo WF-AF imaging. 

5.2.2 WF-AF Imaging System: A diagram of the custom built WF-AF imaging system is 

depicted in Fig. 5.1. A collimated LED light source (M405L3-C1, ThorLabs, Newton) with 405 nm 

emission was used as source of excitation. The excitation beam was directed on the sample by 

placing a dichroic filter (510 nm LP) at 45O angle to the imaging surface. Fluorescence emission 

from samples were collected through a 435 nm LP filter and images were captured using a color 

Nikon DS Fi1 camera attached to a AF Micro NIKKOR 60mm 1:2.8 lens. With the current system a 

~5cm diameter illumination field was achieved which was sufficient to image most hamster 

cheek pouches except the edges of the field of view (FOV). 
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Figure 5.1: Diagram of the WF-AF imaging system for live hamster cheek pouch imaging.  

5.2.3 In vivo WF-AF imaging: Hamsters were anesthetized and cheek pouch were 

prepared for in vivo imaging using methods described in chapter 2. The exposed cheek pouch 

was placed directly under the dichroic filter and autofluorescence images were captured as 24 

bit RGB images for 405 nm excitation. Multiple images with several exposure and gain settings 

were captured for each cheek pouch and the image with least number of saturated pixels was 

selected for analysis. A part of the sample holder that was used to hold the mucosa tissue was 

imaged each time which served as an internal control for any variation in illumination and used 

for normalizing intensity measurements. White light images of the cheek pouch were also 

captured with room light as reference to localize and record sites of biopsy and image analysis. 



107 
 

5.2.4 Image Analysis: Captured WF-AF images were opened in ImageJ and red and 

green channels were separated using the Bayer mask of the camera. The following criteria were 

used for selection of sites for analysis: 

1) Sites with visible tumors, increased autofluorescence in red channel, basal level 

autofluorescence (to test for false negatives) in red channel 

2) White light visual examination: sites were selected based on surface roughness, 

color or swelling with or without guidance by WF-AF  

3) Location on the cheek pouch: sites near the edges of the pouch or any injury caused 

during sample preparation for imaging were avoided 

4) Sites contaminated by blood (advanced tumors tend to bleed easily) were avoided 

5) Folds in tissue: sites with visible folds were excluded from analysis 

Based on these criteria, 3-5 sites were selected from each cheek pouch providing 86 sites (36 

control, 15 inflammation, 25 dysplasia and 10 OSCC) for analysis. Three regions of interests 

(ROIs) of size 20x20 pixels were created within each site and average intensities in each ROI for 

red (IR1, IR2, IR3) and green (IG1, IG2, IG3) channels were measured. A ratio of red to green intensities 

for each ROI (IRG1, IRG2, IRG3) were then calculated. Similarly, five ROIs were created and red to 

green intensity ratios were measured (IC-RG1, I C-RG2, … IC-RG5) within the sample holder region that 

served as an internal control in this study. An average red to green intensity ratio ([ΣIC-RG1 + I C-RG2 

+ …  + IC-RG5]/5) of the internal control was then used as a normalization factor to normalize red 

to green intensity ratios (IRG1, IRG2, IRG3) measured from tissue sites. This normalization step was 

performed by dividing the individual red to green (R/G) intensity ratio of each ROI by the 

average R/G intensity ratio of the internal control. The resulting normalized R/G intensity ratio 
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for three ROIs from each site were averaged to obtain the normalized R/G intensity ratio (IRG, 

Norm). 

5.2.5 Statistical Analysis: Statistical comparisons between groups were performed using 

methods described in previous chapters.  Briefly single factor ANOVA followed by the Tukey’s 

post hoc test were performed with P < 0.05 considered significant (P value of < 0.05 is 

represented by a single asterisk ‘*’ and P < 0.01 by double asterisk ‘**’). Receiver operator 

characteristic (ROC) curves were generated using SAS software (SAS Institute Inc.) to calculate 

area under the curve (AUC), sensitivity and specificity. 
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5.3 Results: 

The resolution of the WF-AF imaging system was tested by imaging a U.S. Air Force 

(USAF) resolution target. A photograph of the resolution target is shown in Fig. 5.2. Line spacing 

of 24.8 µm in group 4 and element 3 was easily discriminated at the highest magnification. The 

shadow at the back of the elements is due to the thickness of the target and not inherent to the 

imaging system. 

 

Figure 5.2: USAF resolution target (left) with zoomed in image on the right shows line spacing at group 4 and element 

3 (dotted outline) was easily discriminated. 

 White light visual examination followed by WF-AF imaging in the hamster cheek pouch 

model revealed several unique autofluorescence features of individual tumors and 

precancerous lesions. Preliminary screening of the cheek pouch using a white light examination 

(Fig. 5.3a) identified several large and small exophilic tumors (indicated by arrows) which were 

also visible in the WF-AF image (Fig. 5.3b) except for few necrotic tumors (Fig. 5.3a; yellow 

arrow). The necrotic tumors showed up as non-fluorescent dark regions while non-necrotic 

tumors were highly fluorescent in the red channel (Fig. 5.3c; outline white box). The green 
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channel (Fig. 5.3d) in general showed low fluorescence. Only red and green channels are shown 

since the major fluorescence changes have been suggested to occur in these two spectral 

regions and the excitation wavelength (405 nm) is in the blue channel.  

In addition to the obvious non-necrotic tumors certain areas adjacent to the tumors 

became visible in the red fluorescence channel (Fig. 5.3b and 5.3c; marked ‘*’). These previously 

unidentified and potentially neoplastic areas were confirmed to be dysplasia by the gold 

standard histopathology. The cheek pouch mucosa also contained clinically normal areas with 

no observable variation in fluorescence in either channel (Fig. 5.3b, 5.3d and 5.3d; dotted white 

box). These areas were diagnosed as normal after histopathological grading. 

 

Figure 5.3: Representative white light and WF-AF images of a DMBA treated hamster cheek pouch are shown. a) 

White light image; b) composite of red and green autofluorescence; c) red autofluorescence and d) green 
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autofluorescence. Examples of a large tumor (white box), dysplasia (‘*’), a necrotic tumor (‘yellow dashed ’), several 

other exophilic tumors (‘solid arrows’) and a normal area (dashed box) are outlined. 

 Figure 5.4 shows representative white light and WF-AF images from a control and an 

inflamed cheek pouch mucosa. Although the difference between the control and the inflamed 

mucosa (Fig. 5.4a and 5.4c) based on white light visual inspection was not as pronounced as was 

seen in the DMBA treated mucosa, the surface of the inflamed mucosa showed increased 

roughness and the color changed from light pink to more reddish tone. Since the inflammation 

model involved application of SLS to the entire cheek pouch inflammation was seen to occur 

throughout the mucosa. WF-AF imaging the control mucosa (Fig. 5.4b) showed little to no 

fluorescence in the red channel while the entire mucosa exhibited moderate green fluorescence 

with no variations within different areas. Therefore there was no apparent contrast between 

areas in the control cheek pouch mucosa when looked at the red-green intensity images. On the 

contrary, there was slight increase in red fluorescence in the inflamed mucosa which can be 

seen in the Fig. 5.4d as a reddish hue as compared to the control mucosa (Fig. 5.4b).  
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Figure 5.4: (a) and (b) are representative white light and WF-AF images respectively of a control cheek pouch musosa. 

(c) and (d) shows white light and WF-AF images respectively of an inflamed cheek pouch mucosa. 

 The results for normalized R/G intensity ratio measurement is shown in the bar graph in 

Fig. 5.5. Averaged IRG, norm was plotted for each group and results showed a gradual increase in 

IRG, norm from control to inflammation to dysplasia and SCC with SCC having the highest IRG, norm. It 

was noted that the standard deviation for dysplasia and SCC groups were also very high. The 

increase in IRG, norm for dysplasia and SCC from control tissue was statistically significant however 

there was no significant difference between dysplasia and SCC based on quantitative 

assessment of WF-AF imaging. The IRG, norm for inflammation was also higher than control, 

however, it was not statistically significant and the average value was in between control and 

dysplasia. It was expected that this would complicate the differentiation of control and dysplasia 
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and therefore an ROC analysis was performed with or without the presence of inflammation in 

the study group. 

 

Figure 5.5: Normalized R/G intensity ratio is shown for control, inflammation, dysplasia and SCC tissue. ** P < 0.01 

 The following data sets were created for ROC curve analysis to calculate performance of 

the WF-AF image parameter IRG, norm in distinguishing normal/control oral mucosa from 

neoplastic oral mucosa; 

1. Normal (Control) and neoplastic (dysplasia and SCC) 

2. Normal (control and inflammation) and neoplastic (dysplasia and SCC) 
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Figure 5.6: ROC curves showing the performance of the WF-AF imaging with (blue curve) or without (green curve) the 

inclusion of inflammation in the study. 

ROC curves showed (Fig. 5.6) significant loss in performance when inflammation was 

present (blue curve) compared to when inflammation was excluded (green curve) from the 

study. This loss in overall performance can be appreciated from the area under the curve (AUC) 

values shown in table 5.1. 

Table 5.1: AUC, sensitivity and specificity for normalized R/G values with or without the presence of inflammation in 

the study group. 
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Neoplastic abnormalities were often associated with increased red fluorescence and 

high R/G values (Fig 5.3b), but several false positives based on visual identification of lesions 

were obtained and quantitative analysis showed poor-moderate discrimination (AUC: 0.815 and 

0.739 without and with benign condition/inflammation respectively) by WF fluorescence alone. 

Sensitivity/Specificity as calculated (Table 5.1) from ROC curves showed high sensitivity (83%) 

with or without benign conditions (inflammation), but poor specificity when inflammation was 

included (only 61%) in the study set compared to without inflammation (86%).  

 

5.4 Discussion: 

 WF-AF imaging is a label-free imaging technique that indicates alterations in tissue 

autofluorescence associated with neoplasia at a macroscopic scale which is typically in the order 

of several centimeters in contrast to previously described NLOM or other optical microscopy 

techniques that operates at a much smaller scale (few hundred microns). Therefore, if sufficient 

sensitivity and specificity is shown, WF-AF imaging could potentially be employed as a 

noninvasive screening method adjunct to white light inspection for oral epithelial abnormalities. 

Results presented in this chapter show significantly elevated red/green intensity ratio for 

dysplasia and SCC from control and based on only neoplastic and control mucosa reasonable 

discriminating power of IRG, norm parameter was observed. However, inclusion of inflammation in 

the control group, to mimic a more realistic situation of the actual clinical problem, reduced the 

performance of the WF-AF based method significantly indicating WF-AF imaging alone may not 
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have the discriminating power to separate neoplastic from non-neoplastic oral mucosa with high 

degree of accuracy.  

 5.4.1. Complications of white light clinical diagnosis with benign conditions: White 

light visual examination of the hamster oral precancer/cancer revealed typical clinical features 

of neoplasia such as small or large exophilic tumors, red or white colored lesions with no visible 

outward growth, thickened and fragile surface keratinization and areas of increased surface 

roughness. Histopathological diagnosis revealed that certain visual features such as surface 

roughness, fragile keratinizing layer, discolored epithelium etc. could potentially indicate both 

neoplasia as well as benign conditions like inflammation or hyperplasia. The animal model for 

inflammation used in this study corroborates this observation by presenting cheek pouches with 

rough surfaces and altered color. This is a limitation of white light examination that has been 

pointed out again and again in the literature (161-163) with numerous efforts being put into 

optical fluorescence imaging (164). Inflammation and other benign conditions impose a 

limitation in clinical diagnosis because of their similar appearance to early neoplastic oral lesions. 

A clinical data survey in 2012 indicated that ~75% oral biopsies at the University of Texas Dental 

Branch were pathologically normal or benign (27) highlighting the need for adjunct noninvasive 

methods for screening of oral lesions. 

5.4.2 Autofluorescence induced by blue light excitation: It has been previously 

reported by several groups that with blue light excitation (400-460 nm) tissue autofluorescence 

changes during neoplastic transformation and could provide a useful adjunct to white light 

inspection in screening of high-grade oral lesions (147, 165, 166). Fluorescence induced by blue 

light showed superior contrast of oral lesions than a conventional white light visual examination. 
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Reduction in green autofluorescence with blue light excitation often extended beyond clinical 

tumor margins up to 25 mm as seen in a study by Poh et al. (167). In this study 405 nm 

excitation wavelength was used to test autofluorescence changes in neoplasia following 

indication in the literature (159) that it could provide improved contrast between normal and 

neoplastic tissue over other blue light excitations. 

 5.4.3 Elevated red autofluorescence in neoplasia: Increased red autofluorescence by 

405 nm excitation for dysplasia and SCC was observed in the animal model used in the studies 

presented here (Fig. 5.3). Additionally, multiple lesions that were unidentified in conventional 

white light visual examination showed increased red fluorescence (Fig. 5.3b; marked ‘*’) and 

were categorized as dysplasia after histopathologic diagnosis which indicated high sensitivity of 

WF-AF imaging in detecting certain false negatives. Similar increase in red autofluorescence for 

SCC with 410 nm excitation is well documented in the literature (134, 168, 169). Ingrams et al.  

(170) reported very high sensitivity and specificity (90% and 91% respectively) of differentiation 

of normal and dysplasia/SCC mucosa based on the presence of red fluorescence. Red 

fluorescence in epithelial tissue due to 405 nm excitation is generally attribute to 

protoporphyrin IX (PpIX) whose origin in the tissue has been debated.  Although it is not clear 

whether accumulataion of PpIX is due to endogenous metabolic abnormalities or bacterial 

contamination at the surface of the tissue, my recent studies on two photon autofluorescence 

spectroscopy (Chapter 4) indicated an epithelial cytoplasmic origin of this fluorescence in 

dysplasia and SCC.  

 5.4.4 Performance of red to green intensity ratio: R/G intensity ratio from regions of 

interests were measured (Fig. 5.5) following methods similar to those of Roblyer et al. (159) to 
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test the performance of quantitative WF-AF imaging in the animal model in presence of benign 

conditions. Control tissue showed R/G intensity ratio close to 1 indicating little difference in 

fluorescence between red and green channel. Similar to my expectations, R/G intensity ratio for 

dysplasia and SCC was significantly higher than control mucosa, but there was no statistically 

significant difference between dysplasia and SCC. This was possibly due to high level of 

heterogeneity in the neoplastic tissue that led to large standard deviations in R/G intensity 

ratios.  Additionally, as discussed previously, alterations in fluorophores targeted by WF 

techniques are altered both in OED and in OSCC.   While there was a trend toward more 

differences in OSCC, as a group this was not statistically significant.  

5.4.5 Performance of red to green intensity ratio in presence of inflammation: WF-AF 

imaging however provided high sensitivity and specificity of differentiation of normal and 

neoplasia, but failed to show such high specificity when inflammation was present (Fig. 5.6 and 

Table 5.1) as a confounding factor. Although not statistically significant average R/G intensity 

ratio for inflammation was found to be in between control and dysplasia (Fig. 5.5) which made it 

difficult to differentiate control and dysplasia based on R/G intensity ratio only. Since changes in 

fluorescence are based on endogenous sources (collagen, NADH, FAD, PpIX etc.) that are altered 

in neoplasia as well as in inflammation and other benign conditions including 

hyperkeratinization, high false positive rates (lowered specificity) may occur (59-61). Studies 

have shown when benign conditions (e.g. keratosis or inflammation) are included in the study 

population, specificity decreases to as low as 15-30% (59-61). Studies by Roblyer et al. (159, 160) 

reported improved sensitivity and specificity using the R/G intensity ratio (channels separated 

by Bayer mask) over white light examination.  Specifically digital image capture providing 
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objective quantification was found to be superior to visual aids alone. Benign conditions were 

not closely examined, but since AF change is due to biochemical changes not specific to 

neoplasia, it is expected that these would lower specificity as found with commercial WF-AF 

visualization devices. This disadvantage will limit WF-AF as a stand-alone technology, but the 

high sensitivity of WF-AF to neoplastic change and large area screening capability in oral mucosa 

makes it a technology worth considering if improved specificity could be provided with a 

complementary method that retains the advantage of noninvasive imaging. 

 In conclusion, results presented in this chapter indicate that WF-AF imaging with 405 nm 

excitation may improve delineation of normal and neoplastic oral mucosa by increasing optical 

contrast of neoplasia beyond what is normally observed in visual inspection as reported in the 

literature.  While R/G did not optimally delineate OED from OSCC, our objective in this study 

was to delineate control normal from neoplasia which included OED and OSCC.   The method did 

appear to provide this delineation.  A second objective was to evaluate the degree to which 

inflammation reduced performance.  As expected, inflammation lead to a reduction in specificity 

an expected outcome as signatures assessed by AF are shared between these conditions – and 

an outcome showing WF-AF alone will not suffice for identifying neoplasia as desired for 

improved biopsy guidance and detection.    With sensitivity for detecting indicators of neoplasia 

(OED + OSCC) from normal mucosa remaining at 83% despite presence of inflammation and the 

ability to ‘screen’ large regions of tissue comparable to visual inspection, the method of WF-AF 

remains a viable method for further investigation as a ‘pre-screening’ tool to guide the method 

of NLOM.  Although it is possible to obtain high sensitivity and specificity in NLOM alone and 

showing in previous chapters, there are practical limitations of performing microscopy in large 
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regions of human oral mucosa even if encompassed in a compact endoscopic instrument. 

Therefore, a multiscale imaging approach that combines the high sensitivity quantitative WF-AF 

imaging with the detailed inspection by NLOM (shown in previous chapters to provide high 

sensitivity and specificity) could be a promising combination to improve delineation of 

neoplastic oral mucosa from normal and benign conditions for biopsy guidance. This hypothesis 

is examined more closely in the 7th chapter of this dissertation. 
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Chapter 6 

Wide-field fluorescence imaging using a topical 

fluorescent probe for intracellular glucose uptake in the 

Hamster Model for Oral Epithelial Neoplasia 

 

 

6.1 Introduction: 

While wide-field autofluorescence imaging is an attractive large area imaging modality 

that could provide guidance for detailed microscopic imaging with NLOM, an alternative 

approach that could be considered is the use of an external contrast agent that may provide 

molecular level feedback and possible improved sensitivity and specificity. Molecular imaging 

provides information about biochemical and metabolic status that can serve additional metrics 

that may be incorporated for detection of early neoplasia and invasive tumors. So far molecular 

imaging has contributed to our understanding of biological processes that accompany early 

neoplastic changes leading to invasive carcinoma (171). Clinical translation of these molecular 

imaging techniques has been limited partly due to the lack of FDA approved contrast agents and 

preclinical studies. In vivo molecular imaging can detect changes in established biomarkers in 
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native condition and may help in risk assessment of neoplastic tissue.  This could be helpful both 

at the stage of detection and before any surgical procedure is applied.  

One example of clinical use of molecular imaging is positron emission tomography (PET) 

that utilizes 18FDG (fluorodeoxy glucose) as contrast agent. Neoplastic tissues have higher 

glucose demand due to higher metabolic rates compared to healthy tissues. Non-neoplastic 

healthy tissue rely primarily on mitochondrial oxidative phosphorylation to generate ATP, while 

neoplastic cells has been observed to switch to glycolysis as their primary source of energy even 

in the presence of sufficient oxygen supply (Figure 6.1). Due to their high energy demand, 

tumors show higher rate of glycolysis than normal tissue. This is known as the Warburg effect 

and has been studied extensively after it was first postulated in the 1920s. 

 

Figure 6.1: a) Glucose metabolism in normal cells. End product of glycolysis (Pyruvate) is utilized by mitochondria for 

oxidative phosphorylation as indicated by a bold green arrow. b) Neoplastic tumor cells have a higher rate of glucose 

uptake, glycolysis and lactate production indicated by bold back and red arrows. 

  To meet the energy demand of highly proliferating neoplastic cells glucose consumption 

by those cells increase, this is supported by the over-expression of glucose transporters (GluTs) 
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and hexokinase enzymes in neoplastic cells. In PET imaging 18FDG is used as a reporter of glucose 

uptake where radioactive 18F provides contrast for tracking. Neoplastic cells expressing higher 

levels of GluTs show higher uptake of 18FDG in vivo than non-neoplastic cells and the differential 

uptake of 18FDG is imaged by PET. PET imaging is routinely used in clinic for cancer detection and 

is clinically important in deep tissue imaging of glucose metabolism; nonetheless it suffers from 

significant limitations due to radioactive radiations and low spatial resolution (0.3-1 cm3) (172) 

in detection of early neoplasia. 

Optical molecular imaging is an alternative approach, which utilizes optically active 

molecules for in vivo biomarker imaging. As an alternative to 18FDG an optically active 

fluorescent analog of glucose would be suitable for molecular imaging and targeting increased 

glucose metabolism in neoplasia. Ideally a glucose sensor should possess following features:  

a) Suitable molecular weight compared to glucose 

b) Low cytotoxicity 

c) Competition by glucose for cellular uptake 

d) Resistance to quenching or photo-bleaching 

e) Ability of the probe to be metabolized by the cell/tissue 

The first known fluorescently active glucose bioprobe was 6-(N-(-7-nitrobenz-2-oxa-1,3-

diazol-4-yl)amino)-2-deoxyglucose (6-NBDG) which was developed in 1985 (173). The 

fluorochrome was attached to the C-6 position of D-glucose and it was the first glucose analog 

developed to study glucose transport systems in living organisms. Although 6-NBDG provided an 

efficient way of assessing activity of GluTs and glucose transport across cell membranes, it was 

not suitable to study cell metabolism. Modification at C-6 position in 6-NBDG inhibited the C-6 
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phosphorylation by glycolytic enzyme Hexokinase, which led 6-NBDG to accumulate within the 

cells. Therefore another glucose analog, 2-(N-(-7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-

deoxyglucose (2-NBDG) was developed (Fig. 6.2a), which is also an optical equivalent of 18FDG 

that is not associated with inherent limitations of 18FDG. Fig. 6.2b shows the excitation and 

emission spectra of 2-NBDG. In this case the fluorochrome was attached to the C-2 position of 

D-glucose to keep C-6 free for Hexokinase mediated phosphorylation. Studies in bacteria has 

shown that 2-NBDG 6-phosphate gets converted back into 2-NBDG by glucose-6-phosphatase 

and finally is degraded into non-fluorescent products by the glycolytic pathway (174). Therefore 

decay of 2-NBDG fluorescence is a measure of glycolytic activity of live tissues and could indicate 

differences in metabolic activities between normal and neoplastic tissue.  

 

Figure 6.2: a) Chemical structure of 2-NBDG. b) Excitation and emission spectra of 2-NBDG. c) 2-NBDG is internalized 

by glucose transporter 1 (GluT1) and subsequently phosphorylated by glycolytic enzyme hexokinase. 
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2-NBDG has been used in numerous studies including diabetes, brain research and to some 

extent in cancer research (175-177). 2-NBDG staining of ex vivo tissue as well as injection into 

live animal has been shown to improve contrast between normal and tumors. The unique design 

of 2-NBDG makes it metabolically active and thus prevent it from getting accumulated once 

inside the target cell. This glucose probe has been shown to have an intracellular transport 

mechanism involving GluTs (Fig. 6.2c) since intracellular uptake of 2-NBDG was inhibited by D-

glucose and not by L-glucose in E. coli. It is also non-radioactive unlike 18FDG which is routinely 

used in the clinic for tumor diagnosis. These features make 2-NBDG a compelling candidate for 

non-invasive tumor targeting. 2-NBDG preferentially accumulates in the neoplastic cells 

compared to normal cells and could provide an optical image based marker for detection of 

neoplastic tissue. 2-NBDG can be used to perform wide-field fluorescence imaging at a higher 

spatial resolution than PET, which is important for detection of epithelial neoplasms. The 

molecular weight of 2-NBDG is 330 Da that makes it suitable for topical delivery in epithelial 

tissue without the need for IV injection. 

 As mentioned earlier metabolic status of a tumor microenvironment is altered from 

normal tissue and highly heterogeneous, which makes metabolic deregulation an important 

cancer hallmark. Since 2-NBDG application helps in identifying areas of higher glucose uptake, 

assessment of 2-NBDG uptake could indicate alterations in metabolic activities in the complex 

microenvironment in precancerous lesions when visual lesion identification is difficult.  This 

study was undertaken to demonstrate topical application of 2-NBDG to improve optical 

contrast between normal and neoplastic tissue by targeting a well-documented cancer 
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hallmark. As in the previous study, inflammation was included to assess potential advantages 

and limitations of WF imaging. 

6.1.1 Goal of the current study:  

The overall goal of this study was to assess the feasibility of optical imaging using a 

fluorescently active glucose sensor to study deregulation of glucose metabolism in neoplastic 

tissue and provide a novel way of optical assessment of a cancer hallmark.  Additionally, the 

wide-field imaging method utilizing 2-NBDG was assessed with the long term vision that it could 

be applied as an alternative to WF-AF with NLOM imaging for a new multiscale approach to 

assessing neoplasia in the epithelium.  In this study, I have evaluated the contrast properties of 

topical delivery of 2-NBDG in the hamster model of oral neoplasia. The specific goals were to 

a) Test in vivo topical application of 2-NBDG and visualize the uptake of 2-NBDG 

by wide-field fluorescence imaging. All known previous studies have 

investigated this contrast agent in ex vivo tissues or by in vivo injection, but 

no topical applications are known to have been published.  Topical 

application would make potential clinical translation of this and similar agents 

more feasible than those requiring immediate systemic delivery. 

b) Compare uptake of 2-NBDG between normal, dysplasia and OSCC tissue and 

test sensitivity and specificity of 2-NBDG based contrast using ROC analysis. 

c) Measure 2-NBDG uptake in benign conditions such as in inflamed tissue using 

the hamster model of inflammation described earlier and test sensitivity and 
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specificity of 2-NBDG fluorescence with or without the presence of 

inflammation as a potential confounding factor. 

 

6.2 Materials and Methods: 

6.2.1 Sample preparation and background imaging: Control and DMBA treated 

hamsters were anesthetized with IP injection of ketamine/Xylazine (60-70 mg/km + 5-10 mg/kg) 

and cheek pouches were prepared for imaging using a protocol described before. A white light 

image of the pouch was taken for reference. For fluorescence imaging of 2-NBDG I have 

modified the excitation source and emission filter in the wide-field fluorescence imaging system 

(Figure 6.3) already described in chapter 3. Briefly, detection of fluorescence was achieved using 

an AF Micro NIKKOR 60mm 1:2.8 lens attached to a Nikon DS Fi1 camera. A high power 470nm 

LED (ThorLabs) was used as excitation source and a 550nm BP (Edmund Optics) filter was used 

as emission filter. A long pass 510nm dichroic (Edmund Optics) filter was used to direct the 

excitation light onto the sample at a right angle to avoid artifacts due to shadows from large 

exophytic tumors. Pre-2-NBDG stain background fluorescence images of each hamster cheek 

pouch were taken with multiple combinations of exposure and gain. These images were used for 

normalization of 2-NBDG fluorescence after staining. 

6.2.2 2-NBDG topical application: 1ml of 1mg/ml 2-NBDG in sterile PBS (pH 7.4) was 

carefully applied on each cheek pouch sample at room temperature in the dark for 30 minutes. 

After 30 minutes of incubation samples were rinsed for 2 minutes with sterile room 

temperature PBS (pH 7.4) and any excess 2-NBDG was wiped off the tissue surface using sterile 
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gauze. Finally the tissue was rinsed again sterile PBS for 1 minute to keep the tissue moist during 

experiment. Animals were then transferred to the wide-field fluorescence imaging system and 

imaged.  

 

Figure 6.3: Wide-field fluorescence imaging setup for 2-NBDG imaging. 

6.2.3 2-NBDG decay: A kinetic study was performed with a small set of DMBA treated 

hamsters (n=3) to optimize image parameters and time of imaging. The first time point after 2-

NBDG application was 5 minutes since it takes about 5 minutes to rinse the tissue and reposition 

under the imaging system. Images at six more time points were taken at 10, 20, 30, 60, 90 and 

120 minutes. All images were taken at the same exposure and gain settings of the camera.  

6.2.4 2-NBDG uptake by epithelial cells: 2-NBDG uptake by epithelial cells by topical 

application was confirmed by topical treatment of 2-NBDG on hamster buccal mucosa for 30 

minutes in the dark followed by layer resolved two-photon microscopy and confocal microscopy. 

Tissue biopsies before and after 2-NBDG topical application were imaged in a two-photon 
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microscope with 800nm excitation and a broad band emission 500-700nm. Images we taken 

from superficial and basal cell layers to identify the depth of penetration of 2-NBDG when 

applied topically.  

Biopsy samples before and after topical application of 2-NBDG were also imaged using a 

confocal microscope to identify spectral characteristic of fluorescence signal. Lambda stacks 

were collected using 488nm excitation and emission spectra from 510nm-670nm with 5nm 

band-width. Laser power was kept unchanged between samples to allow for intensity based 

comparisons. 

6.2.5 Differential 2-NBDG uptake across pathological groups: 2-NBDG was applied 

topically on control (n=6), inflamed (n=4), and DMBA (n=12) treated hamster oral mucosa using 

a protocol described earlier in this chapter and wide-field fluorescence images were taken at 60 

minutes time point. A total of 26 normal, 19 inflammation, 36 OED and 23 OSCC sites were 

imaged. Fold increase in 2-NBDG signal was calculated by comparing background fluorescence 

signal with post 2-NBDG signal for each ROI. After the imaging, biopsies were taken from each 

ROI and processed for histopathology. ROIs for biopsy and image analysis were selected based 

on following criterions: 

a) Physical appearance under white light examination: areas with visible surface 

abnormalities in texture, color and swelling were included 

b) At least 5 mm away from the edge of the tissue or pins used to secure the tissue on 

the sample holder 

c) Away from clearly visible folds in the tissue (due to possible surface accumulation of 

fluorophores in folded tissue) 
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d) Avoiding sites of injuries (such as during sample preparation) and areas covered in 

blood 

e) Away from areas of high reflectance. 

6.2.6 Image Analysis: Three smaller ROIs (r1, r2, and r3) were chosen from each ROI (R1) 

and average intensities for each smaller ROIs were calculated (Ir1,ave; Ir2,ave; Ir3,ave) using imageJ. 

Average intensity of R1 is then expressed as (IR1 = [Ir1,ave + Ir2,ave + Ir3,ave]/3). Average intensities for 

each ROI was calculated from pre and post 2-NBDG images and a fold increase in fluorescence 

(ΔF2-NBDG) is calculated as IR1,Post/IR1,Pre. ΔF2-NBDG is then compared between pathological groups 

and statistical comparison was done by ANOVA and Tukey’s post hoc analysis. Receiver operator 

characteristic (ROC) curves were created for 2-NBDG fluorescence using statistical software SPSS 

and the ROC curves were used to calculate area under the curve (AUC), sensitivity and specificity. 
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Results: 

A pilot study was performed to validate feasibility of topical application of 2-NBDG on 

hamster oral mucosa. Figure 6.4 shows time resoved wide-field imaging of 2-NBDG fluorescence 

after topical application of 2-NBDG for 30 minutes. The pre-2-NBDG background image showed 

very small amount of autofluorescence at the excitation (470 nm) and emission (550 nm BP) 

appropriate for 2-NBDG fluorescence. Imaging was performed 5, 10, 20, 30, 60, 90 and 120 

minutes after the 30 minutes incubation with 2-NBDG (Figure 6.4a). Images showed maximum 

fluorescence at 10 minutes time point and gradually decreased over the time course of two 

hours. After the initial increase in fluorescence which is an indication of rate of glucose uptake 

the gradual decrease in fluorescence over time is indicative of glucose consumption by the 

epithelium under investigation. The decay of 2-NBDG fluorescence was linear for both tumor (R2 

= 0.98) and normal (R2 = 0.99) sites. The slope of the curve from 10 min (maximum 2-NBDG 

fluorescence) to 120 min will indicate the rate of glucose metabolism. In my preliminary kinetic 

studies, tumors showed a slope of -0.79 which is almost twice as fast as normal areas with a 

slope of -0.41. This observation was expected because tumors have a higher rate of glucose 

metabolism than normal epithelium. Average fluorescence in SCC at 60 min post 2-NBDG time 

point was still higher than fluorescence in normal epithelium at 5 min time point. Therefore, 60 

min time point was selected for imaging in later experiments and analysis. 
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Figure 6.4: In vivo uptake of 2-NBDG. a) Time course of 2-NBDG fluorescence with wide-field fluorescence imaging of 

a DMBA treated hamster oral mucosa. b) Average 2-NBDG fluorescence intensisties measured at each imaged time 

point from multiple ROIs showed the decay kinetics of intracellular 2-NBDG. Blue: tumors; Red: normal. 

Biopsies were taken from non-2-NBDG epithelium and 2-NBDG stained epithelium, and 

lambda stacks were imaged to identify spectral characteristics of 2-NBDG fluorescence from 

epithelal cells. Figure 6.5a shows a baseline confocal image from non-2-NBDG epithelium and 

6.5b shows a 2-NBDG stained epithelium imaged with 488 nm excitation and 545-500 nm band 

pass emission. 2-NBDG stained epithelium showed much stronger fluorescence than non-2-

NBDG epithelium at the same emission channel. Spectral profile calculated by measuring 

average intensities from a lambda stack of a non-2-NBDG epithelium showed weak 

autofluorescence peak around 520 nm as expected due to NADH and FAD. However, a strong 

peak at 550 nm was seen in 2-NBDG stained epithelium, which indicates penetration of 2-NBDG 

into the epithelium. 
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Figure 6.5: Confocal images of hamster oral mucosa before (a) and after (b) 2-NBDG topical application. c) Analysis of 

Lambda stacks showed a small autofluorescence peak in native tissue (red) while a large fluorescence peak for 2-

NBDG centered around 550 nm was found in the epithelium topically treated with 2-NBDG. 

Two-photon fluorescence imaging experiments were also performed to assess the depth 

of penetration of 2-NBDG by topical delivery. Two-photon autofluorescence images were taken 

from superficial (Figure 6.6a) and basal epithelium (Figure 6.6b) of intact hamster oral mucosa 

before 2-NBDG topical application. Images taken after 2-NBDG application showed significantly 

brighter epithelial cells in both superficial (Figure 6.6b) and basal (Figure 6.6d) epithelial layers. 

This indicates penetration of 2-NBDG into the basal epithelium with 30 minutes topical 

application of 2-NBDG and therefore makes it a suitable method for targeting altered glucose 

uptake by neoplastic cells to enhance contrast between normal and neoplastic tissue in hamster 

oral mucosa. 
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Figure 6.6: Micrographs from two-photon microscopy before and after topical application of 2-NBDG. Both superficial 

and basal epithelial layers showed increased fluorescence after 2-NBDG staining indicating penetration of 2-NBDG 

into the basal epithelium. 

Figure 6.7a shows an example of a white light image of a normal cheek pouch mucosa 

with no visible abnormality. Figure 6.7b and 6.7c shows wide-field fluorescence images before 

and after 2-NBDG was topically applied on the same cheek pouch mucosa. 2-NBDG application 

increases fluorescence evenly over the entire FOV and does not show any contrast between 

different areas indicating uniform uptake of 2-NBDG and no abnormal metabolic behavior. 

Figure 6.7d shows histology of the ROI outlined in Fig. 6.7c. Normal pathology of the mucosa 

was confirmed by histopathologic examination. 
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Figure 6.7: White light (a) pre-stained (b) and post-stained (c) images of a normal hamster cheek pouch are shown. (d) 

H&E stained cross-section of the ROI (c: red box) normal histopathologic features. 

 

Figure 6.8 shows an example of an SCC where the exophytic tumor is easily visible under white 

light (Fig. 6.8a). While pre-2-NBDG baseline image (Fig. 6.8b) showed almost no fluorescence the 

post 2-NBDG stained image (Fig. 6.8c) showed significantly high fluorescence with a preferential 

accumulation of 2-NBDG within the tumor. Histopathologic assessment of the tumor (Fig. 6.8d) 

showed features of poorly differentiated squamous cell carcinoma such as complete loss of cell 

polarity, nuclear and cellular pleomorphisms etc. 

 

Figure 6.8: White light (a) pre-stained (b) and post-stained (c) images of a tumor are shown. MPAM-SHGM cross-

section is shown in (c) and H&E stained cross-section in (d) confirms the pathology.  

Figures 6.7 and 6.8 showed two extreme cases where the pathology of the tissue could be 

anticipated and the uptake of 2-NBDG correlated with histopathology. Figure 6.9 shows a rather 

complex situation where areas surrounding a tumor are expected to be at a high risk of being 

pre-cancerous but a while light examination showed no visual surface abnormalities (Figure 6.9a: 



136 
 

arrow). While wide-field fluorescence imaging before 2-NBDG application (Figure 6.9b) showed 

little fluorescence as expected, certain areas surrounding the tumor showed unusually high 2-

NBDG fluorescence (Figure 6.9c) which led us to identify the area as an ROI. Corresponding 

histopathology (Figure 6.9d) of the ROI revealed abnormal cytology and microstructure of a 

moderate dysplasia. 

 

Figure 6.9: White light (a) pre-stained (b) and post-stained (c) images of a tumor associated epithelium is shown. The 

region of suspicion is outlined at the top left corner of the tissue in (c). H&E stained cross-section in (d) confirms the 

pathology to be moderate dysplasia. 

Figure 6.10 describes another example where a pre-cancerous lesion was found away 

from regions of gross surface abnormalities. The tissue appeared normal under white light 

(Figure 6.10a) examination whereas the 2-NBDG stained image showed a region of increased 

uptake of 2-NBDG (Figure 6.10c). H&E stained cross-section (Figure 6.10d) showed cytologic 

features indicating moderate dysplasia. This finding is particularly important since abnormal 

uptake of 2-NBDG revealed an area of moderate dysplasia that was rather unsuspicious under a 

conventional white light examination. 
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Figure 6.10: White light (a) pre-stained (b) and post-stained (c) images of a moderate dysplasia are shown. The region 

of high 2-NBDG uptake in (c) is outlined. d) H&E stained section of the ROI.  

2-NBDG fluorescence intensity normalized by baseline fluorescence for each ROI was 

measured for statistical comparison between normal, inflammation, dysplasia and SCC (Fig. 

6.11a). Results showed statistically significant increase in 2-NBDG uptake in dysplasia and SCC 

from normal tissue. Uptake  of 2-NBDG in SCC was also significantly higher than dysplasia. 

However, 2-NBDG fluorescence for inflammation was not significantly different from normal or 

dysplasia. When looked at different graddes of dysplasia separately there was no statistically 

identifiable trend of 2-NBDG uptake between mild, moderate and severe dysplasia (Figure 

6.11b). A frequency histogram for each pathological group (Figure 6.11c) showed the 

distribution of 2-NBDG signal. The distribution for normal tissue was narrow as expected, but for 

dysplasia and SCC it was wide ranging from normal to five or six times higher than normal with 

most samples showing up in the higher end of the distribution. As seen in the distribution 2-

NBDG signal from inflammation (red bars) overlaped with both normal (blue bars) and dysplasia 

(green bars). The effect of this overlap on the performance of 2-NBDG uptake as a measure of 

neoplastic abnormality can be seen in the ROC curves (Figure 6.11d), results from which is 

summarized in Table 6.1.  
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Figure 6.11: a) Normalized 2-NBDG fluorescence intensity as measured from wide-field imaging for normal, 

inflammation, dysplasia and SCC tissue. b) Normalized 2-NBDG fluorescence for mild, moderate and severe dysplasia. 

c) Distribution of 2-NBDG uptake for each sample across pathological groups. d) ROC curves using normalized 2-NBDG 

fluorescence with or without inflammation in the normal group. * p < 0.05, ** p < 0.01, n.s. p > 0.05. 

The inclusion of inflammation as a benign condition with normal data set (green ROC curve) 

reduced the overall performance of wide-field imaging based on 2-NBDG fluorescence 

significantly from the data set when inflammation was not present (red ROC curve). Although 

the area under the curve was still reasonably high (0.86) in presence of inflammation, the 

sensitivity decreased from 0.90 to 0.83 while specificity decreased 0.85 to 0.73.  
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Table 6.1: Summary of ROC statistical analysis of normalized 2-NBDG fluorescence quantified from wide-field imaging.  

 

 

Discussion: 

6.4.1 In vivo topical application of 2-NBDG in identification of oral epithelial neoplasia: 

In this study, topical application of 2-NBDG was tested as a source of contrast to delineate 

normal and inflammation from dysplasia and SCC in the in vivo hamster model for inflammation, 

OED and OSCC. To the best of my knowledge this is the first study that assessed the potential of 

in vivo topical application of a fluorescently active glucose analog to target deregulation of 

glucose metabolism in precancers and cancers. Topical delivery of contrast agents is particularly 

important in epithelial cancers since it provides a potentially rapid and accurate localization of 

the contrast agent to the epithelial tissue and avoids the need for in vivo systemic injection of 

the chemical agent.  Additionally, systemic injection as a method of delivery of contrast agents 

has limitations such as nonspecific accumulation in liver or kidney. This requires injection of high 

concentration of contrast agents to achieve sufficient localization of those agents in the site of 

interest. Experiments performed in this study indicates 1ml of 1mg/ml 2-NBDG, which is five 

times lower than concentrations used in systemic injection based studies (178, 179), when 

applied topically provided sufficient contrast between normal and neoplastic tissue.  
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In these results, it is shown that 2-NDBG applied topically did result in differential 

fluorescence intensity between normal oral mucosa and transformed (neoplastic) mucosa, 

resulting in a high AUC for detection in ROC analysis.  One limitation of the study is that a direct 

comparison was not made between topical application and systemic 2-NBDG applications by 

injection.   There were limitations of systemic injection of 2-NBDG in the hamster model.  Since 

hamsters do not have long tails, tail veins are not accessible for intravenous (I.V.) injection.  

Sublingual injection was a possible route, but in pilot tests resulted in topical contamination of 

the cheek pouch with 2-NBDG.  When 2-NBDG applied topically was shown to penetrate in to 

the basal cells (Fig. 6.6) and displayed decay kinetics that differed between normal and 

neoplasia (Fig. 6.4, as well as unpublished results from the lab), no further attempts at in vivo 

injection studies were made. 

Clinical application of the topical method for 2-NBDG would require further evaluation 

of pharmacokinetic properties of the contrast agent.  Evidence from the literature suggests 

glucose transporter mediated internalization of 2-NBDG in normal and cancerous cells while no 

toxic effect has been shown so far in in vivo studies (180). In studies conducted in E. coli, after 

internalization 2-NBDG was shown to be rapidly phosphorylated and then degraded into non-

fluorescent derivatives (174).   Demonstration of intracellular fate, distribution and excretion in 

animal models would help in optimization of 2-NBDG topical application methods.  Further, 

there will be a need to evaluate and decrease time of topical application such that use is 

practical in a clinical setting.  

6.4.2 Decay of 2-NBDG fluorescence over time after in vivo uptake in oral mucosa: A 

pilot study on decay of 2-NBDG fluorescence in vivo showed a dynamic nature of the signal. The 
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uptake kinetics of 2-NBDG was not determined because topical application of 2-NBDG meant 

the fluorophore was present on the tissue surface and in image fields during the time this 

kinetics would be studied. Interestingly fluorescence reached maxima at 10 min after the end of 

30 min incubation in 2-NBDG (Figure 6.4b). After the 10 min time point 2-NBDG fluorescence 

decayed with time for both normal and SCC - significant observations being that while overall 

the neoplastic sites had higher 2-NBDG fluorescence (greater uptake) at any one timepoint, the 

decay kinetics differed, such that decay (interpreted as utilization) occurred faster for neoplastic 

sites than normal. At 5 min post 2-NBDG time point average fluorescence signal from SCC sites 

were higher than normal sites and stayed higher in SCC at the end of the experiment (120 min 

time point) although the rate of fluorescence decay was higher in SCC than normal tissue. The 

slope of fluorescence decay curves for SCC was almost two times higher than normal tissue. This 

was expected since cancerous tissue has higher glucose metabolic rate than normal epithelium 

and therefore metabolizes 2-NBDG to non-fluorescent products faster. It is noted that ongoing 

studies by a colleague (P. Villarreal) in the lab are expanding these decay kinetic studies, with 

early results indicating a consistency with this observation in decay responses. 

6.4.3 Uptake of 2-NBDG by epithelial cells and penetration into basal cell layer: An 

additional effort was undertaken to show penetrance of 2-NBDG into the epithelium following 

topical application.  Confocal and two-photon fluorescence microscopy experiments were 

performed to identify the source and location of fluorescence signal after topical application of 

2-NBDG (Figure 6.5 and 6.6). This was important since 2-NBDG was expected to accumulate on 

the surface of the tissue due to heterogeneous surface topography of human oral cavity which 

could lead to nonspecific accumulation of 2-NBDG.  In hamster oral mucosa, after several careful 
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saline washes to remove excess 2-NBDG from the surface, 2-NBDG fluorescence from superficial 

and basal epithelium was confirmed using confocal and two-photon excitation microscopy of 

the intact tissue.  This differed from tissues lacking topical application and which showed no 

background fluorescence beyond very weak autofluorescence.  If 2-NBDG was accumulating 

only on the surface, one would not localize the signal to basal cells in the intact tissue.  

Experiments performed here demonstrate in vivo topical application of 2-NBDG in an animal 

model. 

It is noted that changes in tissue composition and architecture such as epithelial 

thickening, hyper-keratinization may influence the penetration depth of 2-NBDG by topical 

application especially in human oral mucosa. Due to relatively small molecular weight of 2-

NBDG and recent developments in mucoadhesive formulations (181) penetration of 2-NBDG in 

thick tissue it is expected that such potential limitations could be overcome. Many steps are 

required for potential optimization, including time of application needed and studies will still 

need to be done to identify the optimum dose and diffusion rate of 2-NBDG in humans.  

Nonetheless, the current study provides an indication that topical 2-NBDG could potentially 

work to delineate highly metabolic sites from normal.   

6.4.4. 2-NBDG uptake across all groups: In this study, 2-NBDG fluorescence for each ROI 

was calculated as a fold increase from the baseline fluorescence of the same ROI. This 

normalization of fluorescence intensity was necessary to account for variations in baseline 

fluorescence from different animals and different sites within each animal. 2-NBDG uptake as 

indicated by fold increase in fluorescence intensity was seen to increase from normal to 

inflammation, dysplasia and SCC with SCC showing maximum uptake of 2-NBDG (Figure 6.11a). 
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In the animal model used for these studies SCCs are usually exophilic in nature and are easily 

identified under conventional white light examination.  In humans this is the not the case with 

SCCs usually presenting under surfaces that appear relatively flat – thus while 2-NBDG may not 

be needed to visualize tumors of the hamster mucosa the increased contrast found in SCC would 

highly benefit the human cancer scenario that involves flat lesions.   Unlike the exophilic tumors 

in the hamster model, lesions with different grades of dysplasia and inflammation on the other 

hand do not always show visible surface abnormalities in this model.  It was in these cases that 

the increase in image contrast afforded by 2-NBDG was most evidently an advantage over white 

light inspection.  Quantitatively, 2-NBDG intensity increased with all stages of neoplasia (OED 

and SCC), but was also seen to increase in inflammation relative to normal, although not as 

much as neoplasia.  Careful investigation of 2-NBDG stained oral mucosa revealed several 

instances of high 2-NBDG uptake in tissue which appeared visually normal. One striking example 

is shown in Figure 6.10, in which a visually normal region showed significant uptake of 2-NBDG 

relative to the surrounding tissue and was found by histology to in fact be neoplastic (OED). This 

was a significant finding as 2-NBDG showed potential to identify metabolic abnormalities 

associated with abnormal pathology even when clinical diagnosis was difficult.  One way that 

application of the 2-NBDG may prove to be important is by its ability to identify false negatives.  

6.4.5 Performance of 2-NBDG based wide-field imaging in absence and presence of 

benign conditions: ROC curves calculated for 2-NBDG fluorescence in absence and presence of 

inflammation in the normal group indicated its effect on sensitivity and specificity.  This is 

relevant as inflammation can pose complications in clinical diagnosis of dysplasia and is often a 

confounding factor in conventional oral examination due to similarities in optical properties that 
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are shared between conditions. Inflammation along with other benign lesions are known to alter 

metabolic activity in epithelial tissue which was expected to affect 2-NBDG uptake. Results 

suggest loss of sensitivity and specificity (AUC reduced from 0.97 to 0.86) when inflammation 

was mixed in the data set since 2-NBDG fluorescence uptake in inflammation overlapped with 

both normal and dysplasia, although not statistically significant (Figure 6.11a and 6.11c). The 

loss of sensitivity and specificity was not as pronounced as in the case of wide-field 

autofluorescence imaging shown in Chapter 5. 

In the studies presented here 2-NBDG has been used as an optical contrast agent to 

monitor metabolic status (hallmark of cancer) of tissues using wide-field fluorescence imaging. 

This imaging modality provides indication of alteration in glycolytic activity in native tissue at a 

large surface area, usually in the order of several centimeters. This is essential while looking for 

abnormalities in oral and oropharyngeal tissue. Although wide-field fluorescence imaging of 2-

NBDG provides an excellent platform for screening based on metabolic behavior, this approach 

lacks spatial and depth resolution to enable assessment of subsurface microstructural and 

cytologic alterations akin to clinical pathology or other markers that are needed to identify 

neoplasia with both high Sensitivity and Specificity. In the chapters 2, 3 and 4 methods based on 

nonlinear optical microscopy and spectroscopy were established and tested for identification of 

microstructural and cytologic features of neoplasia.   Recognizing the limitation of restricted 

field-of-view provided by microscopy (on the order of hundreds of micrometers and limited to 

millimeters even with mosaic stitching), widefield imaging was explored to identify and narrow 

down the regions to which subsurface assessment could be performed with NLOM.   In this 

chapter, I present a potential widefield approach that provides topical contrast as an alternative 
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to inherent WF imaging based on endogenous autofluorescence.  Advantages over WF-AF 

include the use of a molecular contrast agent that can be applied topically and is associated with 

the cancer hallmark of dysregulated metabolism (e.g. Warburg effect).  Further, taking 

inflammation into account, Sensitivity (0.83 in both cases) was comparable with improved 

Specificity (0.73 vs. 0.61) over WF-AF.    A limitation is the need for a contrast agent which could 

delay adoption by clinicians/FDA approval.   Further, studies in human tissues will need to be 

conducted to assess if these advantages in Specificity and Sensitivity hold beyond the animal 

model. 

In conclusion, uptake of 2-NBDG in oral epithelial tissue by topical application is a simple 

method to monitor neoplasia. Methods described here also provide insights into one of the life’s 

fundamental processes: glucose metabolism. Studies presented here open several new avenues 

for exploring metabolic abnormalities under different physiologic and pathologic conditions. I 

have established the feasibility of topical application of 2-NBDG in identifying metabolically 

active regions in a large tissue, which is expected to provide necessary platform for preclinical 

studies using live animals. In vivo monitoring of glucose consumption by optical imaging will be 

of great advantage in image based diagnosis of cancers, precancers and other metabolic 

disorders.  With regard to the goals of this thesis, the method presented here warrant further 

study to determine if it could be used as a first-pass approach to ‘highlight’ areas of suspicion for 

complementary NLOM to determine if such areas are neoplastic and should be biopsied. 
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Chapter 7 

Multimodal noninvasive imaging for multiscale detection 

of oral epithelial neoplasia using wide-field fluorescence 

imaging and nonlinear optical microscopy  

 

7.1 Introduction: 

In this dissertation so far two types of imaging have been tested for their potential in 

delineating oral neoplasia from normal and benign epithelial tissue. Multiple cytologic, 

architectural and spectroscopic features were identified (chapters 2, 3 and 4) by NLOM based 

image assessment methods. These NLOM features were largely associated with neoplasia in vivo 

and could indicate standard hallmarks of cancer, with results indicating high sensitivity and 

specificity for detection of neoplasia, using standard pathology as the gold standard. However, 

as noted before NLOM is limited by the imaging field of view and would require additional wide-

field imaging to guide us to areas of suspicion with high sensitivity for depth resolved 

microstructural imaging.  On the other hand, widefield approaches having high sensitivity but 

lacking specificity offer the potential to screen large areas but without the ability to detect 

specific metrics of neoplasia based on subsurface cellular and molecular features.  As a potential 

solution to better identify and delineate areas of neoplasia and to better guide biopsy sites, a 
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multimodal imaging approach combining in vivo wide-field fluorescence imaging and NLOM was 

tested in this chapter to combine strengths of both modalities.  

The need for evaluating in vivo indications of neoplasia to identify potentially malignant 

lesions has led to the development of several noninvasive techniques with a focus on 

multimodal imaging. Two or more imaging modalities that could be used simultaneously or 

sequentially with capability to provide complimentary information are typically employed in a 

multimodal imaging approach.  Efforts in optical imaging techniques to develop multimodal in 

vivo imaging systems include fluorescence life time microscopy (FLIM) and confocal reflectance 

microscopy (182), optical coherence tomography (OCT) and fluorescence imaging (183), FLIM 

and OCT (184) etc. These modalities provide biochemical as well as microstructural information 

about neoplastic abnormalities in live tissue that are otherwise not observed in single modality 

imaging.  All are recent efforts and still under investigation.  It is likely that an approach that 

offers a sense of molecular changes (fluorescence by FLIM for example) paired with a high-

resolution method that also has the depth of imaging needed to image human tissue may 

present viable approaches (OCT has the desired imaging depth but lacks subcellular resolution 

while CRM has the resolution but may lack the depth).  The choice of WF imaging with NLOM in 

the current work was guided by the high performance of NLOM as shown in early chapters 

(subcellular resolution to large depths with contrast based on endogenous molecules that 

change with neoplasia and features that mimic those seen in pathology all together resulting in 

high sensitivity and specificity)  with the fact that WF imaging is already a clinically viable 

approach in which clinical instruments based on endogenous fluorescence already exist 

commercially. 
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The current study was performed to test efficacy of a multimodal imaging approach by 

using clinically viable wide-field fluorescence imaging and subsurface high-resolution NLOM to 

overcome the inherent limitations of both imaging modalities. Two wide-field fluorescence 

imaging techniques 1) wide-field autofluorescence (WF-AF) and 2) wide-field exogenous 

contrast based fluorescence (WFF) with a glucose sensor were tested for potential combination 

with NLOM. The WFF method was specifically targeted towards higher metabolic rate in 

neoplasia while WF-AF investigated changes in inherent fluorescence. Both of these methods 

indicate deregulation of metabolic processes in neoplasia and provides a quick screening of 

large surface area which is important especially in oral mucosa due to the presence of large 

heterogeneous lesions. However, both methods are associated with one common limitation, 

which is low resolution and inability to assess subsurface cytologic and microstructural 

abnormalities. To achieve detection of neoplasia with accuracy comparable to histopathology, 

one would require high-resolution deep tissue microscopy in addition to wide-field imaging. 

Therefore, in the overall multimodal approach the lack of resolution and imaging depth of wide-

field imaging was compensated by NLOM while the inherent low field of view provided by NLOM 

was compensated by large area preliminary screening with wide-field imaging. 

7.1.1 Goal of the current study: 

The overall goal of this proof-of-principle study was to assess the potential 

performances of multiscale imaging combining wide-field fluorescence imaging techniques 

described in chapters 5 and 6 with subsurface high-resolution NLOM described in chapters 2, 3 

and 4. Large area screening achieved by wide-field fluorescence (endogenous or exogenous 

contrast) imaging was complimented by layer-resolved NLOM that provided subsurface 
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microstructural information at subcellular resolution for assessment of cytologic and 

architectural abnormalities consistent with neoplasia.  Instrumentation that combined these 

modalities was not constructed at this point as the goal of this work was to test the concept of 

multiscale imaging for further development.  The specific goals of this chapter are as follows: 

1) Test performance of univariate and multivariate models of WF-AF imaging 

combined with NLOM based features of neoplasia for effective delineation of 

normal and neoplastic tissue. 

2) Examine the potential of univariate and multivariate models of WF-2NBDG imaging 

for glucose uptake combined with NLOM based features of neoplasia for effective 

delineation of normal and neoplastic tissue. 

3) Test the effect of inflammation on performances of each statistical model to assess 

effectiveness of the multimodal approach with large area screening and 

microstructural assessment of neoplasia. 

It is noted that for the assessments contained in this chapter, parameters derived from 

both WF and NLOM methods were obtained together and were analyzed, under the assumption 

that if a combined instrument were developed, automated algorithms could be developed to 

quickly analyze metrics obtained by both methods.    This may differ from an approach in which 

only those areas visually highlighted by WF imaging would be evaluated by NLOM.  The first 

scenario was chosen, to fully explore advantages and disadvantages of the combined techniques 

and possibly follow a more realistic first application of a multimodal approach in which a 

clinician chooses to test highlighted and un-highlighted areas that appear abnormal visually by 
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COE.  Further studies will be required to explore a second scenario in which NLOM is guided 

solely by WF imaging.   

7.2 Materials and Methods: 

7.2.1 Animal model: The previously described hamster models of oral precancer/cancer 

and inflammation were used for this study. Control (n = 7), inflammation (n = 4) and DMBA 

treated (n = 10) hamsters were anesthetized and prepared for in vivo imaging as described in 

previous chapters.  

7.2.2 In vivo multiscale wide-field and NLOM imaging: WF-AF imaging was performed 

first using the method described in Chapter 5, followed by imaging of 2-NBDG uptake as 

described in Chapter 6 in the same animals. Sites selected by WF imaging were imaged by in vivo 

NLOM with MPAM and SHGM following established imaging protocols described in previous 

chapters (Chapters 2 and 3). For selection, all sites positive for any one wide-field imaging 

modality or both modalities were selected for microscopy. Sites that appeared abnormal by COE 

but not by WF imaging were also included in the study.  Additional sites that showed no visual 

abnormality were selected to test false negative rates. 

7.2.3 Statistical analysis with generalized linear model: Two wide-field image based 

parameters R/G intensity ratio and 2-NBDG fluorescence were individually combined with ECTI 

contour, basal nuclear density, basal nuclear area and basal nuclear CoVa using a generalized 

linear model in the statistical software R. Generalized linear model (GLM) is a variation of linear 

regression that accounts for response variables that do not show a normal distribution (185).  

This is achieved by using an additional argument “family” to describe the error distribution and 
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the link function in a regular linear regression model.  GLM could be used when the responses 

variable is categorical having two possible outcomes (in this case normal or neoplastic). When 

the binary outcome variable is indicated by Yi and modeled with a binomial family distribution 

the probability of either outcome is P(Yi=1) = πi. In a GLM this probability is modeled as a 

function of multiple variables. A GLM for two variables x and y is described by the following 

equation where Є, α and β are coefficients of the model. 

logit (πi) = Є + α*x + β*y 

For this study GLM with two variables including one wide-field image based (R/G ratio or 

2-NBDG fluorescence) and one NLOM based (ECTI contour, basal nuclear density, basal nuclear 

area or basal nuclear CoVa) were created and coefficients for each variable were calculated 

from each model.  P-values were also calculated to test significance of the GLM. Multivariate 

models using forward selection method were also created using R/G intensity ratio and cytologic 

features with addition of one cytologic parameter in each cycle until the largest separation 

between neoplastic and non-neoplastic tissue is found.  
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7.3 Results: 

Figure 7.1 describes a potential work flow for combination of WF-AF imaging and NLOM. 

White light image of a DMBA treated hamster cheek pouch mucosa is shown in Fig. 7.1a. An 

advanced tumor is indicated by “*” and surrounding areas showed alteration in color with 

visible white patches. WF-AF imaging (Fig. 7.1b) revealed increased red autofluorescence in the 

tumor indicated in Fig. 7.1a. Certain areas in the tumor however were dark due to light 

absorption from bleeding during sample preparation. Apart from the tumor there were small 

lesions that also showed alteration in autofluorescence and one such area is shown by a square 

outline in Fig. 7.1b. After selection of multiple such areas in vivo NLOM was performed in 

selected potentially neoplastic sites. Micrographs in Fig. 7.1c from NLOM showed cytologic 

abnormalities that were consistent with histopathology (Fig. 7.1d). After assessment of NLOM 

images keratinizing and extracellular collagen layers did not show any significant alterations 

while the epithelial layer showed cytologic atypia consistent with epithelial neoplasms. 

Corresponding histopathology corroborated with findings from NLOM indicated presence of 

moderate dysplasia. 
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Figure 7.1:  Multimodal imaging approach with sequential WF-AF imaging and in vivo NLOM is shown; a) white light 

image of a DMBA treated hamster oral mucosa; b) WF-AF image of the same mucosa; c) NLOM of the region of 

interest shown by red colored box in b). Single x-y micrographs from the keratinizing layer, epithelium and stroma is 

shown in three panels. d) H&E stained section of the imaged site. “*” in a) shows an advanced tumor and “*” in c) and 

d) indicates a cluster of neoplastic cells. It should be noted that similar cytologic features were observed in NLOM and 

histopathology. 

 7.3.1 Potential for multivariate statistical assessment of WF-AF and NLOM based 

features of neoplasia: Results from generalized linear models with multiscale imaging of WF-AF 

and NLOM are shown in Fig. 7.2. Four NLOM cytologic parameters (ECTI contour, basal nuclear 

density, basal nuclear area or basal nuclear CoVa) were tested for combination with WF-AF 

based parameter normalized R/G intensity ratio. ECTI contour and basal nuclear CoVa showed 

significant discrimination (p-value < 0.01) between control and oral epithelial dysplasia (OED) in 

presence of inflammation. P-values for combination of basal nuclear density and basal nuclear 
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area with normalized R/G intensity ratio were 0.18 and 0.20 respectively which led to the 

exclusion of these two cytologic features from further statistical analyses and multivariate 

modeling. Fig. 7.2a and 7.2b shows GLM generated for WF-AF combined with basal nuclear 

CoVa in absence and presence of inflammation. It can be seen in Fig. 7.2b that after inclusion of 

the benign condition the coefficients of the model (represented by change in location of the 

dotted line) has changed. Out of 59 sites analyzed one site was miss-classified irrespective of 

presence of benign condition. Pathologically this site was a mild dysplasia which are typical 

associated with low risk for transformation into malignancy. The models for normalized R/G 

intensity ratio and basal nuclear CoVa in absence and presence of inflammation are described by 

the following equations: 

logit (πi) = -16.43 + 1.08*RG + 48.74*CoVa ……………………. (Without inflammation) 

logit (πi) = -17.98 + 0.68*RG + 55.25*CoVa ……………………. (With inflammation) 

 

Figure 7.2: Generalize linear model by combining normalized R/G intensity ratio with basal nuclear CoVa in absence 

(a) and presence of inflammation (b).  The dotted line in each panel shows a representation of the GLM. 
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Sensitivity and specificity of these models indiscriminating OED from normal tissue was 

measured from ROC curves shown in Fig. 7.3. GLMs for combined R/G intensity ratio and basal 

nuclear CoVa showed an AUC of 0.98 irrespective of inclusion or exclusion of inflammation. 

Sensitivity and specificity values (94% and 97% respectively) were also same for both cases. AUC 

of the GLM in presence of inflammation is significantly higher than the AUC for R/G intensity 

ratio (“AUC=0.74” as shown in chapter 5) as a stand alone paramter. 

 

Figure 7.3: ROC curves for the generalized linear models of combined R/G intensity ratio and basal nuclear CoVa are 

shown in absence and presence of inflammation. 

Fig. 7.4a and 7.4b shows GLM results when WF-AF was combined with the other NLOM 

parameter with significant p-value, ECTI contour. Results showed miss-classification of sites in 

both models in absence (Fig. 7.4a) and presence (Fig. 7.4b) of the benign condition. In this 

model 6 sites out of 59 were miss-classified when inflammation was present as compared to 

only one miss-classified site in the model with basal nuclear CoVa (Fig. 7.2b). Comparing Fig. 

7.2b and 7.4b classification of normal and neoplastic sites was better when R/G intensity ratio 
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was combined with basal nuclear CoVa (Fig. 7.2) than when it was combined with ECTI contour 

(Fig. 7.4). The models for normalized R/G intensity ratio and ECTI contour in absence and 

presence of inflammation are described by the following equations: 

logit (πi) = -13.93 + 2.84*RG + 3.81*ECTI contour ……………………. (Without inflammation) 

logit (πi) = -6.63 + 0.58*RG + 1.71*ECTI contour ……………………. (With inflammation) 

 

Figure 7.4: a) and b) shows generalized linear models when normalized R/G intensity ratios were combined with ECTI 

contour in absence and presence of inflammation respectively. The dotted line in each panel shows a representation 

of the GLM. 

 GLMs for R/G intensity ratio and ECTI contour parameters showed high sensitivity (94%) 

and specificity (97%)  with an AUC of 0.99 when only control sites were compared with OED as 

shown by the ROC curves in Fig. 7.5. However, in presence of inflammation the overall 

performance was reduced (AUC = 0.95) with sensitivity and specificity values of 81% and 86% 

respectively. Performances of these GLMs in absence of inflammation were comparable 

between basal nuclear CoVa and ECTI contour. Inclusion of inflammation however resulted in 

reduction of performance of GLM with ECTI contour while the performance of GLM was 
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unaffected by presence of inflammation when basal nuclear CoVa was combined with R/G 

intensity ratio (Fig. 7.3). 

 

Figure 7.5: ROC curves for the generalized linear models of combined R/G intensity ratio and ECTI contour are shown 

in absence and presence of inflammation. 

7.3.2 Three parameter multivariate model: A multivariate model using forward 

selection method for WF-AF and NLOM based parameters were also tested to develop more 

robust algorithms and the results are shown in Table 7.1. A statistical model with normalized 

R/G intensity ratio, ECTI contour and basal nuclear CoVa was found significant (p-value < 0.05) in 

presence of benign condition. To test statistical performance of the multivariate model with 

three image parameters ROC analysis was performed which is shown in Fig. 7.6. 
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Table 1: Statistical models for multivariate linear regression of normalized R/G intensity ratio in combination with 

NLOM based cytologic parameters. Corresponding intercept, estimate and p-values shown. 

 

 In absence and presence of inflammation in the study population the multivariate 

model showed an AUC of 0.99. While sensitivity stayed unchanged at 94%, specificity of this 

model improved from 94% to 97% in presence of inflammation. Comparing ROCs and statistical 

performances it is clear that a model with three parameters including one wide-field imaging 

and two NLOM based parameters was more successful than single paramters from individual 

imaging modalities in discriminating OED from normal tissue in presence of inflammation. 
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Figure 7.6: ROC curves for the multivariate model of combined R/G intensity ratio, basal nuclear CoVa and ECTI 

contour are shown in absence and presence of inflammation. 

7.3.3 Potential for combining a glucose analog (2-NBDG) based WF fluorescence 

imaging with NLOM based features of neoplasia (Pilot study): Figure 7.7 describes a unique 

feature of WF imaging by 2-NBDG  topical application. Wide-field images show cropped hamster 

buccal mucosa where no surface abnormality was visible in white light examination (Fig. 7.7a) 

and in WF-AF imaging (Fig. 7.7b). Interestingly after 2-NBDG application a small site was visible 

with higher accumulation of the glucose analog than the surrounding tissue. Follow up NLOM 

and histopathology showed cytologic features of mild dysplasia. Only histological section is 

shown in Fig. 7.7d for simplicity. 
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Figure 7.7: White light image (a), WF-AF image (b) and post 2-NBDG image (c) of a hamster cheek pouch are shown. A 

region of interest in c) is shown by the box around it; d) corresponding histology of the region of interest shown in c). 

 In a preliminary effort to test combinations of 2-NBDG based WF imaging and NLOM 

features  scatter plots for normalized 2-NBDG fluorescence and basal nuclear CoVa were created 

in absence (Fig. 7.8a) and presence (Fig. 7.8b) of inflammation. Plots showed larger distribution 

of OED and inflammation while control sites were clustered together showing low 2-NBDG 

fluroescence emission and CoVa in basal nuclear size. A GLM efficiently separated OED from 

control  irrespective of the presence of inflammation in the population as shown by the dotted 

line in Fg. 7.8a and 7.8b. 

 

Figure 7.8: a) and b) shows generalized linear models when normalized 2-NBDG fluorescence was combined with 

basal nuclear CoVa in absence and presence of inflammation respectively. Dotted line in both panels shows a 

representation of the GLM. 
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 Similar to WF-AF imaging a GLM for normalized 2-NBDG fluorescence was also tested 

with ECTI contour and the results are shown in Fig. 7.9. A GLM seemed to have separated OED 

and control tissue in absence of inflammation (Fig. 7.9a) however inclusion of inflammation 

altered the coefficients of the model in a way such that it allowed miss-grouped OEDs and 

inflammations as indicated by green points toward the right and orange points towards the left 

of the GLM (dotted line) in Fig. 7.9b. Additionally, when the models shown in Fig. 7.8b and 7.9b 

in presence of inflammation were compared 2-NBDG fluorescence uptake seemed to be more 

efficient in separating OED from control and inflammation in combination with basal nuclear 

CoVa than with ECTI contour. 

 

Figure 7.9: a) and b) shows generalized linear models when normalized 2-NBDG ratio was combined with ECTI contour 

in absence and presence of inflammation respectively. Dotted line in both panels shows a representation of the GLM.  
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7.4 Discussion: 

 The overall goal of this dissertation was explored in this chapter by testing combinations 

of WF fluorescence imaging with NLOM based features of neoplasia. Generalized linear models 

and multivariate linear models created by using one WF image based feature and one or more 

NLOM based features showed potential for discriminating neoplastic from non-neoplastic tissue 

in a heterogeneous sample population where inflammation was also present. Results presented 

in this chapter show the feasibility of a multiscale optical imaging approach for in vivo detection 

of oral epithelial neoplasia using quantitative features obtained from each modality.  

 Rigorous assessment of quantitative features of neoplasia obtained from NLOM have 

showed (Chapters 2, 3 and 4) high sensitivity and specificity. Limited field-of-view provided by 

NLOM would require for a prescreening of an oral cavity by a high sensitivity WF imaging 

modality. Since one probable approach for multimodal imaging would be where sites for NLOM 

will be detected based on alterations in WF fluorescence intensities, a WF imaging modality with 

high sensitivity was desired for effecting pairing with NLOM. For both WF fluorescence imaging 

approaches tested sensitivity was 83% (chapters 5 and 6) in presence of benign conditions, 

which made them suitable candidates for large area prescreening. An overall approach shown in 

Fig. 7.1 describes a potential workflow for combination of two imaging modalities. Areas of 

suspicion selected from white light examination and WF-AF imaging are subjected to in vivo 

NLOM and qualitative assessments showed cytologic features of neoplasia that correlated 

between NLOM and histopathology.  In another approach metrics from both imaging modalities 

could be combined and evaluated simultaneously using automated algorithms to assess metrics 

from WF imaging and NLOM.  This approach would require much larger sampling by NLOM but 
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could potentially show higher sensitivity  and specificity than a sequential approach where 

NLOM is guided solely by WF imaging. 

In an approach in which NLOM is guided by WF-AF imaging, performance of detection 

will inherently rely on fluorescence alterations observed in WF-AF imaging, and the approach 

relies on having high sensitivity. Improved specificity of this approach will however be reliant on 

efficacy of NLOM in detecting neoplastic features that are consistent with histopathology or 

hallmarks of cancer. Scatter plots shown in Fig. 7.2 and 7.4 shows a broad distribution of OED 

when WF-AF image parameter was combined with basal nuclear CoVa or ECTI contour 

respectively. This was expected because of the inherent heterogeneity of neoplasia. Additionally, 

the OED group consisted of dysplasia from all three stages (mild, moderate and severe), which 

possibly increased intra-group variability. As observed in Fig. 7.2, one dysplasia site was grouped 

with non-neoplastic group which was later found to be a case of mild dysplasia. Therefore, in 

the GLM of WF-AF and basal nuclear CoVa all high risk precancers were correctly identified 

which was reflected in an AUC of 0.98 in presence of inflammation.  Similarly, combination of 

WF-AF with ECTI contour also showed a high AUC (0.95) however sensitivity (81%) and 

specificity (86%) values in presence of inflammation were slightly lower than the last GLM. 

 A multivariate model with forward selection of variables showed effective 

discrimination with AUC of 0.99 between neoplastic from non-neoplastic tissue in a 

heterogeneous sample population. This multivariate model was created with a combination of 

R/G intensity ratio, basal nuclear CoVa and ECTI contour. ROC analyses showed improved AUC of 

the model than individual R/G intensity ratio (AUC = 0.74) and ECTI contour (AUC = 0.91). 

Although basal nuclear CoVa alone (AUC = 0.99) performed as good as the multivariate model, 



164 
 

without a prescreening technique to guide NLOM detection of suspicious areas would be 

challenging.  

 A pilot study to test combination of WF 2-NBDG fluorescence imaging with NLOM was 

also performed that showed similar trends to WF-AF imaging. In depth statistical analyses 

however was not performed due to limited number of samples. GLMs for 2-NBDG fluorescence 

were created in combination with basal nuclear CoVa (Fig. 7.8) or ECTI contour (Fig. 7.9) and in 

both cases the model showed complete separation of neoplasia from non-neoplastic tissue 

when inflammation was not included (Fig. 7.8a and 7.9a). With inclusion of inflammation, the 

model for basal nuclear CoVa did not change at all (Fig. 7.8b), but it was greatly affected in the 

case of ECTI contour (Fig. 7.9b) to account for a broad distribution of inflamed sites. Although a 

complete statistical assessment of WF 2-NBDG fluorescence imaging in combination with NLOM 

was not performed Fig. 7.7 shows the potential strength of this technique as a prescreening tool. 

A dysplasia site was detected after 2-NBDG topical application from an area in the oral mucosa 

where white light examination and WF-AF did not reveal any observable feature to indicate 

presence of neoplasia. Further studies will be required to assess the full potential of 2-NBDG 

topical application in identifying these tissue sites that remain undetected by other prescreening 

methods. 

 In this proof-of-principle study sites chosen for NLOM were not entirely guided by WF 

imaging.  WF positive and negative sites were included in the study to test the true sensitivity 

and specificity of this approach.  In an approach where NLOM is entirely guided by fluorescence 

alterations from WF imaging, sensitivity of the approach would be limited by WF imaging and 

identification of false negatives could be reliant on COE.  However, with the development of fast 
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laser scanning systems and new algorithms for real time mosaicking large are NLOM is becoming 

practical (186).  A future application of this approach would be to develop multiscale imaging 

systems with automated algorithms for on spot assessment of quantitative metrics obtained 

from both methods.  Studies shown in this dissertation indicated a viable approach for 

multiscale imaging with clinical instruments for WF autofluorescence imaging already 

commercially available. 

 In conclusion, results presented in this chapter shows the feasibility of a multiscale 

imaging approach for combined large area assessment and subsurface microscopic evaluation of 

neoplastic oral mucosa.  Some of the major clinical challenges such as inability to detect in vivo 

cytologic and microsctructural alterations, lack of contrast for low grade dysplasia, frequent 

identification of benign conditions as neoplasia could be avoided with this approach which is 

expected to lead to improvements in clinical management of oral cancer patients. Additionally, 

this approach could also be useful in long term monitoring of oral mucosal tissue in high risk 

population (patients with a history or tobacco or alcohol use or past history of oral cancer). 

Findings presented here will direct future research to develop novel diagnostic approaches for 

high risk oral precancers and cancers with high confidence in a heterogeneous 

microenvironment. 
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Chapter 8 

Summary, Future directions and Conclusions 

8.1 Summary: 

In summary, this work has explored new approaches for identifying image-based 

markers of epithelial neoplasia based on the deep in vivo microscopy method of NLOM and 

explored a strategy by which large area fluorescence could help highlight potentially suspicious 

sites for applying NLOM microscopy. This novel multiscale and multimodal approach provides a 

manner for large area screening with WF fluorescence imaging and subsurface microstructural 

assessment of select regions with noninvasive NLOM.  Identification of image-based markers of 

neoplasia was driven by quantitative assessment of parameters with much focus placed on 

metrics associated with known pathological and biological hallmarks of neoplasia.  After careful 

assessment of quantitative features of neoplasia using both imaging modalities image based 

parameters were identified and tested for potential combination into a single workflow with 

multivariate algorithms for robust and objective tissue classification. The work presented in this 

dissertation provides a strategy for multiscale fluorescence imaging that could be developed 

into a multimodal imaging device in the future.  With the need for methods that can better 

guide where biopsies should be obtained in patients suspected of neoplasia, such as tool could 

lead to better clinical management.  While this could include patients being screened in the 

clinic eventually, patients who could benefit most are those in which development of a tumor is 

high – in head and neck patients, recurrence occurs in more than 50% of patients within two 
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years of a successful treatment for a primary tumor (187, 188).   There is no way to know when 

or where a secondary occurrence may occur, only that the chances are high.  A tool that can be 

used to screen this population of patients could make a significant impact.  Additionally, 

assessment of tumor/neoplastic tissue margin is clinically important during surgical resection. 

This aspect of clinical management of oral cancer was not explored in this research and needs to 

be considered in future efforts. The work of this thesis has established a potential route by 

which such a tool could be developed though more research will be required. 

Methods of NLOM such as MPAM and SHGM were explored in chapters 2, 3 and 4 for a 

systematic quantitative multi-layer evaluation of early processes of neoplastic development in 

the oral mucosa. Mild, moderate and severe dysplasia sites were imaged with MPAM and SHGM 

in vivo in the animal model and several cytologic, extracellular and spectroscopic features were 

assessed with demonstration of novel ECTI features. Some of these features such as basal 

nuclear CoVa, ECTI contour and collagen density showed high sensitivity (87-95%) and specificity 

(88-98%) of discrimination between neoplastic and non-neoplastic tissue in a complex 

environment with presence of inflammation. These NLOM based features were demonstrated 

to be suitable for detection of neoplasia as standalone features as well as in combinations as 

shown in multivariate analyses (Fig. 2.8 and 3.9).  Rigorous statistical tests for evaluation of 

sensitivity and specificity of MPAM spectroscopy based features were not performed due to 

limited number of samples.  Since spectroscopy based features indicate intracellular balance of 

NADH and FAD, assessment of redox status in a tumor microenvironment may be correlated to 

its overall metabolic state which is shown by differential accumulation of the WF contrast agent 

2-NBDG.   
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There is strong indication from the literature that NLOM can be made compact and 

portable such that realization of an intraoral NLOM device could be developed.   A commercial 

NLOM for clinical imaging in skin is already available (189, 190) though that configuration based 

on an articulated arm is too bulky for the oral cavity.  More compact fiber-based systems are 

also being developed in a number of labs (191-193).   Finally, new lasers are becoming available 

for deeper imaging to >1mm (194-196).  Nonetheless, despite the promise of developing a 

compact portable device, a challenge that will need to be overcome is the limited fields of view 

available to microscopy and the fact that choosing sites for these small fields would be limited 

by the method of visual inspection by COE alone.  The development of improved electronics and 

image stitching algorithms for high-resolution imaging of large tissue areas are becoming 

realistic (197), but this would only partially address the challenge and still not be sufficient for 

full oral cavity inspection. The approach presented in this work aims to address these challenges, 

suggesting that COE could be supported by large area fluorescence to identify on a large scale, 

sites that are highly likely to harbor neoplasia. 

Two approaches for large area fluorescence were approached, one based on 

endogenous fluorescence and similar to commercial devices but providing two spectral regions 

and quantitative assessment of parameters which the literature indicates to be superior to 

visual assessment of single color fluorescence.  A second approach employed a fluorescent 

glucose analog to highlight areas of high glycolytic activity expected in neoplasia. Both methods 

of WF imaging (autofluorescence and exogenous contrast based) were used to improve contrast 

between normal and neoplastic areas from white light examination. Both approaches provided 
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high sensitivity and specificity.  Though inflammation reduced specificity in both modalities, 

values were higher than studies have found for COE. 

In this study WF imaging was considered as a potential tool to highlight areas of 

suspicion, and while both sensitivity and specificity are important, a criterion established was 

that the method have high sensitivity – in that even if it resulted in a high false positive rate 

(expected as shown in the literature), the ability to evaluate the tissue with NLOM shown in 

early chapters to maintain high sensitivity and specificity despite inflammation, could address 

the limitation of false positives. A high sensitivity screening method is often associated with 

large number of false positives which is shown in chapter 5 by the reduction of specificity when 

benign condition was present in the sample population. However, follow up NLOM is expected 

to reduce the number of false positives and the effect of benign conditions on image based 

detection techniques as shown in chapters 2, 3 and 4.  

It was difficult to estimate the number of false negatives which such as neoplastic tissue 

without any observable alterations in WF fluorescence. These hard to catch OED/precancerous 

lesions may require a close attention while testing WF imaging approaches in future studies. 

One way to detect these lesions could be by using multiple WF imaging methods. One such 

example is shown in Figure 7 of chapter 7 where a small lesion with a histopathological 

diagnosis of mild dysplasia was seen after topical application of 2-NBDG while white light 

examination and WF-AF imaging did not reveal any detectable alteration in fluorescence.   

Preliminary multimodal approaches explored in chapter 7 also indicated improved 

specificity and hence reduced false positives when WF and NLOM imaging modalities were 

quantitatively combined into a single algorithm.  The analysis approach involved the use of 
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metrics from both imaging modalities together with a vision of potential combination of these 

imaging modalities into a single device for near simultaneous imaging.  With recent 

developments in NLOM techniques, future efforts could enable faster large area scanning 

leading to possible multiscale imaging in near real time manner to make such simultaneous 

quantitative metrics possible.  This approach assumes a clinician would choose areas that are 

highlighted by WF imaging as well as seemingly negative areas, potentially guided by visual cues, 

which is likely realistic.   An alternative manner in which the combination of these methods can 

be explored is in a scenario in which NLOM is strictly guided by WF-AF, meaning NLOM imaging 

is conducted only of 'highlighted' sites.   In that latter scenario, as mentioned in chapter 7, the 

sensitivity and to some degree specificity could be dictated by WF imaging. As the data suggests 

in chapters 5 and 6, both WF imaging techniques explored in this dissertation showed high 

sensitivity (> 80%) even in presence of confounding factors such as inflammation. Performance 

was superior than expected for COE as reported in the literature indicating sensitivity and 

specificity below 60%, indicating these are viable approaches for combination with NLOM.  

However, imaging and clinical workflow as well as improvements to the combined method Se 

and Sp should continue to be optimized in order to maximize the potential benefits of optical 

imaging for guiding biopsy selection.  

One running theme of this dissertation is image based identification of cancer hallmarks 

- possible correlations of image features of neoplasia with well-established hallmarks of cancers 

were explored. Contrast for NLOM imaging was primarily based on autofluorescence from 

mitochondrial metabolites NADH, FAD and to some extent PpIX in higher grade dysplasia and 

SCC.   Similarly contrast for WF-AF imaging relies on endogenous NADH, FAD, PpIX and collagen 
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fluorescence while an exogenous contrast was provided by 2-NBDG with molecular specificity to 

areas of higher glucose uptake. It is easily noted that these endogenous and exogenous 

fluorophores have potential to indicate metabolic status of a tissue which if altered is an 

important hallmark of cancer (“deregulating cellular energetics”).  As described before in 

chapter 2 NLOM based identification of nuclear and cellular atypia could indicate uncontrolled 

epithelial proliferation which that may suggest actions of other cancer hallmarks such as 

“sustaining proliferative signaling”, “resisting cell death” and “evading growth suppressor”. 

Finally, focal thickening of epithelium, remodeling of ECTI and reduced collagen density as 

shown by quantitative features from in vivo NLOM suggests initial processes for a cancer 

hallmark, “activating invasion and metastasis”. These hallmarks were observed in the pre-

invasive dysplasia stages when therapeutic interventions are typically successful. 

As with the current clinical standard for diagnosis by pathology, it is likely that multiple 

parameters arising from the epithelium, ECTI and lamina propria will need to be evaluated 

together to inform as to the pathological status of human oral mucosa. In an attempt to observe 

the potential of WF fluorescence imaging and NLOM in distinguishing OEDs from normal tissue 

multivariate algorithms were tested by combining optical signatures of neoplasia. Several 

potential combinations of features were tested. In chapter 2, combination of collagen density 

with basal nuclear CoVa was tested, while in chapter 3 basal nuclear CoVa was combined with 

ECTI contour. In both cases reasonable classification of neoplastic tissue was seen in presence of 

benign conditions.  However, as noted before (Chapter 1) NLOM is inherently restricted by the 

field-of-view that can be scanned during clinical examinations and adjunct methods for large 

area screening would be valuable in directing clinicians to areas of interests for follow up 
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microscopy. Therefore, a multimodal imaging approach to combine NLOM with a prescreening 

method by WF fluorescence imaging was evaluated in this dissertation. Preliminary studies with 

generalized linear models and multivariate classification algorithms as described in chapter 7, 

showed sufficient power for distinguishing neoplasia from normal and benign tissue. However,  

It will be of interest to explore multivariate combinations in animal models and humans (54, 93, 

198) by principal component analysis or ten-fold cross validation including cytologic, 

biochemical and microstructural abnormalities detected in NLOM and large area screening as 

described in the following chapters. Careful investigation of these parameters collectively with 

cytologic and microstructural features presented here could provide a more comprehensive 

assessment of neoplastic alterations. 

 

8.2 Future directions: 

The research presented in this dissertation has established a proof-of-concept 

multiscale imaging approach for detection of oral epithelial neoplasms.  Concepts developed in 

this dissertation are expected to be beneficial in further development of multimodal image 

based cancer detection method as well as future research on understanding how neoplastic 

changes occur in epithelium.  One may envision several directions that future research in this 

area could lead to. 

8.2.1 In vivo assessment of intracellular biochemical and metabolic events in 

neoplastic tissue: Since NLOM based microstructural imaging relies on contrast from cellular 

metabolites such as NADH, FAD and PpIX assessment of fluorescence properties and spectral 
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characteristics of these fluorophores in native tissue could indicate the overall metabolic status 

of the tissue under surveillance. As described in chapter 4 in vivo spectroscopic assessment of 

neoplastic tissue showed variations in cytoplasmic autofluorescence which may be correlated to 

altered metabolic activity and potentially indicate levels of glycolysis and mitochondrial 

metabolism. It would therefore be important to further study the changes in these metabolites 

using fluorescence imaging and spectroscopy during development of neoplasia. Cellular redox 

parameters have been assessed under oxidative stress conditions and in cancer cell lines based 

on NADH and FAD fluorescence captured by NLOM (34, 199). While redox parameter has shown 

significant association with cancer induced metabolic deregulation it has not been studied in the 

context of a complex and heterogeneous microenvironment seen in a developing neoplastic 

tissue. Future efforts aimed towards understanding the fluorescence properties of these cellular 

metabolites under various stress conditions could help in detection of neoplastic processes with 

specificity to biochemical alterations. 

8.2.2 Continuous efforts in wide-field fluorescence imaging with external contrast 

agent for improved molecular specificity: This dissertation explored a novel in vivo topical 

application method of contrast based wide-field fluorescence imaging with the long term goal 

being potential combination with NLOM based detection of neoplasia. Due to the lack of power 

a rigorous statistical assessment of 2-NBDG along with NLOM features was not performed. 

However, preliminary results shown in chapters 6 and 7 indicated promise for possible 

combination of these two modalities in a dual modality approach.  Therefore, future studies 

with larger sample sizes may be required for in depth assessment of multiscale imaging with 

preliminary screening provided by 2-NBDG application.  Additionally, since 2-NBDG is not FDA 
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approved for human use yet, which limits it’s in vivo use but may be tested in fresh biopsies 

from patients. Alternatively other optically active deoxy-glucose analogs may also be explored 

for potential multimodal imaging with microscopy techniques. Near infra-red active deoxy-

glucose analogs have been developed (200) for improved depth of imaging which could prove to 

be useful in combination with confocal reflectance microscopy or OCT imaging. These molecular 

probes were not explored in this research because of potential interference with NLOM. There is 

also potential for targeting additional biomarkers such as MMP2, Integrin, EGFR etc. as a source 

of contrast for wide-field fluorescence imaging. However, low specificity and heterogeneity of 

expression of these biomarkers are not always a reliable indicator of neoplasia. Nonetheless this 

research established a platform for multiscale imaging approaches using wide-field imaging and 

microscopy. Future efforts are still required to identify the optimum imaging modalities, image 

parameters and features of neoplasia for the development of an effective biopsy guidance 

method that could be translated into clinics. 

8.2.3 Assessment of noninvasive NLOM in human oral mucosa: Investigating NLOM 

based microstructural and biochemical features of neoplasia as potential diagnostic metrics 

would require additional effort, including demonstration in human mucosa. The hamster model 

provided the ability for noninvasive in-vivo imaging in a buccal mucosa which is similar in 

microstructure to the human buccal mucosa, floor of the mouth and the ventral surface of the 

tongue in human oral cavity (87), all common sites for neoplastic transformation. The objective 

lens chosen for NLOM studies was most appropriate for hamster buccal mucosa, however 

depths beyond the approximate ~200 µm evaluated in this study would be needed for humans 

with epithelial thickening beyond this limit (e.g. high grade OED). SHGM has been performed on 
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human oral mucosa (201) and feasible using longer working distance objectives.  It is anticipated 

that information gained from NLOM could be used to develop improved diagnostic approaches 

either by other optical methods reliant on understanding of cellular/structural changes or even 

directly using NLOM through endoscopy (202). The application of depth resolved optical imaging 

to human epithelial tissues (30, 203) including MPAM and SHGM (93, 201) and recent 

advancements that are pushing the depth limits of NLOM  and miniaturization (186) support the 

feasibility of using NLOM in human tissue in the future. 

 It will also be of interest to examine the application of NLOM based features to other 

sites of the human oral cavity.  Different anatomical locations of the oral cavity have different 

microstructure such as non-keratinized stratified squamous epithelium of the cheek and 

keratinized stratified squamous epithelium of the hard palate show rete-processes in the ECTI 

under normal condition (204). Other cytologic and architectural features also vary from one 

anatomic location to other.  In addition to oral mucosa future research in other common sites 

for epithelial neoplasms such as in esophagus or cervicovaginal areas could also benefit from the 

concepts of multiscale imaging developed in this dissertation. Careful assessment of individual 

tissue types would be required for effective feature selection and potential combination with 

wide-field imaging modalities. 

 8.2.4 Development of compact multimodal imaging device for screening of oral 

mucosa: This dissertation described a viable noninvasive fluorescence imaging strategy for 

multiscale image acquisition and analysis of oral precancers and cancers in an animal model. 

However, further tests of this approach in a clinical setting would require development of a 

compact hand held system capable of performing wide-field fluorescence imaging as well as 
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NLOM.  Development of such a device will involve significant efforts in engineering and rigorous 

testing.  An endoscopic multimodal imaging probe will enable us to access otherwise difficult to 

reach sites in the oral cavity especially back of the throat, larynx etc. However, combining these 

two imaging modalities into a single system could be challenging in terms of achieving the 

optimum field of view for wide-field screening and being able to acquire high-resolution 

subsurface microscopy. A combined dual modality system may compromise the resolution and 

imaging depth of NLOM to some extent, but a tradeoff between performances of two modalities 

could lead to an effective screening device for oral precancers and cancers.  With optical fiber 

based NLOM endoscopic systems being currently developed (205, 206) for deep tissue imaging 

with high resolution it would be an important step forward to combine wide-field imaging 

capabilities to these systems and test their performances in ex vivo human tissue and eventually 

in vivo translation into clinics. 

8.3 Conclusions: 

 A technique for in vivo measurement of optical signatures of neoplasia was described in 

this dissertation that works on an approach based on large area preliminary screening followed 

by subsurface microstructural assessment of oral mucosal tissue. Preliminary tests indicated 

potential for this multimodal approach, however, clinical application of this approach would 

require demonstration of full potential of optical imaging of live tissue and in depth 

understanding of biological significances of optical signatures were beyond the scope of this 

dissertation. 
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Appendix: Potential translation of NLOM in ex vivo human oral 

squamous cell carcinoma 

 

 I would like to thank Tyra Brown and Paula Villarreal for their contributions in sample 

collection, image acquisition and analysis that are included in this chapter. 

The results contained in this Appendix represent results from pilot assessments to 

evaluate the potential translation of NLOM to imaging of oral neoplasia in humans.   Studies on 

ex vivo human tissues were approved by the institutional review board (IRB) and supported by 

the Cancer Prevention Research Institute of Texas. 

Pilot NLOM studies on ex vivo human oral cavity and oropharyngeal tissues showed 

promise for depth resolved assessment of neoplastic cytologic features similar to ones observed 

in in vivo hamster studies as well as conventional histopathology of OSCC.   

Human Tissues:  Studies on ex vivo human tissues were approved by the institutional 

review board (IRB) of the University of Texas Medical Branch protocol #11-256 (Microscopic 

Imaging of Resected Head and Neck Cancer Tissues) in which tissues not needed for diagnosis 

(considered discarded tissues) were obtained from resected specimens of patients undergoing 

therapeutic surgical resections for oral cancer.   Samples from discarded portions included 

sections that appeared clinically normal and visually consistent with OSCC.  Samples were placed 

immediately in dye-free DMEM media and imaged. 
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Tissues collected from resected OSCC tissues included floor of the mouth (n = 3) and 

larynx (n = 3). For each patient areas appearing clinically normal and an OSCC OSCC area were 

obtained and imaged fresh with NLOM.  Three-dimensional layer resolved MPAM-SHGM was 

performed (Fig. A1) from three regions of interest for each sample and cytologic features were 

assessed by qualitative and quantitative methods that were established in hamster studies 

described in Chapters 2 and 3.   

 

Figure A1: Invasive cancer of larynx. A1a) Three-dimensional volume of normal larynx with MPAM-SHGM; A1b) 

volume reconstruction of SHGM from extracellular matrix of normal larynx; A1c) MPAM-SHGM volume reconstruction 

of invasive OSCC of human larynx; A1d) Extracellular collagen SHGM of the invasive OSCC. Red:  MPAM; Green: SHGM. 

Scale bar 50 µm. 

 Fig. A1 represents three-dimensional volumes obtained from NLOM of normal (Fig. A1a 

and A1b) and invasive OSCC (Fig. A1c and A1d) in human larynx tissue. Fig. A1a shows epithelial 
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organization while thick collagen fibers were observed in the extracellular matrix (Fig. A1b).  

OSCC showed loss of organized epithelial cells (Fig. A1c) as well as abnormalities in the 

extracellular matrix (Fig. A1d) such as reduced density of collagen and thin collagen fibers that 

are consistent with invasive OSCC. 

Fig. A2 shows micrographs from OSCC and corresponding normal epithelium with 

abnormal cytology in OSCC indicated by arrows.  In the basal epithelial layer, nuclear and cellular 

overcrowding was observed in OSCC (Fig. A2d) when compared with normal mucosa (Fig. A2b). 

 

Fig. A2: (a-d) NLOM Micrographs of superficial and basal epithelium from OSCC and corresponding normal mucosa of 

floor of the mouth. Arrows in c) indicate cytologic features consistent with neoplasia including different sized nuclei 

and increased numbers of multinucleated cells. 

Cytologic features of neoplasia that were observed in hamster studies were also 

observed in the human OSCC. Table 1 provides a summary of NLOM based cytologic features 

observed in clinical samples. Anisonucleosis/anisocytosis and nuclear pleomorphisms were most 
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consistent and promising in both tissue types studied (floor of the mouth and larynx). 

Multinucleated epithelial cells were observed in OSCC that may indicate increased rate of 

mitoses.  Additional features of neoplasia such as premature keratinization, nucleated 

keratinocytes, perinuclear localization of mitochondrial autofluorescence (dotted arrow in Fig. 

A2c) potentially indicating clustering of mitochondria were also observed. 

Table A1: Cytologic features identified by NLOM in ex vivo human OSCC from floor of mouth 

 

Coefficient of variation (CoVa) in nuclear area as published recently in hamster studies 

(207) was also measured from NLOM images of floor of mouth biopsies.  Fig. A3a shows CoVa in 

nuclear area from non-tumor/clinically normal and tumor/OSCC sites for each patient.  CoVa for 

all three patients was increased in OSCC compared to corresponding normal epithelium.  Fig. 

A3b shows average CoVa values for all non-tumor/clinically normal and tumor/OSCC indicating 

statistically significant increase in abnormal variation in nuclear size in OSCC. 
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Figure A3: Coefficient of variation (CoVa) in nuclear area; a) non-tumor/clinically normal and tumor/OSCC biopsies for 

individual patients; b) all OSCC and normal biopsies combined. ** p < 0.01 

 Analysis of samples is ongoing at the time of writing of this thesis.  Further, histological 

evaluation is underway.  Hematoxylin and eosin staining of tissues sections has been performed 

and are awaiting pathological confirmation of results. 

Preliminary results presented here indicated potential clinical translation of the 

methods explored in this research using NLOM.  Studies based on the hamster model of oral 

neoplasia established a platform for cytologic and microstructural assessment of neoplastic 

transformations in an in vivo system.  Recent results on ex vivo biopsies from human OSCC is 

showing promise for similar NLOM based cytologic features in detection of neoplasia.  The 

samples used in this study were from patients undergoing therapeutic resections so the 

presence of advanced cancer was already known.  The advantage of this is that despite any 

depth imaging limitations optical methods may encounter, features near the ‘surface’ of the 

tissue within a few hundred micrometers may be quantitatively evaluated and at least in these 

preliminary assessments show potential for delineating normal from neoplasia.   The tissues can 

also represent multiple stages, with samples that appear as ‘clinically’ normal potentially having 
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abnormalities due to transition areas between normal and cancer that will be revealed in 

histology.  These studies are ongoing and assessment of other microscopic and widefield 

imaging capabilities discussed in the chapters of this thesis are planned in future efforts. 
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