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Epithelial pre-cancers are associated with a variety of morphologic and molecular 

changes, which are currently assessed through histologic analysis of biopsies, based on 

phenotypic markers such as nuclear-to-cytoplasmic ratio and extent of invasion.  In the 

last decade, progress has been made to understand the molecular events that accompany 

carcinogenesis and identify unique molecular markers of cancer.  Use of these molecular 

markers to characterize tissue could lead to earlier detection.  Imaging the molecular 

features of cancer requires molecular-specific contrast agents and sub-cellular resolution 

imaging systems, such as a confocal microscope, to rapidly image the distribution of 

these agents. 

The research presented in this dissertation investigates the combination of 

reflectance and fluorescence confocal imaging and molecular-specific optical contrast 

agents in the detection of epithelial pre-cancers of the oral cavity.  This dissertation 

reviews the design and application of a near-real time, sub-cellular resolution confocal 

microscope capable of both reflectance and fluorescence imaging of ex vivo human 
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specimens and in vivo animal models.  The dual-mode confocal microscope (DCM) has 

light sources at 488nm, 664nm, and 784nm, a frame rate of 15 frames per second, a 

maximum field of view of 300x250μm, and a resolution limit of 0.31μm laterally and 

1.37μm axially.  The DCM can image tissue architecture and cellular morphology, as 

well as molecular properties of tissue using reflective and fluorescent molecular-specific 

contrast agents.  In the hamster cheek pouch model of oral carcinogenesis, the DCM was 

used to image the epithelium and stroma of the cheek pouch, blood flow was visible, and 

areas of dysplasia could be distinguished from normal epithelium using 6% acetic acid 

contrast.  In human oral cavity tissue slices, DCM images show an increase in the 

nuclear-to-cytoplasmic ratio and density of nuclei in neoplastic tissues as compared to 

normal tissue.  After labeling tissue slices with fluorescent contrast agents targeting the 

epidermal growth factor receptor (EGFR), an increase in EGFR expression was detected 

in cancerous tissue as compared to normal tissue. 

Information obtained with the DCM will provide the knowledge necessary to 

further develop imaging tools and contrast agents for the real-time in vivo detection of 

epithelial pre-cancers. 
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Chapter 1: Introduction 

1.1 MOTIVATION  

Recent advances in the understanding of molecular events that occur during 

carcinogenesis have led to the identification of a number of unique molecular markers 

that are over expressed in cancerous tissue, such as the epidermal growth factor receptor, 

HER2/neu receptor, vascular endothelial growth factor, and matrix metalloproteinases.  

However, despite these advances, there has been little change in the age-adjusted 

mortality due to cancer, which is mainly a result of delayed diagnosis.  Delayed diagnosis 

increases the likelihood for regional invasion and metastasis and reduces the 

effectiveness of chemotherapy and radiation treatments.  Early detection and diagnosis of 

precancerous and cancerous changes may be our best method to improve patient quality 

of life and increase survival rates.  Diagnosis is usually based on morphological and 

architectural markers such as the nuclear-to-cytoplasmic ratio, density of nuclei, and 

extent of invasion.  The use of molecular markers in cancer diagnosis to assess molecular 

changes in tissue could have important clinical benefits, including earlier detection of 

cancer, the ability to predict the risk of precancerous lesion progression, and the ability to 

better define the tumor margins for complete excision. 

Imaging molecular changes may increase our ability to detect precancerous 

lesions at the first stages of carcinogenesis.  Although molecular markers can be assessed 

in vitro through complex immunohistochemical staining techniques, there is great 

motivation to develop methods to image these molecular features of cancer in vivo.  

Imaging the molecular features of cancer requires molecular-specific contrast agents 

which can be used in vivo as well as portable, inexpensive, and fast imaging systems to 

rapidly and non-invasively image the distribution of these agents.  Optical imaging 
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techniques, such as confocal microscopy, are ideally suited to image molecular-specific 

optical contrast agents with sub-cellular resolution throughout the entire epithelium.  This 

type of sub-cellular resolution molecular imaging would not only allow visualization but 

also quantification of the molecular changes occurring in the tissue. 

In order to image these molecular-specific contrast agents, a high spatial-

resolution molecular imaging system is needed.  This system must be able to image both 

the endogenous signal from the tissue as well as the exogenous contrast agents.  The 

endogenous signals will be used to view changes in the morphology of the tissue.  These 

signals include the backscattering from tissue that can be seen in reflectance imaging, 

which yields information about the structure of the tissue, including the cell and nuclear 

size and orientation, the nuclear-to-cytoplasmic ratio, and the nuclear density, as well as 

native collagen fluorescence that can be seen in fluorescence imaging, which yields 

information about the integrity of the collagen cross-links.  In the progression of 

carcinogenesis, an increase in light scattering due to increases in the nuclear-to-

cytoplasmic ratio and nuclear density, and a decrease in stromal fluorescence below the 

basement membrane, likely a result of broken collagen cross-links have been observed 

[1-5].  The exogenous signals from molecular-specific contrast agents, such as 

backscattering from gold nanoparticles and fluorescence from Alexa Fluor® dyes, can be 

used to view molecular changes in the tissue.  To image these exogenous and endogenous 

signals, a sub-cellular resolution confocal microscope with the ability to image in both 

reflectance and fluorescence modes is needed. 

1.2 RESEARCH GOALS 

Commercial confocal systems are available that have sub-cellular spatial 

resolution and can be used to image both reflective and fluorescent signals.  However, in 

general, most of these systems are expensive, not portable, and are relatively slow 
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(requiring more than one second to acquire an image).  Also, as molecular-specific 

contrast agents are developed, they will need to be tested in animal models of cancer 

before moving into use in the clinic.  Many commercial confocal systems are physically 

configured in ways that make them poorly suited for imaging these animal models of 

cancer.  As we plan for a system that can be used to study contrast agents in animal 

models and may some day be moved from bench-top into use in the clinic, we want a 

system that can image both reflectance and fluorescence, has sub-cellular resolution, is 

smaller, more portable, and less expensive than comparable commercial systems, and has 

a faster image acquisition to avoid movement and breathing artifacts during animal 

imaging.  This research aimed to answer this need.  The goals of this research, therefore, 

were to: 

1. Develop a near real-time laser scanning confocal microscope capable of 

imaging both reflected light and fluorescence emanating from the tissue. 

2. Characterize the constructed dual-mode confocal microscope and evaluate 

its performance. 

3. Evaluate the ability of the confocal microscope to image animal models of 

cancer in vivo. 

4. Evaluate the ability of the confocal microscope to distinguish molecular-

specific contrast agents as a diagnostic tool. 

1.3 DISSERTATION OVERVIEW 

Chapter two reviews background information that will be needed to understand 

the remaining chapters of the dissertation, including a review of confocal microscopy 

theory and current uses of confocal microscopy, a summary of the molecular-specific 

optical contrast agents used in this research, and an overview of the anatomy and 

pathology of the oral cavity.  Chapter three describes the design, construction, and 
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characterization of a near real-time, sub-cellular resolution confocal microscope with the 

ability to image both reflectance and fluorescence.  The system was evaluated based on 

its lateral and axial resolution, field of view, penetration depth, and power throughput, 

and was compared to commercially available confocal systems.  Chapter four reviews a 

preliminary study conducted using the dual-mode reflectance and fluorescence confocal 

microscope (DCM) to obtain images of the hamster cheek pouch model of 

dimethylbenz[α]anthracene (DMBA)-induced oral carcinogenesis.  The DCM was able 

to visualize the epithelium and stroma of the cheek pouch, blood flow was visible within 

the stroma, areas of dysplasia could be distinguished from normal epithelium using acetic 

acid contrast, and areas of molecular-specific labeling were visualized.  Chapter five 

explores the possibility of using the DCM to obtain images that can be used to diagnose 

human oral cancer.  The DCM was used to acquire images, with near real-time 

acquisition, of fresh tissue slices from oral cavity biopsies from nine consenting patients 

at The University of Texas M. D. Anderson Cancer Center.  The final chapter 

demonstrates the use of the DCM to image multiple molecular targets within the same 

sample using different molecular-specific contrast agents, and provides a summary of the 

research, conclusions, and future directions for the research. 
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Chapter 2: Background 

This chapter contains a review of material necessary to understand the biological 

problem that this research will address and the rationale for the design specifications of 

the confocal system.  The first section of this chapter describes the principles of confocal 

microscopy needed to design a confocal system which is optimized for imaging epithelial 

tissues.  The second section reviews the potential of optical molecular imaging using 

exogenous optical contrast agents to enhance the molecular features within tissue that are 

important for pre-cancer and cancer detection.  The third section reviews the histological 

properties of epithelial tissues, focusing on tissues of the oral cavity, and describes the 

changes in histology and the expression of molecular markers that occur with 

carcinogenesis.  The final section reviews recent studies using reflectance and 

fluorescence confocal microscopy to image epithelial tissues. 

Portions of this chapter have been published in a review article printed in the 

Encyclopedia of Biomedical Engineering [6].  These portions are reprinted with the 

permission of John Wiley & Sons, Inc. 

2.1 CONFOCAL MICROSCOPY 

Confocal microscopy is a technique that examines the interactions of light with 

tissue by creating high spatial resolution images of the tissue.  Through a technique 

known as optical sectioning, confocal microscopy enhances standard widefield 

microscopy to eliminate the out-of-focus background light that results from scattered 

light within thick and opaque specimens.  To do this, a confocal microscope uses single 

point illumination and single point detection, thus illuminating and detecting light from 

only a small region of the specimen at any one time.  This is accomplished through the 

use of spatial filters, usually pinhole apertures, in the illumination and detection paths, 
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creating a point source and finite size detector.  The illuminated region of the sample is 

defined by a focused three-dimensional diffraction-limited spot, known as the three-

dimensional point spread function (3D PSF).  This concept is illustrated in Figure 2.1 

using an epi-illumination confocal microscope.  Light is focused to a small point at the 

object plane within the sample.  Light returning from this point (shown by the solid lines 

in Figure 2.1) is focused through a pinhole aperture at the conjugate image plane to the 

desired object plane, and arrives at the detector.  Meanwhile, light returning from planes 

above and below the object plane is rejected by the pinhole (shown by the dashed lines in 

Figure 2.1).  Similar spatial filtering is achieved for lateral points as well since light 

returning from these points is focused lateral to the pinhole.  Therefore, only light 

emanating from the illuminated volume within the sample reaches the detector, while all 

other out-of-focus elements are rejected [7-12].  Since the confocal system illuminates 

and detects light from a single point, the illuminated and detected volume, defined by the 

3D PSF, must be scanned over the object plane within the sample to create a two-

dimensional image.  Altering the depth of the object plane within the sample allows 

different depths within the tissue to be imaged.  The ability to reject out-of-focus light 

enables the confocal microscope to image slices through a sample without physically 

sectioning the sample. 
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Figure 2.1. Schematic showing theory of confocal microscopy.  Modified from [13] and 
reprinted with permission from the Optical Society of America. 

Resolution describes a system’s ability to spatially separate two points.  The 

illumination optics focus light into a diffraction-limited three-dimensional spot, the 3D 

PSF, within the sample.  This PSF defines the optical system’s lateral and axial 

resolution, the distance two objects must be separated in order to be distinguished as two 

objects.  When a pinhole aperture is placed in the detection plane, conjugate to the object 

plane within the sample, the detector collects light only from the illuminated 3D PSF and 

rejects all other out-of-focus light in the sample.  This rejection of out-of-focus elements 

is called spatial filtering.  The detection pinhole in confocal microscopy leads to lateral 

spatial filtering which yields an increase in the lateral resolution of the system.  As the 

pinhole radius is decreased, the lateral resolution of the system will increase, but at the 

expense of decreased signal.  For diffraction-limited resolution, the radius of the pinhole 

should be the same as, or slightly smaller than, the radius of the diffraction-limited Airy 

disk (rAiry).  The radius of the Airy disk is a function of the wavelength of the incident 

light and the numerical aperture (NA) of the lens focusing the light onto the sample.  This 

radius is known as the diffraction-limited lateral resolution.  If the pinhole is made very 
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small (< rAiry/5), the lateral resolution of the instrument is improved by up to 40%, but at 

the cost of reducing the signal level by 95% [14].  When the radius of the pinhole is 

increased, lateral spatial filtering is lost, and the lateral resolution of a confocal 

microscope quickly drops to that of a regular widefield microscope.  Similarly, axial 

spatial filtering, or optical sectioning, results from a rejection of out-of-focus light along 

the optical axis of the microscope.  When the pinhole radius is equal to the radius of the 

Airy disk, the optical section thickness is equal to the axial resolution.  Making the 

pinhole larger than the diffraction-limited spot allows more photons to be detected, but 

most of the additional signal comes from adjacent planes, thus degrading the optical 

section thickness  [12, 14, 15]. 

The diffraction-limited lateral and axial resolutions can be approximated using 

Equations 2.1 and 2.2, respectively, where λ is the wavelength of light, η is the refractive 

index of the immersion medium between the objective lens focusing light onto the 

sample and the sample, and NA is the numerical aperture of the objective lens. 
 

NA
r λ61.0

=Δ  [2.1] 

 

2)(NA
z λη

=Δ  [2.2] 

Wilson and Carlini investigated the effect of the pinhole size on both the lateral 

resolution and the optical sectioning ability of a confocal system [13].  In order for the 

analysis to be applicable to multiple optical systems using a variety of wavelengths and 

numerical apertures, the pinhole radius and axial position were normalized to 

dimensionless optical units.  Equation 2.3 converts the pinhole radius, rp, into 

dimensionless optical units: 
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where vp is the normalized pinhole radius, λ is the wavelength of light, and n sin α is the 

NA of the lens focusing light into the pinhole.  Similarly, Equation 2.4 converts the axial 

position, z, into dimensionless optical units: 
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where u is the normalized axial position.  Notice that Equation 2.4 uses α/2, the quarter 

angle, as opposed to α, the half angle used to define the NA of the lens focusing light into 

the pinhole. 

Wilson and Carlini used a sub-resolution point object to investigate the effect of 

pinhole size on lateral resolution [13].  A plot of the radius of the point-object image, v1/2, 

as a function of the normalized pinhole radius, vp, is shown in Figure 2.2.  Because a sub-

resolution point object was used, the radius of the point-object image represents the 

lateral resolution of the system.  Figure 2.2 shows that an infinitely small pinhole (vp = 0) 

improves the lateral resolution by a factor of 1.4 compared to larger pinholes, which 

would be comparable to standard widefield microscopes. 
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Figure 2.2. Radius (v1/2) of the image of a single point-object as a function of the 
normalized pinhole radius (vp).  Reprinted from [13] with permission from 
the Optical Society of America. 

A planar mirror was scanned along the optical axis to investigate the optical 

sectioning as a function of pinhole size.  A common measure for the optical section 

thickness is the full-width at half the maximum intensity (FWHM) of the peak signal 

generated by translating an object through the focus of the microscope.  A plot of the 

detected intensity, I(z), as a function of depth, z, for a planar mirror is shown in Figure 

2.3 for a variety of pinhole diameters.  The dots in Figure 2.4 show the FWHM, u1/2, of 

these curves as a function of the normalized pinhole radius, vp.  The optical section 

thickness is fairly constant for normalized pinhole radii less than 2.5, but degrades 

appreciably for larger pinholes. 
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Figure 2.3. Detected intensity (I(z)) as a function of depth (z) as a planar reflective 
object is translated through the focus of a confocal microscope with 
different diameter pinholes in the detection path.  Reprinted from [16] with 
permission from Springer Science and Business Media. 
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Figure 2.4. The dots show the FWHM (u1/2) of the intensity versus depth curves, shown 
in Figure 2.3, plotted as a function of the normalized pinhole radius (vp).  
The solid line shows the theoretical values for the 633 nm 0.44 NA system 
used to acquire the curves from Figure 2.3.  Reprinted from [16] with 
permission from Springer Science and Business Media. 
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In the previous analysis, it was assumed that the incident and detected light were 

the same wavelength, as would be the case in reflectance imaging.  For fluorescence 

imaging, where the detected emission wavelength is longer than the incident excitation 

wavelength, a similar dependence on pinhole size is seen.  Figure 2.5 shows the FWHM 

for a planar fluorescent object scanned along the optical axis as a function of the 

normalized pinhole radius.  β is the ratio of the wavelength of fluorescence emission 

(λem) to the excitation light (λex).  To obtain optimum sectioning, a fluorescence system 

should operate with the smallest Stoke’s shift in fluorescence possible (as close to β = 1 

as possible), without creating interference between the excitation and emission 

wavelengths.  Again, for vp values less than 2.5, the optical sectioning remains fairly 

constant. 
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Figure 2.5. FWHM (u1/2) of intensity versus depth curves for a planar fluorescent object 
scanned along the optical axis plotted as a function of the normalized 
pinhole radius (vp).  β is the ratio of the wavelength of fluorescence 
emission (λem) to the excitation light (λex).  Reprinted from [16] with 
permission from Springer Science and Business Media 
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These estimates are based on a single lens system and do not account for the 

magnification in a multiple lens system, errors within the system, and the use of a non-

infinitely-small pinhole.  Wilson therefore recommends that the designer use the 

following inequality, based on a vp < 2.5, to ensure optimal sectioning [16]: 
 

( )
λ

π
5.2
2 p

obj

total r
NA
M

≥  [2.5] 

where Mtotal is the total magnification in the system from the sample to the pinhole plane, 

NAobj is the numerical aperture of the objective lens, rp is the real pinhole radius, and λ is 

the wavelength of light incident on the pinhole. 

2.2 MOLECULAR-SPECIFIC OPTICAL CONTRAST AGENTS 

Various exogenous contrast agents have been used to enhance the native contrast 

observed in tissue.  Studies have employed these contrast agents to gain a greater 

understanding of physiological and molecular processes occurring within tissue, as well 

as create more sensitive methods for detecting and classifying neoplastic lesions. 

Exogenous contrast agents can be divided into two categories: fluorescent and 

reflectance contrast agents.  Fluorescent contrast agents include compounds that affect 

endogenous fluorophores to increase the amount of autofluorescence, as well as 

nonspecific dyes, target-specific conjugates, and fluorescent nanoparticles which provide 

a strong source of exogenous fluorescence in the sample.  Reflectance contrast agents 

include compounds that increase the native backscattering of the sample, as well as metal 

nanoparticles that yield increased backscattering from more localized areas.  While there 

are numerous contrast agents being used, this review will concentrate on the molecular-

specific contrast agents which currently have the greatest potential for use with confocal 

microscopy. 
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The first type of fluorescent contrast agent includes compounds, such as 5-

aminolevulinic acid (ALA), that increase the amount of autofluorescence in the tissue.  

ALA is a precursor to the endogenous fluorophore protoporphyrin IX (PP IX).  PP IX 

excites in the blue region (450 nm) and emits in the red region (620 nm), and has been 

shown to accumulate in precancerous tissues.  The addition of ALA as a contrast agent 

causes an increase in the endogenous PP IX production.  The resulting increase in PP IX 

fluorescence accumulated in dysplastic tissue has led to increased detection of dysplasia 

in ex vivo tissue from Barrett’s esophagus and human urinary bladder cancers [17, 18]. 

Another type of fluorescent contrast agent is nonspecific fluorescent dyes which 

can be used to detect areas of neoplasia because they tend to pool in areas of cancerous 

tissue.  Localization of these dyes in neoplastic tissue is mediated mainly by the leaky 

tumor vasculature.  This makes it difficult to distinguish areas of inflammation and injury 

from areas of malignant tumor progression because dyes also pool in these areas as well.  

Therefore, to increase specificity for neoplastic tissue, dyes have been conjugated to 

biomolecules that target unique biomarkers expressed in various disease states [17, 19, 

20].  Target-specific conjugates combine a fluorescent molecule with a specific probe 

molecule, such as an antibody or peptide aptamer, to yield molecular specificity in optical 

detection.  Since cancers over express certain biomarkers, a number of studies have 

concentrated on the conjugation of a fluorescent molecule to an antibody targeted toward 

a particular over-expressed biomarker.  To target dysplasia, for example, Hsu et al. 

conjugated an antibody against the epidermal growth factor receptor (EGFR) to a far-red 

fluorescent dye, Alexa Fluor® 660.  Using confocal microscopy, they were able to define 

regions of dysplasia in biopsy specimens from the oral cavity [21, 22].  Other laboratories 

are also working to conjugate fluorescent molecules to peptides that specifically bind to 

tumor biomarkers.  Peptides are smaller in size than antibodies, so they may be used to 
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target regions not accessible by larger antibodies and they will more rapidly clear from 

the blood, resulting in a higher target to background ratio.  They are also less likely to be 

immunogenic.  Archilefu et al. have created near-infrared (NIR) dye-peptide conjugates 

targeting the somatostatin receptor in established rat pancreatic carcinomas, and have 

shown high uptake of the conjugates by the target tumors [23-26].  Similarly, Ke et al. 

created a human recombinant epidermal growth factor (EGF) peptide labeled with Cy5.5, 

a NIR dye, and with in vivo mouse imaging showed that the probe only accumulated in 

the EGF receptor-positive tumor and not in the EGF receptor-negative tumor [27].  In 

addition to conjugates with peptide ligands and antibodies, targeting conjugates can also 

be formed with ligands such as natural or synthetic agonists and antagonists.  For 

example, Moon et al. synthesized folic acid and a NIR fluorophore conjugate (folate-

NIR2) as a targeting contrast agent for the folate receptor.  The folate receptor is over 

expressed in several cancers, including nasopharyngeal cancers and cancers of the breast, 

cervix, colon, lung, and ovary.  Folate positive and negative tumors were implanted in the 

chest of mice, and the folate-NIR2 agent was applied via intravenous injection.  A strong 

fluorescence signal was observed in the folate-positive tumor but not in the folate-

negative tumor [28]. 

Targeted conjugates can also be made with fluorescent nanoparticles, such as 

quantum dots (QDs), as the fluorescent marker rather than a fluorescent dye molecule.  

One advantage of QDs is that their emission wavelength can be tuned by changing the 

size of the particle.  This allows the emission wavelength to be chosen in a range of low 

background autofluorescence.  Another advantage is that a single wavelength can be used 

to simultaneously excite different sized QDs, allowing labeling of more than one target of 

interest.  Additional advantages include their improved signal brightness and resistance to 

photobleaching [29].  Gao et al. have shown prostate-specific membrane antigen 
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targeting with antibody-conjugated QDs in mice, although nonspecific liver and spleen 

uptake was noted as well [30]. 

Lanthanide chelates may also be used to make contrast agents.  Bornhop et al. 

report the use of non-targeted pyclen-based terbium chelates to detect colon cancers in 

rats with a sensitivity of 95% [17]. 

Reflectance contrast agents include compounds that increase the native 

backscattering of the sample, as well as metal nanoparticles that yield increased 

reflectance signals from non-backscattering or weakly backscattering areas.  Weak acetic 

acid is a common clinical contrast agent used to detect areas of cervical dysplasia in vivo 

due to the whitening effect it has on abnormal tissues.  It has also been studied as a 

contrast agent to increase the backscattered signal in confocal microscopy from nuclei in 

ex vivo human breast cancer cells [31] and cervical tissues [32-35].  There are two 

theories as to the cause of the aceto-whitening, and these theories may or may not be 

related.  The first states that the interaction of acetic acid with the nucleus induces spatial 

fluctuations in the index of refraction of the nucleus, which in turn increases the 

backscattering from the nucleus and thus increases the contrast of the nucleus relative to 

the surrounding cytoplasm [31].  The second theory states that the acetic acid induces 

condensation or compaction of the chromatin filaments within the nucleus into thicker 

chromatin “fibers,” which in turn increases the backscattering from the nucleus [36, 37].  

In either case, an increase in the backscattering from cell nuclei is seen with the 

application of acetic acid. 

Metal nanoparticles are also being investigated as molecular specific contrast 

agents.  Like fluorescent dyes, metal nanoparticles can also be conjugated to 

biomolecules that target unique factors in neoplastic progression.  Based on excited 

surface plasmon resonance, metal nanoparticles scatter light in the visible and NIR 
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spectrum and can easily be detected using reflectance optical imaging.  A unique feature 

of these nanoparticles is that the wavelength of the scattered light is sensitive to the 

nanoparticle’s material, shape, size, and aggregation conformation [38].  Nanoparticles 

made of gold, melanin, carbon, and iron oxide have been shown to strongly scatter light 

in optical coherence tomography (OCT) imaging [39].  Nanoshells labeled with HER-2 

antibody have been shown to target breast cancer cells and could be imaged with OCT 

[40].  Gold nanoparticles have been conjugated to monoclonal antibodies against EGFR, 

matrix metalloproteinases (MMP) 2 and 9, and the E7 protein associated with HPV 16 by 

Sokolov et al.  The anti-EGFR-gold nanoparticle conjugates were used to label tissue 

slices from normal and dysplastic cervical biopsies.  Imaging with reflectance confocal 

microscopy showed bright labeling of the cell membranes in the dysplastic sample and 

very little labeling in the clinically normal sample [41].  Gold nanoparticles have the 

advantage that they are biocompatible and therefore show great promise for in vivo 

applications. 

Development of molecular-specific contrast agents is still in its beginning stages.  

However, recent results show the potential for using contrast agents with high resolution 

imaging techniques to improve the sensitivity of discriminating dysplastic and neoplastic 

lesions from normal tissue. 

2.3 EPITHELIAL TISSUE OF THE ORAL CAVITY 

Although confocal microscopy and molecular-specific contrast agents can be used 

in a number of organ sites, this research focuses on the use of these technologies for the 

detection of precancerous and cancerous lesions of the oral cavity. 



2.3.1 Normal Histology 

The oral cavity is lined with a surface mucosa that consists of stratified squamous 

epithelium, shown in Figure 2.6.  This surface epithelium consists of tightly packed 

epithelial cells with varying degrees of differentiation.  The deepest basal layer is made 

up of undifferentiated cells that divide continuously, while the suprabasal layers undergo 

molecular and morphological changes associated with the function for that region of the 

oral cavity.  There are three main types of oral epithelium: masticatory mucosa, lining 

mucosa, and specialized mucosa.  Masticatory mucosa is a keratinized, mechanically 

tough epithelium found on the gingiva (gums) and hard palate (roof of the mouth) [42].  

Lining mucosa is a non-keratinized epithelium found on the lips, cheeks, floor of the 

mouth, ventral surface of the tongue, and soft palate [42].  Specialized mucosa, found on 

the dorsal surface of the tongue, consists of both masticatory and lining mucosa [42, 43]. 
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Figure 2.6. Hematoxylin and eosin stained tissue section showing normal oral squamous 
mucosa.  Scale bar is 1 mm. 
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The epithelium can be further divided into four layers.  The stratum basale, or 

basal layer, is the layer closest to the basement membrane.  It contains undifferentiated 

cells which are responsible for cell division and production.  Cells in the basal layer are 

small and cuboidal or columnar in shape.  As the basal cells divide, cells in the basal 

layer will be pushed up to form the other layers of the epithelium.  The next layer is the 

spinous layer.  Cells in the spinous layer are larger and shaped more like a polyhedron.  

This layer contains more keratin filaments, and at the top of this layer, membrane-coating 

granules (MCG) appear.  The third and forth layers from the basement membrane differ 

between masticatory and lining mucosa.  In masticatory mucosa, the two most superficial 

layers are the stratum granulosum, or granular layer, and the keratinized layer.  In lining 

mucosa these layers are the intermediate layer and the stratum superficiale, or superficial 

layer.  The granular layer of the masticatory mucosa contains flattened cells with 

decreased nuclear size, densely packed keratin filaments, and an increase in the number 

of MCGs.  At the border of the granular layer and the final keratinized layer, MCGs fuse 

with cell membranes and release their contents into the cells.  This, combined with the 

thickening of the plasma membrane of cells in the keratinized layer and densely packed 

keratin filaments, creates a layer that reduces the permeability of the masticatory mucosa.  

In lining mucosa, the intermediate layer also contains flattened cells and an increase in 

the number of keratin filaments relative to the basal cells.  The superficial layer also 

shows a thickening of cell membranes and permeability barrier from MCG contents, 

however, lining mucosa remains more permeable than masticatory mucosa [43]. 

2.3.2 Precancerous Pathology 

Lesions with the propensity for malignant transformation usually appear as white 

or red regions, known as leukoplakia or erythroplakia, respectively, in contrast to the 

normal pink-colored appearance of healthy oral mucosa.  Common histological indicators 
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of pre-malignant lesions are abnormal morphological changes in cells and nuclei and in 

the tissue structure.  This abnormal growth and development is referred to as dysplasia.  

Dysplasia is usually characterized by a number of factors including cellular atypia, loss of 

polarity within the basal cells, irregular epithelial stratification, alteration in cell size and 

shape, increased nuclear-to-cytoplasmic ratio, cellular pleomorphism, hyperchromatic 

nuclei, enlarged nuclei, and keratinization of the cells [44, 45].  The most common 

indicators are an increase in the nuclear-to-cytoplasmic ratio, the presence of 

pleomorphic cells and nuclei, and an increase in nuclear chromatin [1].  The severity of 

the dysplasia is defined by the amount of epithelium affected.  Figure 2.7 shows a cartoon 

depiction of the progression from normal tissue to invasive cancer.  Mild dysplasia shows 

pre-malignant changes in the lower third of the epithelium, closest to the basement 

membrane.  Moderate dysplasia involves the lower two-thirds of the epithelium, and 

severe dysplasia occupies the entire thickness of the epithelium.  When malignant 

transformation involves the entire thickness of the epithelium, but has not invaded 

through the basement membrane, the lesion is defined as carcinoma-in-situ [44, 46].  

Microscopically, it will show a loss of structural differentiation throughout the 

epithelium.  The cells will be crowded together and have disproportionately large nuclei, 

but the basement membrane will remain intact [47]. 
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Figure 2.7. Cartoon depiction of the cellular progression from normal tissue to invasive 
carcinoma.  Modified from [48] with permission from Dr. Dawn Walker and 
IOP Publishing Limited. 

2.3.3 Cancerous Pathology 

When dysplasia invades through the basement membrane into the stroma, the 

lesion has progressed to invasive carcinoma, or cancer.  Squamous cell carcinoma (SCC) 

is the most common form of oral cancer, accounting for 90% of carcinomas of the oral 

cavity [49]. 

 SCC is detected most often on the tongue (26%), followed closely by the oral 

portion of pharynx/back of mouth (23%), lip (20%), floor of the mouth (17%), gingiva 

(9%), buccal mucosa (3%), and hard palate (2%) [46].  The histology of SCC varies 

depending on the degree of differentiation.  A well-differentiated lesion shows signs of 

maturation.  The cells are discernable as epithelial cells with large amounts of keratin.  
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Keratin pearls, abnormal swirls of keratinized cells, may also be present.  The cells will 

have hyperchromatic nuclei and show increased mitotic activity.  Often, chronic 

inflammation will be present [44, 50, 51].  An image of well-differentiated SCC is shown 

in Figure 2.8a.  A large keratin pearl can be seen in the center of the image.  A poorly-

differentiated lesion shows extensive cellular pleomorphism with little, if any, keratin 

present and extensive inflammatory infiltration below the invasion.  The cells all look 

like basal cells, appear independent of one another, and the tissue of origin is difficult to 

identify [44, 50, 51].  The image of a poorly-differentiated SCC in Figure 2.8b shows 

sheets of basal cells with no surrounding keratin. 
 

 
Figure 2.8. Hematoxylin and eosin stained tissue sections of (a) well-differentiated and 

(b) poorly-differentiated squamous cell carcinoma.  Scale bars are 200 μm. 

2.3.4 Expression of Epidermal Growth Factor Receptor 

In order to be effective for optical detection, molecular markers of disease must 

have a large enough change in expression to be easily detectable and be fairly consistent 

across large populations.  Molecular markers include both genetic markers and their 

protein products, and include markers related to differentiation, proliferation, apoptosis, 

angiogenesis, and cell migration.  Over the last decade, a number of molecular markers of 
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cancer have been identified.  One that has been studied extensively is the epidermal 

growth factor receptor (EGFR).  EGFR is a 170 kDa transmembrane tyrosine kinase 

receptor that is involved in cell proliferation and cell cycle regulation [52].  Increased 

expression of EGFR has been associated with carcinomas of the bladder, brain, breast, 

cervix, colon, esophagus, head and neck, lung, and prostate [52, 53].  Nouri et al. showed 

that 73% of invasive squamous cell carcinomas of the oral cavity over express EGFR 

[54].  Other studies have reported increased EGFR expression in 50 to 98% of oral 

carcinomas [55-58]. 

EGFR expression is detected at all stages of neoplastic progression, and 

expression levels increase as the tissue transforms from a normal state through dysplasia 

to carcinoma.  In normal epithelium, EGFR expression is limited to the proliferating cells 

in the basal layer of the epithelium.  As these cells differentiate into non-proliferating 

cells, EGFR expression is greatly reduced [53, 59].  During neoplastic progression, 

however, EGFR expression is expanded to all layers of the epithelium, including the 

superficial layer [53].    

Abnormal EGFR expression has been correlated with tumor size and stage in head 

and neck squamous cell carcinomas, suggesting that quantitative detection of EGFR 

expression may be of prognostic value for oral cancers [52]. 

2.4 IMAGING EPITHELIAL TISSUES WITH CONFOCAL MICROSCOPY 

In confocal studies of epithelial tissues, a lateral resolution of better than 1 μm 

and axial, or depth, resolution of better than 3 μm has been achieved with a 200 to 400 

μm field of view and penetration depth up to 500 μm [33, 60-65].  Contrast is improved 

and edges appear sharper in confocal images due to the rejection of out-of-focus light, 

thus improving the signal-to-noise ratio within the image. 
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For this reason, confocal microscopy is often used in qualitative and quantitative 

studies of a wide range of specimens.  There are two main types of confocal systems: 

reflectance and fluorescence.  Reflectance confocal microscopy is used to study the three-

dimensional microstructure and morphology of a sample.  Fluorescence confocal 

microscopy is used mainly to study molecular dynamics and biochemistry within the 

sample.  For biological specimens, contrast is often provided by scattering due to 

differences in refractive indices between various cellular and extracellular features in 

reflectance systems or by endogenous and exogenous fluorophores in fluorescence 

systems. 

2.4.1 Reflectance Confocal Microscopy 

Reflectance confocal microscopy (RCM) has been used to study the morphology 

and sub-cellular structure of a number of human diseases and organ sites, including 

diseases and abnormalities of the skin [62, 63, 66-83], cervix [32-34], and oral cavity [62, 

65, 84, 85].  Several groups have shown that RCM can be used to diagnose precancerous 

lesions of the cervix and skin with high sensitivity and specificity, using morphological 

features of the tissue for discrimination.  Collier et al. separated normal and mildly 

dysplastic cervical lesions from moderately and severely dysplastic lesions with a 

sensitivity of 100% and specificity of 91%, using the nuclear-to-cytoplasmic ratio 

calculated from confocal images as the criteria for discrimination.  Collier et al. also 

showed results from diagnoses made by fourteen untrained reviewers based on qualitative 

examination of reflectance confocal images of cervical biopsies.  The average sensitivity 

and specificity was 95% and 69%, respectively [33].  Similarly, Gerger et al. and Nori et 

al. looked at the ability of untrained observers to use confocal images of the skin to 

classify lesions correctly.  Gerger et al. asked five observers, including two residents, one 

senior physician, and two dermatopathologists without previous experience in confocal 
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microscopy, to discriminate between reflectance confocal images of benign nevi and 

cancerous melanomas.  Overall, a sensitivity of 88% and a specificity of 98% were 

achieved by the observers [71].  Nori et al. asked a single observer, a novice confocal 

reviewer, to document the presence or absence of the following criteria in a set of 

confocal images of the skin: “elongated monomorphic basaloid nuclei, polarization of 

these nuclei along the same axis of orientation, prominent inflammatory infiltrate, 

increased dermal vasculature, and pleomorphism of the overlying epidermis indicative of 

actinic changes.”  The presence of polarized nuclei, when compared to histology, yielded 

a sensitivity of 92% and specificity of 97% for separating basal cell carcinomas (BCC) 

from all other skin lesions, including actinic keratosis, melanocytic lesions, and eczema.  

The presence of elongated monomorphic nuclei yielded a sensitivity of 100% and a 

specificity of 71%.  When four of the criteria were present, the sensitivity and specificity 

were 84% and 96%, respectively.  The same set of images was analyzed by two 

dermatologists who were asked to rank each lesion as having either a high clinical 

probability of BCC, a medium probability of BCC, or a low probability of BCC.  Each 

lesion was also ranked by the number of criteria found in the RCM images by the novice 

confocal reviewer.  It was found that when a ranking of high clinical probability of BCC 

was given, it was correct for 59% of the lesions.  With the addition of the RCM 

information, for lesions with a ranking of high clinical probability of BCC from both the 

dermatologists and RCM images, the accuracy increased to 91%.  Similarly, for lesions 

with a ranking of low probability for BCC, the dermatologists ranking yielded an 

accuracy of 47% as compared to 93% for the combined rankings of the dermatologists 

and RCM images [79]. 

Pilot studies have been conducted looking at characteristic features of normal and 

neoplastic oral mucosa with reflectance confocal microscopy.  White et al. [65] imaged 
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biopsies from the tongue and lip of normal volunteers to define structures in the confocal 

images which characterize healthy oral mucosa.  Using a 30x, 0.90 NA objective and 

1064 nm light source, they were able to image to a depth of 490 μm in the lip and 250 

μm in the tongue.  The main source of image contrast was the backscattered signal from 

cell nuclei.  The cell nuclei appeared bright while the surrounding cytoplasm appeared 

dark.  In the more superficial layers of the lip, cell membranes were also visible as bright 

lines.  This was also observed by Rajadhyaksha et al. [62] and by Clark et al. [84].  The 

depth related changes expected in normal tissue, such as changes in cell size and nuclear 

density, were seen.  As the depth of imaging increased, the cells became smaller, more 

spherical, and more densely packed [65].  A study conducted by Clark et al. [84] looked 

at pairs of clinically normal and abnormal biopsies from regions of the mouth including 

the floor of mouth, gingiva, buccal mucosa, soft palate, and lateral surface of the tongue.  

In normal biopsies, the expected depth related changes were again seen.  In squamous 

cell carcinomas, extensive variation in cell size, nuclear size, and nuclear morphology 

were resolved in both confocal images and histology slides.  Other features, such as 

inflammation, fibrosis, muscle fibers, and salivary glands were also identified in the 

confocal images.  The system employed used a 25x, 0.80 NA water-immersion objective 

and 810 nm light source.  The microscope was able to image up to the objective’s 

working distance (250 μm) 31% of the time in the normal tissues.  Penetration was 

limited to between 150 and 200 μm in 46% of the cases, and between 100 and 150 μm in 

the other 23%.  Both White and Clark mention limited penetration depth due to the level 

of keratin present in the tissue.  The index of refraction of keratin is much higher than 

that of the cytoplasm, and therefore scatters more light [84]. 
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2.4.2 Fluorescence Confocal Microscopy 

Fluorescence confocal microscopy (FCM) has been used to study the origin and 

distribution of cellular autofluorescence in prostate, bladder, and bronchial epithelial 

carcinoma cells in culture [86, 87], in frozen tissue slices of the colon [88, 89], and in 

fresh tissue slices of the cervix [4].  FCM has also been used with exogenous dyes to 

study tissues of the skin [90], colon [91], and oral cavity [21, 22].  Using a handheld 

scanner, Swindle et al. used FCM to image normal epidermis after the skin had been 

labeled with fluorescein sodium.  They showed that the morphological patterns imaged 

by the confocal system corresponded well to the patterns seen in normal histology, 

showing the ability of their handheld device to acquire real-time, high-resolution images 

of the skin non-invasively [90].  Pentax and OptiScan are developing an endoscopic 

confocal system that uses a single optical fiber for illumination and detection, and 

physically scans the fiber to create a two-dimensional image.  This system is designed for 

fluorescence imaging at 488 nm excitation.  It has a lateral resolution limit of 0.70 μm, a 

depth of penetration of 250 μm, and a field of view of 500 x 500 μm.  In a recent study 

using this system, Kiesslich et al. obtained 13,020 confocal images of the colon in vivo 

from 390 sites.  They reported that FCM can be used to detect the presence of neoplastic 

changes in the colon (dysplasias and cancers) with a sensitivity of 97% and a specificity 

of 99%, when the tissue was labeled with fluorescein sodium prior to imaging [91]. 

Hsu et al. labeled fresh oral cavity tissue slices with a far-red fluorescent dye, 

Alexa Fluor® 660, targeting the epidermal growth factor receptor.  Using confocal 

microscopy, they saw at least a 2-fold increased in the mean fluorescence intensity of 

dysplastic and cancerous tissues compared to normal tissues of the oral cavity [21, 22]. 
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Chapter 3: Design, Construction, and Characterization of a Dual-mode 
Reflectance and Fluorescence Near Real-Time Confocal Microscope 

Epithelial pre-cancers are associated with a variety of morphologic and molecular 

changes, which are currently assessed through histologic analysis of biopsies.  Diagnosis 

is usually based on morphological and architectural markers such as the nuclear-to-

cytoplasmic ratio, density of nuclei, and extent of invasion.  The use of molecular 

markers in cancer diagnosis, to assess molecular changes in the tissue, could have 

important clinical benefits.  Imaging the molecular features of cancer requires molecular-

specific contrast agents which can be used in vivo as well as portable, inexpensive, and 

fast imaging systems to rapidly and non-invasively image the distribution of these 

agents.  This chapter will review the design and characterization of the dual-mode 

reflectance and fluorescence confocal microscope (DCM), a near real-time, sub-cellular 

resolution confocal microscope with the ability to image both molecular-specific contrast 

agents and native cellular morphology, and will compare this system’s performance to 

commercially available systems. 

3.1 INSTRUMENTATION 

3.1.1 Design Requirements 

This instrument was designed to study the changes that occur during early 

carcinogenesis in epithelial tissues as well as study the delivery efficacy and penetration 

depth of targeted contrast agents to aid in the development and delivery of molecular-

specific contrast agents.  As such, the system was designed to image both the morphology 

and molecular activity of epithelial tissues.  The design requirements, therefore, were 

directly related to the morphology of the epithelial tissues of interest.  The main design 

requirements are listed in Table 3.1.  This confocal microscope was designed to 



investigate both natural backscattering and endogenous collagen autofluorescence from 

tissue as well as signals from common contrast agents, including fluorescence from 

Alexa Fluor® dyes and reflectance from gold nanoparticles.  The illumination 

wavelengths were chosen with the optical properties of the tissue and contrast agents in 

mind.  An illumination wavelength of 488 nm was chosen to excite collagen 

autofluorescence and Alexa Fluor® 488 dye.  An illumination wavelength of 660 nm was 

chosen to excite Alexa Fluor® 660 dye and to image backscattering from gold 

nanoparticles developed by Sokolov et al. [92].  Finally, a light source near 800 nm was 

chosen for reflectance imaging of the endogenous structure of the tissue.  Near infrared 

wavelengths (700-1200 nm) are usually used for reflectance imaging due to the decreased 

absorption and scattering by the tissue at these wavelengths and the increased penetration 

depth.  However, as the wavelength of light increases, the lateral and axial resolutions 

decrease, increasing section thickness and reducing the signal-to-noise ratio.  

Rajadhyaksha and Zavislan have shown that 800 nm provides a good balance between 

penetration depth, signal intensity, and resolution [93]. 

 

low cost
commercially available components

15 fpsacquisition rate
300 – 600 μmpenetration depth
> 220 x 220 μmfield of view
2 - 3 μmaxial resolution
< 1 μmlateral resolution
350 – 810 nmexcitation wavelength
RequirementDescription

 

Table 3.1. Main design requirements for the dual-mode reflectance and fluorescence 
confocal microscope. 
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The resolution and penetration depth requirements were based on the structure of 

epithelial tissues of the oral cavity.  To detect precancerous changes, the system must be 

able to detect the morphological and biochemical changes that occur in the tissue, cells, 

and nuclei which indicate neoplastic transformation.  White et al. indicate that nuclear 

diameters within normal oral cavity tissue range from 6.1 to 11.4 μm, as determined with 

in vivo confocal microscopy [65].  Backman et al. give a diameter range of 5 to 10 μm 

for non-neoplastic epithelial cell nuclei [94], and Walker et al. found that normal cell 

nuclei in cervical tissue range in diameter from 4.2 to 11.9 μm [48].  Therefore, to 

resolve individual nuclei approximately 4 μm in diameter, the system needed a lateral 

resolution better than 2 μm to satisfy Nyquist sampling.  Since it is very difficult to align 

an optical system to achieve the theoretical resolution of the system, a lateral resolution 

of less than 1 μm was the goal for this instrument to ensure that adequate sampling of the 

nuclei was achieved.  Walker et al. also found that cell heights within normal cervical 

tissue range from 9.1 to 22.1 μm [48].  To image individual cell layers, which may be as 

thin as 9 μm in depth, an axial resolution of at least 4 μm was needed.  Again, due to the 

difficulty of achieving the theoretical resolution of a system, and taking into account that 

the optical sectioning degrades as images are obtained deeper within a tissue section due 

to scattering of overlying layers, an axial resolution of 2 to 3 μm was the goal for this 

system.  The numerical aperture of the objective was the primary component responsible 

for meeting these parameters. 

The field of view (FOV) requirement was also determined by the average cell 

size.  For cell diameters of 9.1 to 22.1 μm, a FOV of 220 x 220 μm was required to 

guarantee imaging approximately 100 cells within a single FOV. 

Precancerous lesions develop from the basement membrane of the epithelium.  To 

detect these lesions in their earliest stages, and to study contrast agent penetration 
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throughout the thickness of the epithelium, the system must be able to image to the 

basement membrane of the tissue.  The tissue thickness, therefore, was the basis for the 

penetration depth requirement.  Meyer and Gerson and Winning and Townsend report 

average tissue thicknesses of 300 to 600 μm for epithelial tissues of the oral cavity [43, 

95].  Depending on the scattering coefficient used, the calculated maximum penetration 

depth for confocal microscopes is 200 to 400 μm [31, 96].  Therefore, the confocal 

system was designed for a penetration depth of 300 to 600 μm, with the realization that 

the system may not be able to penetrate beyond 300 μm due to light scattering. 

Finally, because the system was designed to study in vivo tissues in animal 

models, the system must acquire images as near real time as possible to avoid movement 

and breathing artifacts.  This required a frame rate of at least 15 frames per second (fps). 

3.1.2 System Design 

Figure 3.1 shows a schematic of the dual-mode reflectance and fluorescence 

confocal microscope design.  The DCM has three continuous wave light sources: an air-

cooled argon ion laser at 488 nm (National Laser Company, Salt Lake City, UT), a laser 

diode at 664 nm (Micro Laser Systems, Inc., Garden Grove, CA), and a laser diode at 784 

nm (Micro Laser Systems, Inc., Garden Grove, CA).  The lasers are focused into single 

mode fibers and the wavelength entering the optical system is chosen using a computer 

controlled translation stage.  Light exiting the chosen fiber is collimated by lens L1.  The 

collimated beam passes through a variable reflective neutral density filter which is used 

to control the power incident on the sample, without having to change the output power 

of the lasers.  The beam then passes through a variable iris to insure that all three 

wavelengths have the same beam diameter of 2.8 mm.  The beam is then diverted by a 

50/50 beam splitter (for reflectance imaging) or dichroic mirror (for fluorescence 

imaging) to the sample arm.  Within the sample arm, the beam is scanned in two 
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dimensions by an integrated resonant scanning mirror and galvanometer mirror (Electro-

Optical Products Corporation, Glendale, NY) to produce a frame rate of 15 frames per 

second.  The resonant scanning mirror directs the beam through a Keplerian telescoping 

lens system (L2 and L3) to the galvanometer mirror while scanning the beam in the x 

direction to create a line scan.  The galvanometer mirror directs the beam through another 

telescoping and expanding lens system (L4 and L5) onto the back aperture of the 

objective, finalizing the raster pattern by scanning the beam in the y direction.  The tube 

lens (L5) collimates the light entering a 40x 0.80 NA water-immersion microscope 

objective (Nikon Instruments, Inc.), and the objective focuses the light onto the sample.  

Light reflected from or fluorescence emitted by the sample is descanned and recollimated 

by the scanning system and is transmitted through the beam splitter or dichroic mirror, 

into the detection arm.  In the detection arm, light is focused by the pinhole lens (L6) 

through a pinhole and the light that passes through this pinhole is detected by a 

photomultiplier tube (PMT) detector.  Data from the detector is digitized by a video 

frame grabber (MuTech Corporation, Billerica, MA) and displayed at 15 fps on a 

computer monitor.  Figure 3.2a shows a picture of the system on a cart.  The only 

equipment not on the cart is the computer and monitor, which is on a neighboring table 

(not shown).  Figure 3.2b shows the middle shelf of the cart, containing the lasers, 

shutters which block the laser beams when not in use, and laser controls.  Figure 3.2c 

shows the top shelf of the cart, containing the main optical system. 
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Figure 3.1. Schematic of the optical layout of the dual-mode reflectance and 
fluorescence confocal microscope. 
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Figure 3.2. Pictures of the constructed dual-mode reflectance and fluorescence confocal
microscope.  (a) System on a cart.  The only equipment not on the cart is the 
computer and monitor, which is on a neighboring table (not shown).  (b) 
Middle shelf of the cart, containing the lasers, shutters which block the laser 
beams when not in use, and laser controls.  (c) Top shelf of the cart, 
containing the main optical system.
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3.1.2.1 Illumination 

The lasers listed previously were chosen based on their output power and 

portability.  Experiments were conducted on a commercially available Leica TCS SP2 

AOBS confocal microscope (Leica Microsystems, Germany) to estimate the amount of 

laser power needed for the DCM system.  A number of labeled and unlabeled cell 

samples were imaged on the Leica system.  The power, at the objective, used to image 

the samples on the Leica system was used to determine the starting laser power needed 

for the DCM, based on the theoretical losses through the DCM shown in Table 3.2.  This 

value was then multiplied by the ratios of the image acquisition speeds, detector quantum 

efficiencies, and light gathering capacities of the objectives to estimate the laser power 

needed.  For example, for a fluorescent sample illuminated at 488 nm that required 0.10 

mW at the back aperture of the Leica objective, the laser power needed in the DCM, due 

solely to light losses in the system, would be 0.24 mW.  Then, multiplying 0.24 mW by 

the ratios of the image acquisition speeds, detector quantum efficiencies, and light 

gathering capacities of the objectives, it was determined that a minimum laser power of 

14.3 mW was needed.  Laser sources with powers 1.5 to 2 times the amount calculated 

were sought to ensure that any additional unexpected losses in the system could be 

compensated for, and the sources were required to be portable (not needing water cooling 

or special power requirements) so that the entire system could be portable.  The 488 nm, 

664 nm, and 784 nm laser sources have maximum output powers of 30 mW, 40 mW, and 

95 mW, respectively. 

 



5%Scanning mirrors
4%Lenses

20%
50%

Dichroic mirror
50/50 beam splitter

7%Variable iris

40% (488nm )
30% (664 & 784nm)

Singlemode fiber
Estimated LossComponent

 

Table 3.2. Estimated percent of light lost through various optical components in the 
dual-mode reflectance and fluorescence confocal microscope. 

Single mode optical fibers (Thorlabs, Inc., Newton, NJ) transfer light from the 

second shelf of the cart to the top shelf, into the main optical system.  The output ends of 

the fibers were mounted on a computer controlled translation stage (ILS100PP, Newport 

Corporation, Irvine, CA), which controlled which single laser wavelength entered the 

optical system, such that only one illumination wavelength entered the optical system at a 

time. 

A beam splitter or dichroic mirror then directed light toward the sample arm of 

the system.  There are two beam splitters and two dichroics currently available for use in 

the DCM.  Both beam splitters are 50/50 beam splitters; one for visible wavelengths and 

one for near-infrared (NIR) wavelengths (Chroma Technology Corporation, Rockingham, 

VT).  Also available are dichroic mirrors for fluorescence imaging at 488 nm and 664 nm 

excitations (z488rdc and z658rdc, Chroma Technology Corporation, Rockingham, VT).  

Each beam splitter / dichroic mirror was mounted in a gimbal optical mount which was 

attached to a locking base plate, so that they could easily be interchanged in the system 

with reproducible positioning. 
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3.1.2.2 Sample Arm 

The sample arm was designed to provide the desired resolution, scan the focal 

point in two dimensions (x and y) within the sample to form an image, and change the 

depth (z) of the scan to optically section the sample.  These functions were accomplished 

mainly through the objective lens, the scanning mirror system, and the sample translation 

stage.   

The objective lens was chosen based on its numerical aperture (NA), working 

distance, and immersion medium.  For biological imaging, water immersion objectives 

are typically used (as opposed to air or oil immersion objectives) so that the immersion 

medium more closely matches the index of refraction of the specimen to reduce specular 

reflections from the sample and minimize aberrations in the system.  The maximum depth 

that can be imaged within a specimen is limited by the working distance of the objective.  

This working distance, therefore, must be longer than the desired imaging depth.  In this 

case, a working distance longer than 600 μm was desired.  Finally, the NA of the 

objective was chosen to provide the desired lateral and axial resolutions.  Equations for 

confocal lateral and axial resolution were solved using the reflectance illumination 

wavelength of 784 nm since the resolution decreases as the illumination wavelength 

increases.  According to Equation 3.1, to achieve a lateral resolution of 1 μm at 784 nm 

illumination, an NA of only 0.36 is needed, where Δr is the lateral resolution and λ is 

wavelength of light.  However, Equation 3.2, where n is the refractive index of the 

immersion medium, requires an NA of 0.72 to achieve an axial resolution (Δz) of 2 μm 

(with water immersion). 
 

NA
r λ46.0

=Δ  [3.1] 
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2NA
nz λ

=Δ  [3.2] 

 

Since errors in alignment and aberrations in the system degrade this resolution and better 

resolution was preferred, a higher NA objective was more desirable.  However, 

Rajadhyaksha et al. [93] have shown that imaging with an NA higher than 0.90 yields 

increased aberrations, smaller fields of view, and reduced working distances.  Therefore, 

a water immersion objective which has a high transmission of the three laser 

wavelengths, an NA between 0.75 and 0.90, and a working distance greater than 600 μm 

was desired.  An infinity-corrected, fluorite-corrected (Fluor), 40x 0.80 NA Nikon water-

immersion objective with a 2 mm working distance was chosen. 

The scanning system was chosen based on the desired image acquisition speed 

and ease of alignment.  Scanning the laser beam involved deflecting the beam through a 

range of angles about the optical axis.  For a 512 x 512 pixel image, the desired frame 

rate of 15 fps required a line scan rate of approximately 8 kHz.  A resonant galvanometer 

mirror was chosen to achieve an 8 kHz line scan because it did not require awkward 

beam shaping like an acousto-optic deflector and it did not require additional 

synchronization optics like a rotating polygon.  The resonant mirror scan was based on a 

sinusoidal rather than linear signal, but this complication was corrected by appropriate 

image acquisition design and post-acquisition processing.  For two-dimensional imaging, 

two mirrors were required.  The faster mirror rotates through a complete line scan in the 

time that the slower mirror needs to move to the next line.  An integrated resonant mirror 

and galvanometer mirror pair from Electro-Optical Products Corporation (Glendale, NY) 

was chosen as the scanning system.  The resonant mirror oscillates at approximately 7.9 

kHz and the galvanometer mirror rotates at 15 Hz. 
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After choosing the objective and scanning system, the optics needed to deliver 

light from the laser to the objective were chosen.  The optics were designed to (1) image 

the objective’s focal point onto the pinhole, (2) image the objective aperture onto the two 

scanning mirrors, (3) control the beam diameter and scan angle to prevent vignetting at 

optical surfaces, (4) control the beam diameter to completely fill the back aperture of the 

objective, (5) minimize power losses due to specular reflection off optical surfaces, and 

(6) provide the desired field of view.  All of the optics chosen also had to be made of a 

material that would transmit the three illumination wavelengths.  Figure 3.3 shows the 

layout of the optical components within the sample arm.  The optics within this part of 

the system include a tube lens to collimate light entering the objective (L5) and lenses to 

control the beam during scanning and fulfill the stated requirements.  Lenses L2-L3 and 

L4-L5 were set up as Keplerian telescopes, two lenses separated by the sum of their focal 

lengths, so that the mirrors always deflect collimated light.  This placed the image plane 

at the focal point of each lens, and allowed easier alignment of the scanning mirrors.  In 

order to image the objective aperture onto the two scanning mirrors, the mirrors were 

placed in conjugate “zero-deflection” planes to the back aperture of the objective.  This 

was accomplished by placing the lenses, as shown in Figure 3.3, such that So+Si = fa+fb 

where fa and fb are focal lengths of the lenses and So and Si are object and image 

distances, respectively, to the lenses. 
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Figure 3.3. Layout of the optical components within the sample arm of the dual-mode 
reflectance and fluorescence confocal microscope.  Res Mirror is a resonant 
scanning mirror that scans the laser beam in the x direction; Galvo Mirror is 
a galvanometer mirror that scans the laser beam in the y direction; and L2, 
L3, L4, and L5 are achromatic doublet lenses. 

The lenses were chosen based on commercial availability and spatial limitations, 

so that mounting on an optical bench with commercial holders was possible.  The lenses 

chosen were all achromat doublets with anti-reflection surface coatings.  L2 and L3 were 

31.5 mm diameter Melles Griot lenses with 80 mm focal lengths (01 LAO 114, Melles 

Griot, Carlsbad, CA).  L4 was a 30 mm diameter lens from Edmund Optics with a 50 mm 

focal length (32-496, Edmund Optics, Barrington, NJ).  L5, also from Edmund Optics, 

had a diameter of 40 mm and 160 mm focal length (32-923, Edmund Optics, Barrington, 

NJ). 

Zemax (ZEMAX Development Corporation, Bellevue, WA) was used to ensure 

that each lens would transmit the desired wavelength range, to determine the distances 

between optical components, to ensure light was not lost at any of the components due to 

scanning angle or beam size, to ensure that the beam diameter at the objective was large 

enough to fill the back aperture, and to check that chromatic aberrations were minimized.   

 40



3.1.2.3 Detection Arm 

The detection arm was designed to provide the desired axial resolution.  It 

consists of 2 lenses, a pinhole wheel with five pinholes, and a detector.  The pinhole lens 

(L6 in Figure 3.1) and pinholes were chosen such that the normalized pinhole radius, vp, 

was less than or equal to 3.0, as discussed by Wilson and Carlini [13].  The normalized 

pinhole radius is related to the real space radius, rp, by Equations 3.3 and 3.4. 
 

( ) ppp rNAv
λ
π2

=  [3.3] 

 

( )
total

p
objp M

r
NAv

λ
π2

=  [3.4] 

 

In Equation 3.3, the pinhole radius is related to the wavelength of light incident on the 

pinhole and the numerical aperture of the lens focusing light into the pinhole (L6 in 

Figure 3.1).  In Equation 3.4, it is related again to the wavelength of light, as well as to 

the NA of the objective and the total magnification in the system from the sample to the 

pinhole.  The pinhole lens chosen for this system was a 50 mm focal length, 18 mm 

diameter achromat doublet lens from Edmund Optics (32-913, Edmund Optics, 

Barrington, NJ).  A 20 μm diameter pinhole was initially chosen for this system.  This 

yielded theoretical vp values ranging between 2.00 and 3.05, as shown in Table 3.3.  

However, it was found desirable to have larger pinholes available to allow more light 

through to the detector in some imaging configurations, especially for fluorescence 

imaging.  Therefore, a wheel containing five pinholes ranging in diameter from 20 μm to 

200 μm was inserted into the system so that the pinhole diameter could be adjusted as 

needed while imaging.  Lens L7, also a 50 mm focal length lens, focused the light 

coming through the pinhole onto the detector. 
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2.000.784reflectance
2.370.664reflectance
3.220.488reflectance
2.280.690Alexa Fluor® 660 dye
3.030.519Alexa Fluor® 488 dye
3.050.515collagen & elastin

vpλrefl/em (μm)Compound

 

Table 3.3. Theoretical normalized pinhole radii (vp) for detected wavelengths (λrefl/em) 
of various compounds of interest for a 20 μm-diameter pinhole. 

The final component of the detection arm is the detector. The requirements for the 

detector included the following characteristics: (1) good detection between 488 and 700 

nm for fluorescence imaging, (2) moderately good detection at 784 nm for reflectance 

imaging, (3) bandwidth of 13 MHz to match the sampling speed, (4) low dark current, 

and (5) high gain.  Again, an analysis of the Leica confocal system was used; typical 

imaging parameters on the Leica confocal system resulted in a voltage output from the 

PMT of 1.0x109 V/W.  An Electron Tubes PMT with a maximum output of 4.5x109 V/W 

at 800 nm and 5.4x1010 V/W at 400 nm was chosen for use in the DCM. 

3.1.3 Image Formation 

The DCM was designed as a point-scanning system, illuminating and detecting 

light from a small point within the sample.  To create a two-dimensional (2D) image, the 

illuminated and detected region was scanned over the object plane within the sample, 

perpendicular to the optical axis.  The signal from each sampled point was recorded and 

used to reconstruct a 2D image.  In this case, the signal was a time-varying voltage from 

the PMT, which corresponded to the intensity of light from the sample.  A MuTech frame 
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grabber card (MV-1000, MuTech, Billerica, MA) was used to digitize the analog signal 

and convert it to a digital format to be displayed on a computer monitor. 

Image formation was accomplished by synchronizing the operations of the frame 

grabber and the scanning mirrors.  The scanning mirrors’ controller provided two outputs 

which corresponded to the positions of the resonant and galvanometer mirrors; the 

resonant mirror (line scan) yielded a sine function output and the galvanometer mirror 

(frame scan) yielded a sawtooth wave output.  An electronic Schmitt trigger circuit was 

used to detect the zero crossings of these waveforms while ignoring most noise present 

on the signal.  The zero crossings were used to generate the line and frame 

synchronization pulses for the frame grabber, and images were displayed at a rate of 15 

fps on the computer monitor. 

The non-linear scanning pattern of the resonant mirror caused the images to be 

stretched at the edges in the horizontal direction.  The amount of distortion in the images 

was corrected through pixel re-sampling, post image acquisition, using Matlab (The 

MathWorks, Inc., Natick, MA).  The number of pixels in each line was reduced at the left 

and right edges of the original image, reducing each line from 760 to 519 pixels.  Figure 

3.4 shows an image of a Ronchi grating, with line widths of 12.7 μm, before and after 

resizing.  Figure 3.4 also shows a line profile across both images.  Most of the distortion 

within the image was removed after resizing. 
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Figure 3.4. Images of a Ronchi grating and line profiles across the images before and 
after resizing.  Most of the distortion within the image was removed after 
resizing.  The number of pixels in each line was reduced from 760 to 519 
pixels. 

3.1.4 Mosaic Image Tiling 

The DCM stage and controls were designed so that image mosaics of a sample 

could be taken to cover a region of interest much larger than the field of view of one 

frame.  The sample stage of the DCM was controlled in three-dimensions via the 

computer.  A program was written in LabView (National Instruments, Austin, TX) to 

control the movement of the sample stage and the capture of images, as well as the 

movement of the laser illumination translation stage.  The LabView application 

communicates with the frame grabber card via PCI bus and the motorized stage 

controllers via GPIB.  The program controls four motorized stages (x, y, and z of the 

sample stage and the laser illumination stage) and includes a calibration utility to 

determine the image step size and number of images to acquire to create a mosaic image.  
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Normal Epithelium Carcinoma

Figure 3.5. Mosaic image of a transverse tissue slice from a tongue biopsy taken in 
reflectance mode after the application of a 6% acetic acid solution.  The 
mosaic is 9 x 7 frames and covers a region of 2.66 x 1.71 mm.  Scale bar 
is 1 mm.
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The program is able to capture mosaic images in two or three dimensions based on the 

user defined region of interest.  Figure 3.5 shows an example of a mosaic image of a 

transverse tissue slice from a tongue biopsy.  This image was taken in reflectance mode 

after the application of a 6% acetic acid solution.  The mosaic is 9 x 7 frames and covers 

a region of 2.66 x 1.71 mm.  This mosaic gives a complete picture of the structure of the 

tissue slice, whereas one frame would only yield information about a single 300 x 250 

mm field of view.  The mosaic shows both a histologically normal region of epithelium 

on the left with neighboring invasive carcinoma on the right.  The neighboring carcinoma 

might have been missed without the ability to image the entire tissue slice. 
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3.2 MEASURED PERFORMANCE 

The lateral resolution of the DCM for reflectance imaging was determined from 

the distance between the 10% and 90% intensity across the edge of a 1000 line-pair-per-

inch Ronchi reflective grating.  According to [62], “for a Gaussian spot the lateral 

resolution, defined as its e-2 radius, can be shown to be 0.78 times the 10-90% edge 

width.”  Therefore, the measured 10-90% distance was multiplied by 0.78 to determine 

the measured lateral resolution, which for the DCM ranged from 0.31 to 0.85 μm 

depending on the illumination wavelength and pinhole diameter.  The resolution of the 

system was also tested by imaging sub-resolution fluorescent spheres.  Dragon green 

fluorescent polystyrene spheres, 0.19 μm in diameter (Bangs Laboratories, Fishers, IN), 

were imaged with 488 nm excitation and 500-550 nm bandpass emission.  The diameter 

of the imaged spheres ranged from 0.38 μm with a 20 μm-diameter pinhole to 0.52 μm 

with the 200 μm-diameter pinhole. 

The axial optical sectioning thickness was measured by moving a planar mirror 

through the focus of the system at 0.5 μm steps.  The optical sectioning thickness was 

defined as the full-width at half-maximum (FWHM) of the plot of the average intensity 

versus axial position.  The measured optical sectioning thickness ranged between 1.37 

and 13.10 μm.  The individual lateral resolution and optical sectioning measurements 

made for each wavelength at each pinhole diameter are listed in Table 3.4 and plotted in 

Figure 3.6. 
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Table 3.4. Measured lateral resolutions and optical sectioning thicknesses for the dual-
mode reflectance and fluorescence confocal microscope.  Reflectance lateral 
resolutions were measured using the 10% to 90% intensity points across a 
reflective edge of a Ronchi grating.  The fluorescence lateral resolutions 
were determined by measuring the imaged size of sub-resolution fluorescent 
beads.  Optical sectioning thicknesses were measured using the full-width at 
half-maximum of the intensity versus depth curves of a reflective mirror 
translated along the optical axis.   

 

 

Figure 3.6. Measured (a) lateral resolutions and (b) optical sectioning thicknesses for 
the dual-mode reflectance and fluorescence confocal microscope, plotted as 
a function of the pinhole diameter and illumination wavelength. 
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The field of view of the DCM can be changed by increasing or decreasing the 

voltage driving the scanning mirrors, which controls the deflection angle of the mirrors.  
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The maximum FOV of this system, limited by the scan angle of the mirrors, was 

measured as 300 x 250 μm. 

The maximum imaging depth of the system was measured in unlabeled, freshly 

excised normal human buccal mucosa using reflectance imaging.  The maximum 

penetration depth was defined as the point at which signal could not be distinguished 

from the background.  The maximum penetration depth was measured as approximately 

250 μm; ranging from 240 μm at 488 nm to 260 μm at 784 nm.  The imaging depth at 

784 nm did not increase dramatically over the depth achieved at 488 nm, as might be 

expected, due to the decreased sensitivity of the detector at 784 nm compared to 488 nm. 

The power throughput of the system was measured for all three illumination 

wavelengths.  The visible 50/50 beam splitter was used for 488 nm and 664 nm 

illumination and the NIR 50/50 beam splitter for 784 nm illumination, with a reflective 

mirror as the sample, and the 20 μm-diameter pinhole in the optical path.  The expected 

and measured throughputs for all three wavelengths are shown in Table 3.5.  For the 

expected throughput, assumptions were made regarding the losses in the optical system.  

A loss of 30-40% was estimated for focusing light into a single mode fiber.  The lenses 

chosen for the system all have an anti-reflective coating on them, but for these 

calculations a maximum loss of 4% was used.  A 50% loss was expected at the 50/50 

beam splitters, and the mirrors were assumed to be 95% reflective.  The expected 

objective transmission values were obtained from a sales representative at Nikon 

Instruments, and the loss at the pinhole was estimated using the ratio of the pinhole area 

(using a 20 μm -diameter pinhole) to the calculated Airy disk area at the pinhole plane, 

assuming uniform illumination across the Airy disk.  At 488 nm, 2.9% of the light power 

from the laser was expected to reach the detector.  When measured, only 1.7% actually 

reached the detector.  Similarly, for 664 nm and 784 nm, the theoretical and measured 



power transmissions were 1.8% and 2.2%, and 1.3% and 1.0%, respectively.  Power 

losses that were larger than expected occurred at the collimating lens L1 for all three 

wavelengths, and at the pinhole and lens L7 for 488 nm and 784 nm illumination.  The 

increased losses following lens L1 and L7 were due to the fact that the beam diverged out 

of the fiber and pinhole at angles such that the entire beam of light was not captured by 

the lens.  These losses could be corrected by using a larger diameter or a shorter focal 

length lens in both cases. 
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Table 3.5. Theoretical and measured power throughput for all three wavelengths 
through various components in the dual-mode reflectance and fluorescence 
confocal microscope. 

3.3 COMPARISON TO COMMERCIAL SYSTEM 

The imaging capability of the DCM was compared to a commercially available 

Leica TCS SP2 AOBS confocal system available in the microscopy user facility at The 
 49
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University of Texas at Austin.  The same labeled cell samples, fixed with 10% buffered 

formalin after labeling, were imaged on both the DCM and on the Leica system within 

three days of each other.  The imaging parameters on the Leica system were set to match 

the parameters used on the DCM.  This included matching the gains of the PMT 

detectors, using published specifications for both PMTs, and matching the pinhole 

diameters based on the Airy unit calculation for each system.  The power of the Leica 

system was decreased relative to the power of the DCM to account for the differences in 

scanning speed, quantum efficiency of the PMTs, light gathering capacity of the 

objectives, and for reflectance imaging of gold nanoparticle-labeled cells, to account for 

wavelength differences of scattering from the gold nanoparticles. 

For the first set of experiments, MDA-MB-468 cells (American Type Culture 

Collection, Manassas, VA), an adenocarcinoma of the mammary gland known to over-

express the epidermal growth factor receptor (EGFR) at 1x106 receptors/cell (receptor 

number/cell from American Type Culture Collection and [97]), were used.  Cells were 

grown in monolayers on CoverWell imaging chambers (Grace Bio-Labs, Bend, OR) and 

cultured in minimum essential media (Invitrogen Carlsbad, CA) with 10% FBS, 

penicillin, streptomycin, and glutamine. Cells were plated at a density of 120,000 

cells/mL, and allowed to grow for 24 hours in a 37oC humidified incubator.  The imaging 

chamber had four chambers.  The first two chambers were used to label cells with 

contrast agents targeting EGFR using a mouse monoclonal anti-human EGFR primary 

antibody (Ab 10, clone 111.6, LabVision Neomarkers, Fremont, CA) with an anti-mouse 

IgG Alexa Fluor® 488 secondary antibody conjugate (Invitrogen, Carlsbad, CA).  The 

third and fourth chambers were controls: cells labeled with the mouse IgG primary 

antibody and anti-mouse IgG Alexa Fluor® 488 secondary, and a completely unlabeled 

sample.   
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Labeling was done on ice.  Dilutions of the primary and secondary antibodies 

were done in a 10% bovine serum albumin (BSA) solution, and between all changes of 

solution, cells were washed twice with a 10% BSA solution.  The media was removed 

from the CoverWell imaging chambers and cells were incubated first with the primary 

EGFR or IgG antibody and then with the Alexa Fluor® 488 secondary for 30 minutes 

each.  After labeling, the cells were fixed in 10% buffered formalin for 20 minutes on ice.  

After the final washes, phosphate buffered saline (PBS) was added to the chambers and 

sealed using a microscope slide. 

DCM images of the fluorescently labeled cells were taken with 488 nm 

illumination, a 500-550 nm bandpass emission filter, 80 μW of power on the sample, a 

PMT gain of 3.1x104, and a 100 μm-diameter pinhole in the optical path.  On the Leica 

system, fluorescently labeled cells were imaged with 488 nm illumination, a 500-550 nm 

bandpass emission filter, 1.7 μW of power on the sample, a PMT gain of 3.1x104, and a 

288 μm -diameter pinhole in the optical path.   

Figure 3.7 shows images of cells labeled with Alexa Fluor® 488 targeting EGFR 

on the cellular membrane.  Figure 3.7a was taken with the DCM and Figure 3.7b was 

taken with the Leica confocal microscope with parameters matching those used on the 

DCM.  The average grayscale intensity from the labeled regions in the DCM image was 

85.8.  The average signal intensity in the Leica image was 33.4.  The average signal from 

the Leica image was within a factor of 2.6 of the DCM signal intensity, which we feel is 

comparable based on the fact that a number of parameters were adjusted to achieve 

matched imaging conditions between the two systems and the fact that the Leica system 

was likely not being used under ideal conditions when imaging with the matched 

parameters.  The signal-to-noise ratio (S/N) was measured in these images as well by 

taking 10 successive images and calculating the standard deviation of the signal intensity 



over time.  The S/N measured in the DCM image was 25.6, and 17.5 in the Leica image.  

The signal-to-background (S/B) was 8.0 for the DCM image and 4.7 for the Leica image.  

Figure 3.7c is an image taken on the Leica confocal microscope under more ideal 

conditions for that system.  In this case, the average label intensity in the image was 

140.0, which is greater than the intensity of the signal in the DCM image, but the DCM 

was acquiring images 19 times faster than the Leica system. 

 

 

Figure 3.7. Images of 468 cells labeled with Alexa Fluor® 488 targeting the epidermal 
growth factor receptor.  (a) DCM image, (b) Leica image taken with 
parameters matching the DCM parameters, and (c) Leica image taken under 
more ideal parameters for that system.  Scale bars are 50 μm. 

For the second set of experiments, labeling with 40nm- and 95nm-diameter gold 

nanoparticles rather than Alexa Fluor® 488, 1483 head and neck squamous cell 

carcinoma cells were used.  The 1483 cell line was derived from a tumor of the 

retromolar trigone region of the oropharynx (kindly provided by Reuben Lotan, at the 

University of Texas M.D. Anderson Cancer Center), and is estimated to have 5x105 

EGFR receptors/cell (based on comparisons with the 468 cell line).  Cells were grown on 

culture plates in Dulbecco’s modified essential media/F12 (Invitrogen, Carlsbad, CA) 

with 10% FBS, penicillin, streptomycin, and glutamine.  Cells (0.15x106 in 0.5 mL) were 

collected by trypsinization from culture plates that had grown to 60-90% confluency.  
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Three samples were made: cells labeled with a 40 nm-diameter gold nanoparticle 

conjugate, cells labeled with a 95 nm-diameter gold nanoparticle conjugate, and a 

completely unlabeled cell sample. 

The gold nanoparticle conjugates consisted of 40 nm- and 95 nm-diameter gold 

nanoparticles absorbed to the surface of a mouse monoclonal anti-human EGFR antibody 

(clone 29.1, Sigma-Aldrich, St. Louis, MO).  The gold conjugates were prepared 

following the method of [92] and re-suspended in 1x phosphate buffered saline (PBS) 

solution with 1% bovine serum albumin (BSA) and 0.2% polyethylene glycol. 

For labeling, cells were removed from the culture plates, washed, and labeled in 

suspension.  Cells were incubated with the labeled antibody for 30 minutes and washed 

twice with 1x PBS afterward.  After labeling, the cells were fixed in 10% buffered 

formalin for 20 minutes.  The cells were again washed, suspended in PBS, and then 

mixed with rat tail type-I collagen (Roche Applied Science, Germany) and placed in a 

spacer on a glass microscope slide with a cover slip on top.  Cells were mixed with 

collagen to keep the cells away from the brightly reflective glass interface of the slide and 

cover slip for imaging. 

Cells labeled with gold nanoparticles were imaged with the DCM in reflectance 

mode using 664 nm illumination, the visible 50/50 beam splitter, and no emission filter.  

Cells labeled with 40 nm-diameter gold nanoparticles were imaged with 0.48 mW on the 

sample, a PMT gain of 2.3x104, and a 20 μm-diameter pinhole in the optical path.  Cells 

labeled with 95 nm-diameter gold nanoparticles were imaged with the same power and 

pinhole, with a slightly lower PMT gain of 1.2x104.  On the Leica system, gold labeled 

cells were imaged with 633 nm illumination and a 55 μm -diameter pinhole in the optical 

path.  Cells labeled with 40 nm-diameter gold nanoparticles were imaged with 6.7 μW on 



the sample and a PMT gain of 2.3x104.  Cells labeled with 95 nm-diameter gold 

nanoparticles were imaged with 8.3 μW on the sample and PMT gain of 1.2x104. 

Figure 3.8 shows images of 1483 cells labeled with 40 nm-diameter gold 

nanoparticles targeting EGFR.  Figure 3.8a was taken with the DCM and Figure 3.8b was 

taken with the Leica confocal microscope with matching parameters.  The average 

grayscale intensity from the labeled regions in the DCM image was 56.0.  The average 

signal intensity in the Leica image was 30.3.  The average signal from the Leica image is 

within a factor of two of the DCM image.  The S/N and S/B measured in the DCM image 

were 31.5 and 5.1, respectively, and 61.4 and 3.7 for the Leica image.  Figure 3.8c was 

taken on the Leica system under more ideal conditions for that system.  In this case, the 

average label intensity in the Leica image (68.8) was a slightly higher than the intensity 

of the signal in the DCM image, but the DCM was acquiring images 19 times faster than 

the Leica system.   

 

 

Figure 3.8. Images of 1483 cells labeled with 40nm-diameter gold nanoparticles 
targeting the epidermal growth factor receptor.  (a) DCM image, (b) Leica 
image taken with matched parameters, and (c) Leica image taken under 
more ideal parameters for that system.  Scale bars are 50 μm. 

Figure 3.9 shows images of 1483 cells labeled with 95 nm-diameter gold 

nanoparticles targeting EGFR.  Figure 3.9a shows the DCM image, Figure 3.9b shows 
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the Leica image taken with matched parameters, and Figure 3.9c shows an image taken 

on the Leica under more ideal parameters for that system.  The average signal intensity, 

S/N, and S/B from the DCM image were 131.9, 30.1, and 36.5, respectively, and 56.5, 

14.2, and 9.8 for the Leica image taken with matched parameters.  The average signal 

from Figure 3.9c was 151.2, again higher than the average signal from the DCM image, 

but acquired 19 times slower than the DCM image. 

 

 

Figure 3.9. Images of 1483 cells labeled with 95nm-diameter gold nanoparticles 
targeting the epidermal growth factor receptor.  (a) DCM image, (b) Leica 
image taken with matched parameters, and (c) Leica image taken under 
more ideal parameters for that system.  Scale bars are 50 μm. 

Overall, these images show that the DCM can acquire images with comparable 

signal intensity and S/N as a commercially available system, at a frame rate 19 times 

faster than the commercial system. 

3.4 DISCUSSION 

The dual-mode confocal microscope was designed as a tool which has the 

capability to study multiple targets, including both endogenous and exogenous targets of 

interest, to study contrast agent labeling and penetration in epithelial tissues.  The results 

shown here provide evidence that the design of the system has accomplished that goal.  

The DCM has the ability to image both reflective and fluorescent targets, and examples 
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of cell lines labeled with Alexa Fluor® 488 dye and gold nanoparticles are shown.   The 

DCM has a measured resolution limit of 0.31 μm laterally and 1.37 μm axially, with a 

maximum imaging depth of approximately 250 μm in human epithelial tissue.  The 

spatial resolution and signal-to-noise of the DCM are sufficient to permit imaging of sub-

cellular structures and labeled targets within epithelial tissues.  Also, the near real-time 

frame rate and upright objective will allow the system to be easily used to study tissue 

structure and contrast agent labeling in vivo in animal models of carcinoma. 

The performance of the DCM compares favorably to commercially available 

confocal systems.  Table 3.6 shows a comparison of the specifications of the DCM and 

commercially available confocal systems; however, this list is by no means exhaustive.  

The Leica TCS SP2 AOBS is a tabletop confocal system.  The configuration shown in 

Table 3.6 corresponds to the system that was used to image the labeled cells discussed 

preciously.  The Leica system has a range of wavelengths and a number of microscope 

objectives available for use, and the emission bandwidth detected can be altered by the 

user through an acousto-optical beam splitter (AOBS), so the user is not confined to a 

single set of emission filters.  In this regard, the Leica system is more versatile than the 

DCM.  However, this particular Leica confocal system has a much slower image 

acquisition speed, has a much shorter imaging depth, and does not have the mosaic 

imaging capabilities that the DCM has.  The system, in its current configuration with an 

inverted microscope objective, would be very difficult to use to image animal models of 

cancer, especially a model such as the hamster cheek pouch.  The Lucid VivaScope 2000 

(Lucid, Inc., Rochester, NY) is the most similar system to the DCM in terms of the 

reflectance imaging capabilities of the systems.  Both systems acquire reflectance images 

using NIR wavelengths, although the Lucid system is set up for reflectance imaging only.  

The Lucid system can image to a depth of 450 μm in the lip, 400 μm in bladder tissue, 
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350 μm in the skin, and 250 μm in the tongue [62].  An imaging depth of 250 μm was 

obtained in the buccal mucosa using the DCM, which is similar to the skin and tongue 

imaged with the Lucid system.  The image acquisition of the Lucid system is faster than 

the DCM, but the measured minimum lateral and axial resolutions of the DCM surpass 

that of the Lucid.  The Lucid system is the only commercial system to have a mosaic 

tiling function similar to that of the DCM.  Three fluorescence imaging systems are also 

shown in Table 3.6: two similar systems from Mauna Kea Technologies and one from 

OptiScan.  The Five(1) (OptiScan Pty. Ltd., Australia) is an endoscopic confocal system 

that uses a single optical fiber for illumination and detection, and physically scans the 

fiber to create a two-dimensional image.  This system is designed for fluorescence 

imaging at 488 nm excitation.  It has a lateral and axial resolution limit of 0.7 and 7.0 

μm, respectively, an imaging depth of 250 μm, and a field of view of 475 x 475 μm.  

This system has the advantage over the DCM that it is fiber based and can be used easily 

in vivo, but it acquires images nine times slower than the DCM so movement and 

breathing artifacts may be more of a problem in this system than the DCM.  Finally, 

Mauna Kea Technologies (France) has also developed a fluorescence confocal fiber-

based system, the Cell~vizio.  Two versions of the system are listed in Table 3.6.  The 

HD-series Cell~vizio has a 2.5 μm lateral resolution, 20 μm axial resolution, field of 

view up to 240 x 200 μm, 488 nm illumination, and a frame rate of 12 frames per second.  

This system has a similar acquisition speed but lower resolution compared to the DCM. 
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Table 3.6. Comparison of the specifications of the dual-mode reflectance and 
fluorescence confocal microscope (DCM) and other commercially available 
confocal systems. 

Combining reflectance and fluorescence together in a single system allows for 

multi-modal imaging, such as acquiring images of fluorescently-labeled cells with 

corresponding reflectance images providing structural information about the tissue, to 

place the labeled cells within a histologically meaningful context.  The DCM described 

here has that capability.  Two other dual-mode systems have recently been reported as 

well.  Chou et al. designed a laser scanning module to fit most commercially available 

non-confocal microscopes [98].  The module produces images at 3 frames per second, 

has a field of view of 133 μm using a 40x 0.75 NA objective and 84 μm using a 63x 1.40 
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NA objective, and has an axial resolution limit of 0.63 μm.  Li et al. modified a Lucid 

Technologies VivaScope 2000, adding a fluorescence channel at 488 nm to the system 

[99].  The system has a frame rate of 10 frames per second, a field of view of 440 x 320 

μm, and a theoretical axial resolution of 1.20 and 0.66 μm at 830 nm and 488 nm, 

respectively.  Fluorescence and reflectance images of mouse ear and haunch skin were 

shown of green fluorescent protein (GFP) labeled melanoma cells injected intradermally 

into non-transgenic mouse skin to show that fluorescently labeled cells could be seen 

within the context of the host tissue structure, provided by reflectance images [99].  Of all 

the commercial and non-commercial systems reviewed, this system most closely 

resembles the specifications and performance of the DCM. 

The DCM has the capability to image in both reflectance and fluorescence modes 

with more than one wavelength.  It has very high lateral and axial resolution for all three 

wavelengths in the system, given the 40x 0.80 NA objective used in the system.  It has a 

FOV similar to most of the commercial systems and a maximum imaging depth 

comparable to clinical systems such as the Lucid VivaScope.  It has near real-time image 

acquisition and an upright objective so that in vivo animal imaging can be accomplished.  

It is not as compact and portable as systems such as the Lucid or Mauna Kea systems, 

however, with a few design modifications, it would be possible to make the DCM more 

compact and more easily portable.  In addition to the ability to image both reflectance and 

fluorescence at multiple wavelengths with one single system, the DCM also has the 

advantage that it is much cheaper than the commercially available systems.  The 

components used to construct the DCM cost less than $50,000. 

This chapter describes the design and performance of a near real-time dual-mode 

reflectance and fluorescence confocal microscope.  Images acquired with the DCM 

demonstrate that the system can image in both reflectance and fluorescence modes and 
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has the sub-cellular resolution needed to visualize the morphological and molecular 

changes associated with carcinogenesis.  The DCM will be a very valuable tool as we 

continue to develop non-invasive real-time imaging tools and research contrast agent 

conjugations and delivery methods in an effort to increase the contrast between 

precancerous and normal epithelial tissues.  The DCM will be used to study the changes 

that occur in epithelial tissues during carcinogenesis through imaging of both endogenous 

and exogenous signals in the tissue.  Changes in nuclear density and the nuclear-to-

cytoplasmic ratio, for example, will be studied with reflectance imaging at 784 nm 

illumination.  Molecular-specific contrast agent labeling and penetration into the 

epithelium will also be studied using the DCM through imaging of contrast agents such 

as gold nanoparticles and fluorescent dyes. 
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Chapter 4: Study of Contrast Agent Penetration and Labeling in the 
Hamster Cheek Pouch Model of Carcinogenesis 

This chapter reviews a preliminary study conducted using the dual-mode 

reflectance and fluorescence confocal microscope (DCM) to obtain images of the hamster 

cheek pouch model of dimethylbenz[α]anthracene (DMBA)-induced oral carcinogenesis.  

The goals of this study were to evaluate the ability of the DCM to image the progression 

of carcinogenesis in vivo in the hamster cheek pouch and to study the in vivo labeling 

efficacy of various contrast agents.  In vivo confocal images and videos of normal and 

neoplastic areas were obtained before and after the application of various contrast agents.  

The DCM was able to visualize the epithelium and stroma of the cheek pouch, blood flow 

was visible within the stroma, areas of dysplasia could be distinguished from normal 

epithelium using acetic acid contrast, and areas of molecular-specific labeling were 

visualized. 

4.1 INTRODUCTION 

Animal models are of great importance in gaining a better understanding of the 

molecular biology of carcinogenesis and for studying a technology’s ability to detect the 

molecular changes that occur in vivo.  The hamster cheek pouch model of carcinogenesis 

is an established, well-characterized animal model of human oral cancer and squamous 

cell carcinoma that develops in DMBA-treated hamster cheek pouches [100, 101].  A 16-

week treatment protocol causes the epithelial lining of the cheek pouch to transform 

through stages of inflammation, hyperplasia, dysplasia, and malignant tumor formation 

[102, 103].  Epithelial hyperplasia develops after a few treatments with DMBA.  

Dysplastic lesions develop after 6-8 weeks of treatment, and carcinomas begin to appear 

at the tenth week of treatment [100]. 
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The ability to monitor both the structure and the function of epithelial tissues at 

the molecular level has the potential to lead to new developments in the way diseases 

such as cancer are characterized, diagnosed, and treated.  For molecular imaging to be 

accomplished, a molecular-specific signal must be available, such as from a molecular-

specific optical contrast agent which transforms the molecular signature into an optical 

signature, as well as an imaging system to detect the signal.  In the past decade, computed 

tomography (CT), magnetic resonance (MR) imaging, ultrasound, and nuclear medicine 

techniques such as microPET have shown promise for molecular imaging in animal 

studies [104].  However, these systems do not provide sufficient resolution to image the 

sub-cellular details necessary to show targeted delivery of a contrast agent, and they often 

cannot obtain images in real time.  MicroCT can achieve an image resolution on the order 

of 50 to 100 μm with an acquisition time of 5 to 30 minutes.  MR imaging and nuclear 

techniques such at PET and SPECT provide a resolution of 1 mm and MR microscopy 

can achieve a resolution up to 10 μm [104].  Meanwhile, optical techniques can achieve 

micron and sub-micron resolutions and images can be acquired in real time.  The limiting 

factor for optical techniques is the depth at which an image can be acquired.  Optical 

coherence tomography is limited a depth of 2 to 3 mm [104] and confocal microscopy is 

limited to approximately 500 μm [33, 60-63, 65], but for investigations of molecular 

changes in surface epithelium where early stage neoplasia manifests, this depth is 

sufficient. 

The goals of this study were to evaluate the ability of the DCM to image 

neoplasia in vivo in the hamster cheek pouch and to study the in vivo labeling efficacy of 

molecular-specific contrast agents.  In vivo confocal images and videos of normal and 

neoplastic areas were obtained before and after the application of several contrast agents.  

The DCM was able to visualize the epithelium and stroma of the cheek pouch, blood flow 



 63

was visible, areas of neoplasia could be distinguished from normal epithelium using 

acetic acid contrast, and targeted labeling of the epidermal growth factor receptor 

(EGFR) was detected by the DCM.  Visualization of the epithelium and stroma of the 

cheek pouch, and the ability to distinguish areas of neoplasia from normal epithelium is 

necessary for studying the changing structure of the tissue that occurs with neoplastic 

progression.  The ability to detect targeted labeling of molecular markers such as EGFR 

allows the study of molecular changes that occur in neoplastic progression.  Imaging 

blood flow provides a means of studying angiogenesis and potential blood vessel 

biomarkers such as integrins. 

4.2 MATERIALS AND METHODS 

4.2.1 Animals 

The animal protocol was reviewed and approved by the M. D. Anderson Cancer 

Center and Rice University Animal Care and Use Committees.  A small animal 

veterinarian with extensive experience with the DMBA model of hamster cheek pouch 

carcinogenesis, Lezlee Coghlan, participated in all aspects of the study.  Sixteen male 

Golden Syrian hamsters were used in this study (Charles River Labs, Wilmington, MA).  

The animals were divided into three groups and followed over the course of 8 weeks: 

group 1 included four animals which were treated for four weeks, group 2 consisted of 

eight animals treated for eight weeks, and group 3 consisted of four control animals.  The 

experimental groups were treated with a 0.50% DMBA carcinogen in mineral oil and the 

control group was treated only with mineral oil three times per week.  The carcinogen 

was applied to the deepest recess of the right cheek pouch with a No. 5 camel-hair brush. 

Images of the treated cheek pouch were acquired at four weeks for group 1 and at 

eight weeks for group 2.  At least one control animal was imaged at each of these time 



points as well.  Prior to imaging, animals were anesthetized with 5% pentobarbital 

sodium (Nembutal Sodium Solution, Abbott Laboratories, Chicago, IL).  Animals were 

dosed at 90 mg/kg body weight delivered via intraperitoneal injection, and the pouch was 

rinsed with saline solution to remove food debris.  Supplements of 24 mg/kg 

pentobarbital sodium were administered every 30 minutes.  To expose the treated area, 

the cheek pouch was manually inverted by the handler over a specially designed platform 

that allowed the animal to lay in a recumbent position and contained a post over which 

the cheek pouch could be secured with an o-ring, as shown in Figure 4.1.  The hamster 

was covered with a ThermaCare heat-wrap (The Procter & Gamble Company, Cincinnati, 

OH) to prevent hypothermia during prolonged anesthesia.  After imaging, animals were 

euthanized with an overdose of pentobarbital sodium. 

 

 

Figure 4.1. Hamster lying on specialized platform with cheek pouch inverted over post 
and held with o-ring.  Plastic cylinder, sealed with vaseline, surrounding the 
inverted cheek pouch will serve as the reservoir for the contrast agents. 

4.2.2 Contrast Agents 

The hamster cheek pouch was incubated with 5% acetic acid solution and 

molecular-specific contrast agents including antibody-gold nanoparticle conjugates and 
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antibody-dye molecule conjugates targeting EGFR.  All contrast agent solutions 

consisted of 10% dimethyl sulfoxide (DMSO) to enhance the penetration of the agents.  

Weak acetic acid is a common clinical contrast agent used to detect areas of neoplasia 

due to the whitening effect it has on abnormal tissues.  In confocal microscopy, it 

increases the backscattered signal from cell nuclei [31-35].  The antibody conjugates used 

are currently under development as target-specific contrast agents.  For this study, EGFR 

antibodies (Ab2 clone 225, Lab Vision Corporation, Fremont, CA) were conjugated 

either to 25 nm-diameter gold nanoparticles or to Alexa Fluor® 647 dye (Invitrogen, 

Carlsbad, CA).  These conjugates were used at a protein concentration of 0.02 mg/mL in 

solution with 10% DMSO. 

4.2.3 Contrast Agent Labeling 

The acetic acid solution was applied to the inverted hamster cheek pouch for 10 

minutes using gauze soaked in the acetic acid solution.   

When applying the contrast agents, a plastic cylinder was placed over the inverted 

cheek pouch to hold the liquid contrast agent on the cheek and prevent liquid from 

running into the animal’s throat.  The plastic cylinder was sealed to the cheek pouch 

using commercial grade vaseline.  The contrast agent solution was then added to the 

center of the plastic cylinder and allowed to incubate for 25 minutes.  The contrast agent 

solution was removed and saline solution was added to the cylinder, to act as the 

immersion medium, prior to imaging. 

4.2.4 Imaging 

For image acquisition, the hamster platform was placed on the sample stage of the 

microscope, beneath the microscope objective, as shown in Figure 4.2.  The plastic 



cylinder was left on the cheek pouch to serve as a reservoir for the saline used with the 

water-immersion microscope objective. 

 

 

Figure 4.2. Hamster platform on the dual-mode reflectance and fluorescence confocal 
microscope stage with microscope objective focusing illumination light onto 
the inverted cheek pouch. 

The dual-mode reflectance and fluorescence confocal microscope used in this 

study is described in detail in chapter 3.  It has three light sources at 488 nm, 664 nm, and 

784 nm, a frame rate of 15 frames per second, a maximum field of view of 300 x 250 μm, 

and a resolution limit of 0.31 μm laterally and 1.37 μm axially.  The DCM can image 

tissue architecture and cellular morphology, as well as molecular properties of tissue 

using reflective and fluorescent molecular-specific contrast agents. 
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The animals were first imaged in reflectance-mode, with and without the acetic 

acid solution, to look at the structure and architecture of the tissue.  For this imaging, 

illumination of 784 nm was used with 8.2 to 9.2 mW on the tissue, a 50 μm-diameter 

pinhole was in the detection path, and the PMT gain was approximately 1.4x102 to 

1.0x103.  The animals were then imaged after incubation with the molecular-specific 

contrast agents.  For imaging of the gold nanoparticles, 664 nm illumination was used 

with 1.6 to 3.1 mW on the tissue, either the 50 or 100 μm-diameter pinhole in the 
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detection path, and a PMT gain of 3.1x102 to 7.4x104.  For imaging of Alexa Fluor® dye, 

664 nm illumination was used with 1.2 to 8.2 mW on the tissue and 670-720 nm emission 

was detected with either the 100 or 200 μm-diameter pinhole in the detection path and a 

PMT gain of 5.6x104 to 7.9x105. 

4.3 RESULTS 

The first set of experiments that were conducted used reflectance imaging to look 

at the structure of the epithelium in the hamster cheek pouch.  Figure 4.3a shows a 

reflectance image from a DMBA-treated hamster from group 2 prior to the application of 

acetic acid.  Figure 4.3b shows the same region, although not exactly the same field of 

view, after the application of acetic acid.  The cell nuclei are much brighter after applying 

acetic acid.  Figure 4.3c shows a reflectance image of the epithelium of a control animal 

after the application of acetic acid.  The increase in nuclear density that occurs with 

neoplasia can be seen in Figure 4.3b after DMBA treatment compared to the untreated 

animal in Figure 4.3c. 
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Figure 4.3. Hamster cheek epithelium pre (a) and post (b, c) the application of 5% 
acetic acid.  Images (a) and (b) are from an animal treated for eight weeks 
and image (c) is from a control animal.  The cell nuclei become much 
brighter in (b) after the application of acetic acid, compared to (a), and an 
increase in the nuclear density with DMBA treatment can be seen in (b) 
compared to (c).  Scale bars are 100 μm. 

A reflectance video showing blood flow was also acquired in one of the control 

hamsters.  The video was taken 80 μm below the surface of the tissue.  In normal, 

untreated hamster cheek pouch, the epithelial layer is only a few cell layers thick.  In the 

video (data not shown), leukocytes were observed rolling along the vessel wall. 

The second set of experiments used 40 nm-diameter TransFluoSpheres® 

(Invitrogen, Carlsbad, CA) to investigate the penetration depth of this size particle 
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through mucosal tissue.  The fluorescent beads in this experiment served as a surrogate 

nanoparticle for the antibody-gold nanoparticle conjugates to be used for targeted 

reflectance contrast in this animal model.  Figure 4.4 shows three images with the 

fluorescent beads colored green: (a) is at the surface of the epithelium, (b) is 21 μm deep 

into the tissue, and (c) is 37 μm into the tissue.  These images were taken in an animal 

treated with DMBA for four weeks after applying the beads at a 1:100 dilution from the 

purchased stock with 10% DMSO for 25 minutes.  Imaging was conducted with 488 nm 

excitation and a 580-600 nm emission bandpass filter.  Forty microns was the 

approximate limit of penetration that could be detected with the DCM in vivo. 

 
a b c

0μm 21μm 37μm

a b ca b c

0μm 21μm 37μm  

Figure 4.4. Images taken in a four week DMBA-treated hamster after incubating with a 
solution containing 40 nm-diameter fluorescent beads to show the 
penetration depth of these beads.  (a) is at the surface of the epithelium, (b) 
is 21 μm deep into the tissue, and (c) is 37 μm into the tissue.  Scale bars are 
100 μm. 

The final set of experiments conducted involved targeted contrast agents to 

determine if targeted labeling could be achieved in vivo.  Figure 4.5 shows an image of 

the epithelium from an animal treated for four weeks after incubation with the Alexa 

Fluor® 647 dye – EGFR antibody conjugate.  You can see possible EGFR labeling at the 

periphery of the cells.  Similarly, Figure 4.6 shows an image of the epithelium, also from 

a four week treated animal, after incubation with the 25 nm gold – EGFR antibody 
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conjugate.  Again the image shows possible cellular membrane labeling where the EGF 

receptors would be located. 
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Figure 4.5. Image of the epithelium from a four week treated hamster after incubation 
with the EGFR antibody-Alexa Fluor® 647 dye conjugate.  Possible EGFR 
labeling at the periphery of the cells is shown.  Scale bar is 100 μm. 
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Figure 4.6. Image of the epithelium from a four week treated hamster after incubation 
with the EGFR antibody-25 nm gold nanoparticle conjugate.  Possible 
EGFR labeling at the cell membrane is shown.  Scale bar is 100 μm. 
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4.4 DISCUSSION 

The purpose of this study was to investigate the ability of the DCM to image an in 

vivo animal model of carcinogenesis, as well as to test the labeling efficacy and 

penetration depth of the optical contrast agents under investigation.  It appeared that the 

targeted labeling did work in a few of the cases, but no labeling or non-specific labeling 

was seen more often than the specific labeling shown previously.  Further development of 

the targeted contrast agents is underway.  Also, in vivo contrast agent penetration 

detected by the DCM appeared to be limited to a depth of 40 μm.  Permeation enhancing 

agents to increase the penetration depth are also under investigation.  This study did, 

however, successfully demonstrated that the DCM has the sub-cellular resolution needed 

to visualize the morphologic and molecular changes associated with carcinogenesis, can 

image in both reflectance and fluorescence modes, and has the capability to image animal 

models of disease in vivo.  The DCM will be a very useful tool to study the targeted 

contrast agents and penetration enhancers as they are further developed. 
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Chapter 5: Discrimination of Normal and Cancerous Ex Vivo Tissue of 
the Oral Cavity Using 6% Acetic Acid and Molecular-Specific Labeling 

of the Epidermal Growth Factor Receptor 

This chapter reviews a preliminary study conducted using the dual-mode 

reflectance and fluorescence confocal microscope (DCM) to obtain images of fresh tissue 

slices from oral cavity biopsies.  The main objective of this research was to explore the 

role of near real-time confocal imaging in the detection of epithelial pre-cancers of the 

oral cavity.  In particular, the goal of this study was to explore the combination of 

reflectance and fluorescence based confocal imaging techniques in distinguishing 

between normal tissue and cancerous tissue, using 6% acetic acid contrast enhancement 

of the cell nuclei and enhancement of the epidermal growth factor receptor using a 

fluorescent molecular-specific contrast agent. 

5.1 INTRODUCTION 

Cancer of the oral cavity is a major worldwide health problem.  It is one of the 

most common forms of cancer in regions of the world such as India, Asia, and Latin 

America [105-107].  It is estimated that 310,000 new cases of oral cancer are diagnosed 

worldwide each year [106].  In the United States alone, an estimated 30,990 new cases of 

oral cancer will be diagnosed in 2006, and 7,430 deaths will be attributed to the disease 

[107].  These incidence rates have been slowly declining in the United States, but have 

been steadily rising over the past four decades in other areas of the world, especially in 

areas of Europe [105, 108].  In a review of SEER data from 1973 to 1999, Gloecker et al. 

found that the majority of oral cavity cancers occurred in patients over 65 years of age.  

As the average age of the population in the United States increases, an increase in the 

incidence of oral cancer is expected [109].  It has also been reported that those diagnosed 
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with a primary lesion in the oral cavity are more likely to develop cancers of the 

esophagus, larynx, lung, and stomach [110-112]. 

Oral cancer has one of the lowest five-year survival rates of all major cancers.  

Based on data from 1995-2001, the average five-year survival rate in the United States is 

only 59% [107].  This rate decreases with the progression of the disease.  If diagnosed 

early, while the disease is still localized to one area, the five-year survival rate is 82%.  

However, as the disease progresses to include surrounding tissues and distant metastases, 

the survival rate falls to 28%.  Unfortunately, 61% of patients are diagnosed with 

advanced disease including regional and distant metastases [107].  This leads to more 

aggressive treatment procedures which may require more cosmetic and functional 

changes, increasing the morbidity of the treatment and decreasing the patient’s quality of 

life.  The delayed diagnosis also increases the likelihood for regional metastases and 

reduces the effectiveness of radiation treatments due to increasing tumor size [113-115].  

There has been little improvement in these survival rates in the past thirty years [107, 

109, 115]. 

Epithelial cancers, such as oral cancers, are typically associated with a variety of 

morphological, architectural, and molecular changes.  Currently, these changes are 

assessed through invasive, painful procedures, such as punch or brush biopsies or surgical 

removal of suspect tissues.  Real-time, nondestructive optical imaging techniques can be 

used to detect these cancer related changes as well.  Optical imaging techniques, such as 

confocal microscopy, have the ability to detect biochemical and morphological changes 

with sub-cellular resolution throughout the epithelial layer.  Pilot studies have shown that 

reflectance confocal microscopy can be used to discriminate between normal and 

precancerous tissue of the oral cavity [84] and cervix [33].  Experiments have also 
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demonstrated the use of molecular-specific optical contrast agents to enhance the 

molecular changes between normal and precancerous tissues of the oral cavity [22]. 

The main objective of this research was to evaluate the ability of the DCM to 

image the progression of carcinogenesis with near real-time image acquisition, using 

reflectance images with 6% acetic acid contrast enhancement of the cell nuclei and 

fluorescence images after labeling the epidermal growth factor receptor using a 

molecular-specific fluorescent contrast agents.  This evaluation was conducted using ex 

vivo paired clinically normal and abnormal biopsy samples obtained from consenting 

patients at head and neck clinic of The University of Texas M. D. Anderson Cancer 

Center. 

5.2  MATERIALS AND METHODS 

5.2.1 Contrast Agent 

Reflectance contrast was provided by a 6% acetic acid in 1x phosphate buffered 

saline (PBS) solution.  This acetic acid solution has been shown to increase the 

backscattered signal from cell nuclei in ex vivo tissues [32, 34] and is often used in vivo 

to define abnormal areas of the cervix during colposcopy [116, 117]. 

A molecular-specific fluorescent contrast agent was used to target the epidermal 

growth factor receptor (EGFR).  This contrast agent consisted of a primary antibody 

conjugated to a fluorescent dye.  The antibody used was a mouse monoclonal anti-human 

EGFR antibody (clone 225, 1.8 mg/mL, Sigma-Aldrich, St. Louis, MO).  It was 

conjugated to Alexa Fluor® 488 dye using a monoclonal antibody labeling kit (Molecular 

Probes, Eugene, OR).  Conjugation of approximately 4 moles of dye per mole of protein 

was achieved for each 100 μg of protein labeled.  The degree of dye conjugation was 

determined using absorption spectroscopy, following the manufacturer’s instructions 



 75

within the labeling kit.  For tissue labeling, the contrast agent was used at a dilution of 

0.02 mg/mL in a solution of 10% bovine serum albumin (BSA) and 1x PBS, with 10% 

dimethyl sulfoxide (DMSO). 

A mouse IgG antibody of the same isotype as the EGFR antibody (1.0 mg/mL, 

Invitrogen, Carlsbad CA) was used as a control.  The IgG antibody was also labeled with 

the antibody labeling kit and used at a concentration of 0.02 mg/mL, diluted in a solution 

of 10% BSA and 1x PBS and 10% DMSO. 

5.2.2 Fresh Tissue Slices 

Paired clinically normal and abnormal biopsies were obtained from consenting 

patients at The University of Texas M. D. Anderson Cancer Center.  The clinical 

protocols were approved by the Institutional Review Boards at The University of Texas 

M. D. Anderson Cancer Center, The University of Texas at Austin, and Rice University.  

When removed, biopsies were immediately placed in chilled phenol red-free culture 

media (Dulbecco’s modified essential media, Invitrogen, Carlsbad, CA) until they were 

sectioned into approximately 250 μm thick transverse slices using a Krumdieck tissue 

slicer (Alabama Research and Development, Munford, AL).  Tissues were sliced in 1x 

PBS and slices were returned to phenol red-free media.  After slicing, two slices per 

biopsy were blocked with 10% BSA in 1x PBS on ice for 30-45 minutes.  The blocking 

solution was then removed and 0.5 mL of the EGFR contrast agent was added to one 

slice and 0.5 mL of the IgG contrast agent control solution was added to a second slice.  

The slices were incubated for 45 minutes on ice on a shaker plate.  The slices were then 

washed twice with 1x PBS for 5 minutes with constant shaking.  The labeled slices were 

imaged in 1x PBS.  A third, unlabeled slice was imaged in the 6% acetic acid solution. 
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5.2.3 Imaging 

Confocal images were obtained at 15 frames per second using the dual-mode 

reflectance and fluorescence confocal microscope, described in Chapter 3.  It is equipped 

with an argon laser at 488nm with an emission bandpass filter allowing 500-550 nm 

fluorescence to be detected.  It is also equipped with a 784nm laser diode and a near 

infrared 50/50 beam splitter used for reflectance imaging.  Images were acquired with a 

40x water-immersion objective with a numerical aperture of 0.80 and working distance of 

2.0 mm.  For reflectance imaging, the laser power incident on the sample was 

approximately 7.8 mW, a 20 μm-diameter pinhole was in the detection path, and a supply 

voltage of 370 V yielded a detector gain of approximately 5x102.  For fluorescence 

imaging, the laser power incident on the sample was approximately 200 μW, a 100 μm-

diameter pinhole was in the detection path, and a supply voltage of 700 V yielded a gain 

of approximately 1.4x105.  The field of view of the system is 300 x 250 μm, therefore, 

image tiling was performed so that images were captured covering the entire biopsy slice. 

5.2.4 Histology 

After imaging, all slices were fixed in 10% buffered formalin and submitted to the 

research pathology lab at M. D. Anderson Cancer Center.  Hematoxylin and eosin (H&E) 

stained sections were obtained from each tissue slice imaged.  EGFR 

immunohistochemistry (IHC) stained sections, counter stained with hematoxylin to 

define the nuclei, were obtained from each unlabeled slice.  The stained sections were 

examined by a board-certified pathologist and diagnosis was assessed using standard 

histopathological criteria.  The following diagnostic categories were used: normal, 

hyperplasia, hyperkeratosis, dysplasia (mild, moderate, or severe), and invasive cancer 

(well-, moderately-, or poorly-differentiated). 
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5.2.5 Image Processing 

Images were resized in the horizontal direction to account for the non-linear scan 

of the resonant mirror.  The amount of distortion in the images was corrected through 

pixel re-sampling, post image acquisition, using Matlab (The MathWorks, Inc., Natick, 

MA).  The number of pixels in each line was reduced at the left and right edges of the 

original image, reducing the number of pixels in each line from 760 to 519 pixels. 

Individual images were then built into an image mosaic using a macro written for 

Image J (NIH, Bethesda, MD), and the mosaic was saved as a large bitmap file.  

Photoshop CS2 (Adobe, San Jose, CA) was then used to select the region of the 

epithelium in each of the images.  The epithelium was traced by hand in each image, and 

the selections were checked and verified by the board-certified pathologist.  For the 

fluorescence images, a corresponding reflectance image was used to define the region of 

the epithelium.  For the cancer samples, where no basement membrane or obvious 

stratified structure was present, areas of epithelial cells were chosen to represent the 

epithelium.  These selected regions were then used to create a mask so that only regions 

of epithelial cells were further analyzed.  Figure 5.1 shows examples of the regions of 

epithelium selected by the author, and verified by the board-certified pathologist, as well 

as corresponding histology images. 
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Figure 5.1. Confocal reflectance (a, b), confocal fluorescence (c, d), and H&E (e, f) 
images of normal (a, c, e) and abnormal (b, d, f) tissue from patient 1.  
White lines in the confocal images indicate the region of epithelium 
segmented for further analysis.  Scale bars are 200 μm.
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The fluorescence images were used to determine the mean EGFR fluorescence 

labeling intensity (MFI) within the entire epithelium.  The mean and standard deviation 

were calculated using Matlab code (The MathWorks, Inc, Natick, MA) written by the 

author.  The MFI was then used to determine if there was a correlation between the 

fluorescence labeling intensity and the histologic diagnosis. 

The reflectance images, taken after the application of 6% acetic acid, were used to 

determine the nuclear-to-cytoplasmic (N/C) ratio of an area of the epithelium.  Collier et 

al. showed that analysis of the N/C ratio at an en face depth of 50 μm was the best depth 

to use to discriminate normal cervical tissue from high grade dysplasia and cancer.  

Collier et al. acquired images of whole biopsies while in this study, images of transverse 

tissue slices were acquired.  To insure that the 50 μm imaging depth analyzed by Collier 

et al. was included in this analysis, the surface 100 μm of the tissue slice was analyzed to 

account for any stretching or compression of the tissue that may have occurred during 

slicing or in mounting the tissue on a slide for imaging.  Further studies are currently 

underway to analyze the amount of stretching or compression that may occur during the 

removal and processing of the biopsy specimens relative to the in vivo environment. 

The region of interest within the reflectance image was cropped from the image 

mosaic and saved as a separate bitmap image.  These images were then analyzed using 

Matlab code written by Luck et al. which first used anisotropic diffusion to filter the 

image and then used Gaussian Markov random fields to segment the images.  The 

methods are discussed in detail in [118, 119].  However, briefly, the images were first 

filtered with a nonlinear anisotropic diffusion filter to remove noise from the image by 

applying a filter to the image which is dependent on a partial differential equation with an 

edge stopping function, which ideally “stops” the diffusion at the boundary of a nucleus 

[120].  The anisotropic diffusion filter, therefore, is an iterative process which encourages 
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intra-region smoothing while inhibiting inter-region smoothing.  Next, Gaussian Markov 

random fields were used to segment the images by relating a pixel to its neighbors and 

accounting for local dependencies within the image.  A threshold was then applied to the 

image to separate the nuclei from the background.  The thresholded image produced by 

the Matlab code was then filtered further using LabView code written by Anne Clark and 

Tom Collier and further modified by the author (National Instruments, Austin, TX).  The 

LabView code filtered the identified particles based on size exclusion, to remove 

particles that would likely be too large or too small to be cell nuclei, and saved a 

segmented nuclei mask image.  The resulting mask was then corrected further by hand by 

the author to include nuclei that the code missed.  The process of nuclei segmentation is 

shown in Figure 5.2.  Images (a) and (b) show the original image mosaic for a 

histologically normal and well-differentiated carcinoma, respectively; (c) and (d) show 

the region of interest cropped from the original image mosaics; (e) and (f) show the 

anisotropic diffusion filtered images; (g) and (h) show the nuclei mask created with the 

Matlab and LabView codes; and (i) and (j) show the final hand-corrected nuclei mask.  

As demonstrated, the code performs better on the image of the normal tissue slice than 

the image of the carcinoma specimen.  This is likely due to the decreased signal-to-

background ratio in the image of the carcinoma specimen.  Other than cropping the 

desired region of interest, the confocal images were not altered further prior to 

processing.  It was found that altering the brightness and/or contrast of the images did not 

improve the ability of the code to detect nuclei within the images. 

Once the final hand-corrected mask of the nuclei was obtained, the number of 

pixels occupied by the nuclei were counted and compared to the number of pixels in the 

entire region of interest.  Since everything within the epithelium not defined as nuclei 

was considered to be cytoplasm, this comparison yielded the N/C ratio. 
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Figure 5.2. (a, b) Original image mosaic for a normal tissue slice and well-differentiated 
carcinoma, respectively; (c, d) Region of interest cropped from the original 
image mosaics; (e, f) Anisotropic diffusion filtered images; (g, h) Nuclei 
mask created with the Matlab and LabView codes; and (i, j) Final hand-
corrected nuclei mask.  Scale bars are 100 μm.
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5.3 RESULTS 

5.3.1 Overview of Patients 

A total of 22 sites from nine patients were used in this study.  Table 5.1 lists an 

overview of the biopsy sites obtained from each patient and the corresponding histology 

diagnosis.  Four of the clinically abnormal sites were found to be histologically normal, 

reducing the number of abnormal samples in the study.  The sensitivity and specificity of 

visual recognition by the clinician were 100% and 69%, respectively, using mild 

dysplasia as the threshold for positivity.  Table 5.2 lists the number of biopsy samples per 

histology diagnosis.  For this study, there were 13 normal and non-neoplastic samples, 

two mildly dysplastic samples, and seven carcinoma samples with two of those having 

overlying normal or mildly dysplastic epithelium. 

 
 



invasive, poorly-
differentiated carcinoma, 

severe chronic inflammation

invasive, poorly-differentiated 
carcinoma, moderate chronic 
inflammation, overlying focal 
mild dysplasia, hyperplasia, 

severe hyperkeratosis
normal, hyperkeratosis, 

mild inflammationL BuccalL BuccalR Buccal9

focal mild dysplasia, 
hyperplasia, hyperkeratosis, 
moderate acute and severe 

chronic inflammation
normal, hyperkeratosis, severe 

chronic inflammation
normal, hyperplasia, 

hyperkeratosis
R Post 
Tongue

R Ant 
TongueL Tongue8

invasive, moderately-
differentiated carcinoma

invasive, moderately-
differentiated carcinoma, 

overlying normal, hyperplasia, 
hyperkeratosis

normal, hyperplasia, 
hyperkeratosis, mild 

inflammation
R Vent 
Tongue

R Vent 
Tongue

L Vent 
Tongue7

well-differentiated carcinoma
normal, hyperplasia, 

hyperkeratosis
Retromolar

TrigonL Buccal6

normal, hyperplasia, 
hyperkeratosis

normal, hyperplasia, 
hyperkeratosis, minimal 

inflammationR TongueL Tongue5

normal, hyperplasia, 
hyperkeratosis

normal, hyperplasia, 
hyperkeratosis, severe 
chronic inflammationR GingivaL Gingiva4

invasive, well-differentiated 
carcinomanormal, hyperkeratosisR TongueL Tongue3

mild dysplasia, hyperplasia, 
hyperkeratosis, mild chronic 

inflammation
normal, hyperplasia, 

hyperkeratosis
R Post 
BuccalL Buccal2

invasive, moderately-well-
differentiated carcinoma

normal, severe chronic 
inflammation

normal, mild 
hyperkeratosis, minimal 

inflammationL FOML TongueR Tongue1

Clinically AbnormalClinically AbnormalClinically Normal
Clinically 
Abnormal

Clinically 
Abnormal

Clinically 
Normal

Histology DiagnosisLocationPatient
Number

 

Table 5.1. Overview of the biopsy sites obtained from each patient and the 
corresponding histology diagnosis.  Abbreviations used: L – left, R – right, 
Ant – anterior, Post – posterior, V – ventral, FOM – floor of mouth. 
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1Poorly-differentiated carcinoma with overlying mild dysplasia

1Moderately-differentiated carcinoma with overlying hyperplasia / hyperkeratosis

1Poorly-differentiated

2Moderately-differentiated

2Well-differentiated

Carcinoma

0Severe

0Moderate

2Mild

Dysplasia

12Hyperkeratosis and /or hyperplasia

1Normal

Number of SamplesHistology Diagnosis

13

2

7

 

Table 5.2. Overview of the number of biopsy samples per histology diagnosis. 

5.3.2 Fluorescence Confocal Imaging 

Figure 5.3 shows a fluorescence confocal image of EGFR labeling, as well as the 

corresponding H&E and EGFR IHC images, for both the clinically normal and abnormal 

biopsies from patient 1.  The clinically normal biopsy, from the right tongue, was 

diagnosed as normal with mild hyperkeratosis and the clinically abnormal biopsy, from 

the left floor of mouth, was diagnosed as invasive, moderately-well differentiated 

carcinoma.  Mosaic images of the majority of each slice are shown in Figures 5.3a and 

5.3b.  Fluorescent staining is seen throughout the entire epithelium of the abnormal 

biopsy (Fig. 5.3b).  However, in the normal biopsy, fluorescent labeling is seen only near 

the basement membrane, underscored by the white line in Figure 5.3a, but not near the 

surface of the tissue slice.  Collagen autofluorescence can be seen below the basement 

membrane in Figure 5.3a, but endogenous cellular autofluorescence cannot be detected 

due to the near real-time image acquisition speed which reduces the dwell time on each 

pixel.  Fluorescence images were also taken of the unlabeled slice to ensure that no 
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cellular autofluorescence could be detected from the epithelium of the biopsy samples 

(data not shown).  Subsections of images (a) and (b) are shown in (c) and (d) to highlight 

the labeling at the cell membranes, where the EGF receptors are located.  The 

corresponding H&E stained sections are shown in Figures 5.3e and 5.3f, and EGFR IHC 

stained sections are shown in Figure 5.3g and 5.3h for the normal and abnormal biopsies, 

respectively.  The EGFR IHC shows staining only at the basement membrane of the 

normal sample and an increased labeling throughout the abnormal sample, corresponding 

well to the labeling that was seen in the confocal images.   
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Figure 5.3. Confocal image mosaics (a, b, c, d), H&E (e, f), and EGFR IHC (g, h) 
images of a normal (a, c, e, g) and abnormal (b, d, f, h) tissue slice from 
patient 1.  White lines in the confocal images indicate the basement 
membrane.  Scale bars are 200 μm.
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Figure 5.4 shows a fluorescence confocal image and corresponding H&E and 

EGFR IHC images for both the clinically normal and abnormal biopsies from patient 5, 

where both biopsies were diagnosed as normal with hyperplasia and hyperkeratosis.  In 

both images, a white line indicates the basement membrane.  For the clinically normal 

biopsy, fluorescence labeling can be seen only near the basement membrane, with no 

labeling at the surface, correlating well with the expected EGFR expression of normal 

tissue.  The EGFR IHC stained slice showed no staining for this sample.  The EGFR IHC 

stained slice of the clinically abnormal biopsy also showed no staining, but there was 

fluorescence labeling detected in the basal region of the epithelium.  However, this was 

determined to be due to the fact that the tissue was sliced slightly tangentially.  

Figure 5.5 shows fluorescence confocal, H&E, and EGFR IHC images for the 

clinically abnormal biopsy from patient 9 which was diagnosed as invasive, poorly-

differentiated carcinoma with overlying focal mild dysplasia.  In the overlying epithelium 

of Figure 5.5a, EGFR labeling can be seen near the basement membrane, in the lower 

third of the epithelium, where EGFR expression would be expected to be the greatest in 

mild dysplasia.  However, the EGFR labeling of the underlying cancer is exceptionally 

bright.  Figure 5.5b shows a fluorescence image of the unlabeled slice to show that the 

signal below the basement membrane is indeed EGFR labeling and not autofluorescence 

from collagen.  The corresponding EGFR IHC stained image (Fig. 5.5d) and the 

magnified image (Fig 5.5e) show an increased staining in the region of cancer below the 

basement membrane compared to the overlying epithelium, corresponding very well with 

the fluorescence labeling intensity seen in the confocal images. 
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Figure 5.4. Confocal image mosaics (a, b), H&E (c, d), and EGFR IHC (e, f) images 
of a normal (a, c, e, g) and abnormal (b, d, f, h) tissue slice from patient 5.  
White lines in the confocal images indicate the basement membrane.  
Scale bars are 200 μm.
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Figure 5.5. Confocal image mosaics of labeled (a) and unlabeled (b) tissue slices from 
patient 9 diagnosed as poorly-differentiated carcinoma with overlying mild 
dysplasia, and corresponding H&E (c) and EGFR IHC (d, e) images.  White 
lines in the confocal images indicate the basement membrane.  Scale bars 
are 1 mm except (e) which is 200 μm.
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5.3.3 Mean Fluorescence Intensity of EGFR Labeled Epithelium 

Figure 5.6a shows a plot of the mean fluorescence intensity (MFI) of the EGFR 

labeled epithelium for each patient.  The two open diamonds indicate mixed samples that 

contain carcinoma with an overlying normal or mildly-dysplastic epithelium.  Figure 5.6b 

also shows the MFI for each patient, with the histologically different portions of the 

mixed samples analyzed separately.  We observed that the MFI of the histologically 

abnormal sample was generally greater than the MFI of the paired histologically normal 

sample for most patients, although the degree of intensity increase differed between 

patients.  The normal and mild dysplasia samples can be separated from the carcinoma 

samples at a MFI of 15, with the exception of the samples from patient 4 and the 

moderately-differentiated carcinoma with overlying normal tissue from patient 7 when 

the mixed sample was analyzed as a whole (Fig. 5.6a).  Figure 5.7 shows the fluorescence 

confocal images and corresponding H&E and EGFR IHC images for both biopsies from 

patient 4.  Both samples were from the gingiva and diagnosed as normal with hyperplasia 

and hyperkeratosis, but both yielded high mean fluorescence intensities.  The 

fluorescence confocal images (Fig. 5.7a and 5.7b) show EGFR labeling throughout the 

epithelium of both samples.  The EGFR IHC stained images of the clinically normal 

sample also shows heavy staining throughout the epithelium, matching the labeling seen 

in the confocal image.  The EGFR IHC stained image of the clinically abnormal sample, 

however, shows only light staining throughout the epithelium with darker staining 

concentrated at the basement membrane, which is less staining than was expected given 

the fluorescent labeling throughout the majority of the epithelium seen in the confocal 

image.  The mixed sample from patient 7 also fell below a MFI of 15 due to the fact that 

the majority of the image contained the overlying normal epithelium rather than the 

carcinoma, therefore the MFI was dominated by the normal tissue. 
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Figure 5.6. Plot of the mean fluorescence intensity of the EGFR labeled epithelium for 
each biopsy.  (a) The two open diamonds indicate mixed samples that 
contain carcinoma with an overlying normal or mildly-dysplastic 
epithelium.  (b) The histologically different portions of the mixed samples 
have been analyzed separately. 
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Figure 5.7. Confocal fluorescence (a, b), H&E (c, d), and EGFR IHC (e, f) images of 
tissue slices from patient 4, both diagnosed as normal with hyperplasia and 
hyperkeratosis.  White lines in the confocal images indicate the basement 
membrane.  Scale bars are 200 μm.
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Using the data in Figure 5.6, the ratio of the MFI of the clinically abnormal 

biopsy to the clinically and histologically normal biopsy MFI was calculated for each 

patient.  In cases where the clinically abnormal biopsy was diagnosed as normal, the ratio 

relative to the clinically and histologically normal biopsy was still calculated.  The 

average ratio is plotted in Figure 5.8 as a function of the histological grade of the 

clinically abnormal sample.  Figure 5.8a distinguishes the ratio of the mixed samples as 

individual categories, while 5.8b analyzes the ratio of the mixed sample components 

separately relative to the normal biopsy and includes these ratios in the appropriate 

histology diagnosis category.  In general, the MFI ratio calculated for the carcinoma 

samples is greater than that of the normal or mild dysplasia samples.  The ratio for the 

carcinoma samples is greater than three, except for one case of moderately-differentiated 

carcinoma with overlying normal epithelium (patient 7).  The image of this sample 

contained almost equal areas of the normal epithelium and the underlying carcinoma 

which likely resulted in a lower ratio due to the influence of the overlying normal tissue.  

We rejected the null hypothesis that the MFI ratio of samples diagnosed as cancer was 

equal to the ratio of samples diagnosed as normal, hyperkeratosis, hyperplasia, and mild 

dysplasia.  Using the Wilcoxon rank sum test, a significant difference was seen between 

these two groups (p value < 0.01 for both Fig. 5.8a and 5.8b).  
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Figure 5.8. Chart of the ratio of the mean fluorescence intensity of the clinically 
abnormal biopsy to the clinically and histologically normal biopsy, plotted 
as a function of the histology diagnosis of the abnormal biopsy.  (a) 
distinguishes the ratio of the mixed samples as individual categories, while 
(b) analyzes the ratio of the mixed sample components separately relative to 
the normal biopsy and includes these ratios in the appropriate histology 
diagnosis category.  Categories with no standard deviation only contain one 
sample. 
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5.3.4 Reflectance Confocal Imaging 

Figure 5.9 shows reflectance confocal images of tissue slices after the application 

of 6% acetic acid, as well as the corresponding H&E images, for both the clinically 

normal and abnormal biopsies from patient 1.  The clinically normal biopsy was 

diagnosed as normal with mild hyperkeratosis and the clinically abnormal biopsy was 

diagnosed as invasive, moderately-well differentiated carcinoma.  The white circular 

features in the images are epithelial nuclei. The organization and differentiation expected 

of normal stratified epithelium can be seen in Figure 5.9a.  The structure of the tissue 

shows an ordered arrangement of cells and nuclei in all levels of the epithelium.  The 

basal cells are small and packed together into a line forming the basement membrane, 

denoted by the white line in the image.  As the cells differentiate and move toward the 

surface of the tissue, the nuclear density and the nuclear-to-cytoplasmic (N/C) ratio 

decreases.  In contrast, Figure 5.9c shows a loss of this structure and organization that 

occurs when carcinoma develops.  In this image, there is no defined structure and the 

cells appear to be very disorganized and randomly distributed throughout the tissue 

section.  In some regions of the image, nuclei are spaced very closely, and in others 

regions they appear to be separated, possibly by keratin filaments or collagen fibers.  

Figures 5.9b and 5.9d show the corresponding H&E images.  The tissue structure and cell 

density assessed by confocal microscopy compares well with histology. 
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Figure 5.9. Confocal reflectance (a, c) and H&E (b, d) images of tissue slices from 
patient 1.  White line in image (a) defines the basement membrane.  White 
circular structures in the confocal images are cell nuclei.  Scale bars are 200 
μm. 

Reflectance confocal images of tissues slices after the application of 6% acetic 

acid and H&E images for the clinically abnormal biopsy from patient 9 which was 

diagnosed as invasive, poorly-differentiated carcinoma with overlying focal mild 

dysplasia are shown in Figure 5.10.  The basement membrane is highlighted with a white 

line in the confocal image (Fig. 5.10a).  Above the basement membrane, the stratified 

structure of the epithelium can be seen.  There is a slight increase in the nuclear density 

within the bottom portion of the epithelium, leading to the diagnosis of mild dysplasia for 

the overlying tissue.  Beneath the basement membrane is an area packed with large, 

disorganized nuclei.  There is an obvious increase in the nuclear density and the N/C ratio 

in this region compared to the overlying tissue.  This is an area of invasive carcinoma.  It 

was defined as poorly-differentiated due to the fact that all the cells look like basal cells, 



a

Reflectance H&E

Overlying Epithelium

Underlying Carcinoma

c

b

Figure 5.10. Confocal reflectance (a) and H&E (b, c) images of an abnormal tissue slice 
from patient 9 diagnosed as poorly-differentiated carcinoma with overlying 
mild dysplasia.  White line in image (a) defines the basement membrane.  
Scale bars are 1 mm except (c) which is 200 μm.

97

they all appear independent of one another, there is no keratin present within the tumor, 

and it is difficult to tell that the origin of the cells is squamous tissue, as can be seen in 

the corresponding histology images shown in Figure 5.10b and 5.10c.  Again, the 

confocal image corresponds well to the histology images. 
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5.3.5 Mean Reflectance Intensity of Epithelium 

Figure 5.11a shows the mean reflectance intensity (MRI) of the epithelium after 

application of 6% acetic acid for each patient.  The two open diamonds again indicate 

mixed samples that contain carcinoma with an overlying normal or mildly-dysplastic 

epithelium.  Patient 6 does not have a normal sample because the slice imaged with 

reflectance did not contain any epithelium.  Figure 5.11b also shows the MRI for each 

patient, with the histologically different portions of the mixed samples analyzed 

separately.  The MRI does not provide a separation of the histologically normal and 

abnormal samples; in some cases, the histologically normal samples yield a higher MRI 

than the histologically abnormal samples, and other times it was the reverse.  However, it 

is interesting to note that the regions which were collected as clinically abnormal yielded 

a higher MRI than the corresponding clinically normal sample taken from the same 

patient.  Figure 5.12 shows a plot of the MRI for each patient as a function of the clinical 

impression at the time of biopsy.  The mixed samples were analyzed as a whole for this 

plot. 
 
 
 
 



0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6 7 8 9 10

Patient Number

M
ea

n 
R

ef
le

ct
an

ce
 In

te
ns

ity

carcinoma
mild dysplasia
mild dysplasia, overlying
normal
normal, overlying

0
10

20
30

40
50
60

70
80

90
100

0 1 2 3 4 5 6 7 8 9 10

Patient Number

M
ea

n 
R

ef
le

ct
an

ce
 In

te
ns

ity
carcinoma
carcinoma with overlying
mild dysplasia
normal

ba  

Figure 5.11. Plot of the mean reflectance intensity of the epithelium, after applying 6% 
acetic acid, for each biopsy.  (a) The two open diamonds indicate mixed 
samples that contain carcinoma with an overlying normal or mildly-
dysplastic epithelium.  (b) The histologically different portions of the mixed 
samples have been analyzed separately.   
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Figure 5.12. Plot of the mean reflectance intensity of the epithelium, after applying 6% 
acetic acid, for each patient as a function of the clinical impression (CI) of 
the biopsy. 
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5.3.6 Nuclear-to-Cytoplasmic Ratio 

Figure 5.13 is a plot of the nuclear-to-cytoplasmic ratio calculated from the 

reflectance confocal images for each patient.  Figure 5.13a shows the N/C ratio of the 

mixed samples while Figure 5.13b divides the mixed samples into their histologically 

different components.  Patient 6 does not have a normal sample because the slice imaged 

with reflectance did not contain any epithelium.  An N/C ratio of 0.20 can be used to 

separate the histologically normal samples from the carcinoma samples, with the 

exception of the mixed samples containing both carcinoma and normal or mildly-

dysplastic epithelium.  This is because only the surface 100 μm of the tissue slice was 

analyzed and thus the underlying carcinoma was not included in the analysis; therefore, 

both of these samples yielded false negative results. 
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Figure 5.13. Plot of the nuclear-to-cytoplasmic ratio for each biopsy.  (a) The two open 
diamonds indicate mixed samples that contain carcinoma with an overlying 
normal or mildly-dysplastic epithelium.  (b) The histologically different 
portions of the mixed samples have been analyzed separately. 

Using the data in Figure 5.13, the ratio of the clinically abnormal biopsy N/C ratio 

to the clinically and histologically normal biopsy N/C ratio was calculated for each 
 100
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patient. In cases where the clinically abnormal biopsy was diagnosed as normal, the ratio 

relative to the clinically and histologically normal biopsy was still calculated.   The ratio 

was not calculated for patient 6, a well-differentiated cancer sample, because the N/C 

ratio was not available for the normal slice since no epithelium was present in the slice 

imaged.  The average ratio is plotted in Figure 5.14 as a function of the histological grade 

of the clinically abnormal sample.  Figure 5.14a distinguishes the ratio of the mixed 

samples as individual categories, while 5.14b analyzes the ratio of the mixed sample 

components separately relative to the normal biopsy and includes these ratios in the 

appropriate histology diagnosis category.  With the exception of the mixed samples, there 

is an increase in the ratio as the severity of the diagnosis increases.  The ratio of the 

mixed samples more accurately reflects the ratio of only the overlying epithelium to the 

normal biopsy.  When the mixed samples are separated into their two histological 

components and analyzed with the other biopsy samples, as shown in Figure 5.14b, the 

ratio calculated for all cancer samples is greater than that of the normal or mild dysplasia 

samples, and even the mild dysplasia samples show an increased ratio over the normal 

samples.  The abnormal-to-normal N/C ratios for the cancer samples are all greater than 

seven, except for one case of moderately-well-differentiated cancer (patient 1).  This 

sample contained a large amount of keratin mixed in with the cancer cells, as can be seen 

in Figure 5.9d.  This increased the region of the image defined as the cytoplasm, thus 

decreasing the N/C ratio calculated for this image.  Using the Wilcoxon rank sum test, a 

significant difference was calculated between the ratio for the carcinoma samples and the 

ratio of the normal and mild dysplasia samples (p value < 0.01 for Fig. 5.14b and p value 

< 0.05 for Fig. 5.14a).  
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Figure 5.14. Chart of the ratio of the nuclear-to-cytoplasmic ratio of the clinically 
abnormal biopsy to the clinically and histologically normal biopsy, plotted 
as a function of the histology diagnosis of the abnormal biopsy.  (a) 
distinguishes the ratio of the mixed samples as individual categories, while 
(b) analyzes the ratio of the mixed sample components separately relative to 
the normal biopsy and includes these ratios in the appropriate histology 
diagnosis category.  Categories with no standard deviation only contain one 
sample. 
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5.3.7 Comparison of MFI of EGFR Labeling and N/C Ratio 

Finally, Figure 5.15 is a plot of MFI for each patient versus the N/C ratio derived 

for that same biopsy, showing possible separation of the carcinoma samples from the 

normal and mild dysplasia samples.  When analyzed as a whole, the mixed samples fall 

with the normal and mild dysplasia samples more than with the carcinoma samples, 

illustrating the difficulty of detecting underlying cancers.  However, when separated into 

their two histological components, the overlying areas fall within regions occupied by 

normal and dysplastic samples and the underlying cancers fall within the regions 

occupied by the other carcinoma samples. 
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Figure 5.15. Plot of the mean fluorescence intensity as a function of the nuclear-to-
cytoplasmic ratio for each biopsy.  (a) The two open diamonds indicate 
mixed samples that contain carcinoma with an overlying normal or mildly-
dysplastic epithelium.  (b) The histologically different portions of the mixed 
samples have been analyzed separately. 

5.4 DISCUSSION 

Various exogenous contrast agents have been used to enhance the native contrast 

observed in tissue.  Studies have employed these contrast agents to gain a greater 

understanding of physiological and molecular processes occurring within tissue, as well 
 103
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as to create more sensitive methods for detecting and classifying neoplastic lesions.  The 

two contrast agents used in this study were a 6% acetic acid solution, routinely used in 

clinics to cause aceto-whitening of abnormal areas, and a molecular-specific fluorescent 

contrast agent targeting the epidermal growth factor receptor.  The goals of this study 

were (1) to determine if EGFR labeling with a fluorescent contrast agent could be 

detected using a confocal microscope with near-real time image acquisition and (2) to 

analyze the ability of a reflective and a fluorescent contrast agent targeting native 

structure and molecular signatures, respectively, to separate severely dysplastic and 

cancerous biopsy samples from normal and mildly dysplastic samples, and determine if 

better separation could be achieved by one or the other or a combination of both. 

From the reflectance images in this study, an N/C ratio between 0.15 and 0.20 

was found to separate the normal and mild dysplasia samples from the carcinoma 

samples, except for the two mixed samples.  A similar study of the nuclear-to-

cytoplasmic areas has not been conducted previously in the oral cavity; however, a 

number of similar studies have been conducted for cervical tissue.  Analyzing images 

taken parallel to the surface of the tissue, Collier et al. found that an N/C ratio of 0.08 

separated normal and mild dysplasia samples from moderate and severe dysplasia 

samples with high sensitivity and specificity.  The measured N/C ratios for the moderate 

and severe dysplasia samples ranged between 0.10 and 0.22, with an average of 0.14 

[33].  The difference between the study conducted by Collier et al. and this study is that 

the images analyzed in the study were of transverse slices, taken perpendicular, not 

parallel, to the surface of the tissue.  Walker et al. analyzed the N/C ratio of nuclei in 

transverse histology sections.  The epithelium was divided into four layers and the N/C 

ratio was analyzed for each layer.  They found an average N/C ratio of 0.14 and 0.01 for 

the surface layers of severe dysplasia and normal epithelium, respectively.  They also 
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referenced three previous studies that yielded average N/C ratios between 0.27 and 0.39 

for the surface layers of severely dysplastic lesions, while normal epithelium yielded N/C 

ratios between 0.04 and 0.22 [48].  These N/C ratios correspond well to the N/C ratios 

calculated in this study of oral cavity tissue.  In addition, with the exception of the mixed 

samples, an increase in the ratio of the abnormal to normal N/C ratio was found with 

increasing severity of the diagnosis. 

From the fluorescence images in this study, a mean fluorescence intensity of 15 

divided the normal and mild dysplasia samples from the carcinoma samples, except for 

one mixed sample and two normal samples.  It was also determined that the ratio of the 

MFI of the abnormal to normal biopsy was greater than three for the majority of the 

cancer samples, but an increasing trend with increasing severity of diagnosis was not 

seen.  Hsu et al., however, did find that the mean fluorescence intensity ratio of paired 

abnormal to normal tissue increased as the grade of the dysplasia and carcinoma 

increased [22]. 

Finally, this study looked at the combined ability of the N/C ratio and the MFI to 

further distinguish carcinoma samples from normal epithelium.  It was found that it may 

be possible to separate the normal and mildly-dysplastic samples from the carcinoma 

samples using the combined reflectance and fluorescence information.  However, more 

data points, especially samples with higher grades of dysplasia and more mixed samples 

will be needed to definitively say where the best separation line lies.  The mixed samples 

in this study added an extra degree of difficulty to the analysis.  Often the overlying 

normal or mildly-dysplastic epithelium caused the mean fluorescence intensity of the 

sample to appear lower than it would have if it had only contained carcinoma.  Similarly, 

although the carcinoma could be visualized in the images, the nuclear-to-cytoplasmic 

ratio also yielded lower results than it would have if the sample had only contained 
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carcinoma, since only the surface 100 μm was considered in the analysis.  For the mixed 

samples, N/C ratios of regions below the basement membrane would have to be analyzed 

to detect the carcinoma.  Further investigation into the best way to analyze the mixed 

samples to distinguish these samples from normal and mildly-dysplastic samples will also 

be necessary. 

Additionally, this study showed that detection of the fluorescence from a 

molecular-specific contrast agent is possible with near real-time image acquisition, and 

yields further promise toward using topical applications of such contrast agents in vivo 

for cancer detection.  Although there are issues that must be addressed prior to using the 

EGFR targeted contrast agent in vivo, including the delivery, toxicity, and clearing of the 

agent, this study shows that the in vivo use of a contrast agent targeting EGFR and the 

combined imaging of both the EGFR labeling and the acetic acid induced nuclear 

contrast has the potential to yield valuable clinical advantages for noninvasive early 

detection and molecular characterization of oral tissues.  Although we have focused on 

oral cancer within this analysis, similar clinical applications and advantages may be 

found in other epithelial malignancies, such as cervical and lung cancers. 
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Chapter 6: Conclusions 

6.1 SUMMARY OF RESULTS 

The main objectives of this research were to investigate the combination of 

reflectance and fluorescence confocal imaging and molecular-specific optical contrast 

agents in the detection of epithelial cancers.  Diagnosis of epithelial cancers is currently 

based on morphological and architectural markers such as the nuclear-to-cytoplasmic 

ratio, density of nuclei, and extent of invasion.  The use of molecular markers in cancer 

diagnosis could have important clinical benefits, including earlier detection of epithelial 

pre-cancers.  Imaging these molecular markers with sub-cellular resolution would not 

only allow visualization but also quantification of the molecular changes occurring in the 

tissue, in addition to the morphological and architectural changes taking place.  Imaging 

these molecular features requires molecular-specific contrast agents as well as portable, 

inexpensive, and fast imaging systems to rapidly and non-invasively image the 

distribution of these agents. 

This dissertation presented the design of a dual-mode reflectance and fluorescence 

confocal microscope (DCM).  This high spatial-resolution system can image tissue 

morphology as well as molecular-specific contrast agents targeting molecular markers of 

interest.  The results presented demonstrate the use of the DCM in imaging in vivo tissues 

in the hamster cheek pouch model of oral carcinogenesis and ex vivo tissues from human 

oral cavity biopsies.  Images were obtained in real-time after the application of optical 

contrast agents to discriminate cancerous tissue from normal epithelial tissues. 

The third chapter of this dissertation described the design and characterization of 

the DCM and compared this system’s performance to common commercially available 

systems.  The DCM has light sources at 488 nm, 664 nm, and 784 nm, a frame rate of 15 
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frames per second, a maximum field of view of 300 x 250 μm, and a resolution limit of 

0.31 μm laterally and 1.37 μm axially.  The DCM has the capability to image in both 

reflectance and fluorescence modes with more than one wavelength.  It has very high 

lateral and axial resolution for all three wavelengths in the system, given the 40x 0.80NA 

objective used in the system.  It has a field of view similar to most of the commercial 

systems and a maximum imaging depth comparable to clinical systems such as the Lucid 

VivaScope.  It has near real-time image acquisition and an upright objective to enable in 

vivo animal imaging.  It is not as compact and portable as systems such as the Lucid or 

Mauna Kea systems.  However, with a few design modifications, it would be possible to 

make the DCM more compact and more easily portable. 

The ability of the DCM to image tissues of the epithelium and stroma in a hamster 

cheek pouch model of oral carcinogenesis in vivo is described in the fourth chapter.  

Blood flow was visualized and areas of neoplasia could be distinguished from normal 

epithelium using 5% acetic acid contrast.  The DCM was also used to image areas before 

and after the application of molecular-specific contrast agents to test the labeling efficacy 

and penetration depth of the optical contrast agents under investigation.  It appeared that 

the targeted labeling did work in a few of the cases, but no labeling or non-specific 

labeling was seen more often than the specific labeling.  Further development of the 

targeted contrast agents is underway.  Also, in vivo contrast agent penetration detected by 

the DCM appeared to be limited to a depth of 40 μm.  Penetration enhancing agents to 

increase the penetration depth of the contrast agents are also under investigation.  This 

animal study did, however, successfully demonstrated that the DCM has the sub-cellular 

resolution needed to visualize the morphological and molecular changes associated with 

carcinogenesis, can image in both reflectance and fluorescence modes, and has the 

capability to image animal models of disease in vivo.  This study demonstrated that the 
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DCM will be a very useful tool to study the targeted contrast agents and penetration 

enhancers as they are further developed. 

The goal of the fifth chapter was to explore the role of near real-time confocal 

imaging in the detection of epithelial pre-cancers of the oral cavity.  Specifically, the aim 

was to explore the combination of reflectance and fluorescence based confocal imaging 

techniques to distinguish between normal and cancerous tissues, using 6% acetic acid 

contrast enhancement of the cell nuclei and enhancement of the epidermal growth factor 

receptor (EGFR) using a fluorescent molecular-specific contrast agent.  In human oral 

cavity tissue slices, DCM images showed an increase in the nuclear-to-cytoplasmic ratio 

and density of nuclei in carcinoma tissues as compared to normal tissues.  After labeling 

the tissue slices with a fluorescent contrast agent targeting EGFR, an increase in the 

EGFR expression was detected in the carcinoma samples as compared to normal 

epithelium.  Additionally, this study showed that detection of the fluorescence from an 

exogenous molecular-specific optical contrast agent is possible with near real-time image 

acquisition, and yields further promise toward using topical applications of such contrast 

agents in vivo for cancer detection. 

6.2 FUTURE DIRECTIONS 

While the research presented here indicates the potential use of confocal 

microscopy and molecular-specific optical contrast agents for the detection of oral 

cancers, further research must be conducted to fully evaluate both confocal microscopy 

and the contrast agents as diagnostic tools. 

First, more ex vivo biopsy samples need to be obtained to determine whether 

reflectance information alone or the fluorescence intensity from EGFR labeling alone can 

be used as a diagnostic criteria, or whether combining the two sets of information will 

yield classification schemes with higher sensitivity and specificity than one set of 
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information alone.  Additional samples, especially those with higher grades of dysplasia 

and more mixed samples will be needed to definitively say what the best quantitative 

criteria are for separating normal tissue from dysplastic and cancerous tissue with good 

sensitivity and specificity.   

This study could also be expanded to evaluate the ability of confocal microscopy 

and optical contrast agents to aid in defining tumor margins.  During surgical removal of 

diseased tissue, the ability to define the margins of the disease with a high degree of 

accuracy is critical to patient care and the patient’s quality of life.  Defining the margins 

with a high degree of accuracy in vivo will help to ensure that all of the diseased tissue is 

removed, reducing the likelihood of recurrence.  It will also aid surgeons in minimizing 

the excess surrounding normal tissue removed, reducing the morbidity associated with 

surgical treatment.  Evaluation of oral tissue ex vivo with the DCM will enable us to 

assess the diagnostic potential of this technology for visualization of oral tissue in vivo. 

In its current configuration, the DCM can be used to study in vivo animal models 

for research purposes as well as to study ex vivo tissues, including serving as an adjunct 

in the pathology suite for rapid pathological examination of surgical ex vivo tissues.  In 

addition to imaging transverse tissues slices, as was done in chapter five, the DCM may 

also be used to image sentinel lymph nodes removed during surgical resections to obtain 

more immediate information about the presence or absence of cancerous cells in the 

lymph nodes, which would reduce the current time needed for this type of determination.  

However, a number of improvements to the DCM can be made in order to make it 

smaller, more portable, and more user friendly.  First, much of the optical path can be 

redesigned using smaller lenses with shorter focal lengths to decrease the overall size of 

the instrument.  The type of scanning system used may need to be reevaluated.  Other 

options are available, such as a rotating polygon and galvanometer mirror pair or a 
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resonance mirror and galvanometer mirror pair that is mounted immediately next to one 

another, such as a setup now available through Electro-Optical Products Corporation 

(Glendale, NY), which removes the need for the telescoping lenses between the scanning 

mirrors.  This would greatly reduce the size of the scanning arm of the system.  To 

increase the signal-to-noise, especially for fluorescence imaging, the scanning speed of 

the mirrors can be reduced or the ability to average frames when acquiring images could 

be added to the image capture software.  Additionally, photomultiplier tube (PMT) 

detectors with higher gain and sensitivity may now be available, and photon counting 

PMT modules may also be considered.  For simultaneous reflectance and fluorescence 

imaging, the detection arm of the DCM would need to be divided into two separate 

channels.  However, it will be important to maintain as much of the fluorescence 

emission as possible since this signal is already weak.  In order to image the same object 

plane within the sample with two wavelengths, the optical path would need to be 

redesigned in order to extend the focal plane of the shorter illumination to match that of 

the longer illumination wavelength so that the planes are parfocal, as is described in [99].  

To decrease the number of lasers used or increase the number of available illumination 

wavelengths, tunable lasers or dual line diode-pumped solid state lasers, such as the 

Cobolt Dual Calypso produced by Cobolt AB (Stockholm Sweden) which yields 

simultaneous output of 491 nm and 532 nm laser light, could be used in the system.  

Additionally, if it is found that both reflectance and fluorescence information are 

desired from an in vivo confocal system, the DCM can be further modified to acquire 

images in vivo.  Collaboration with optical designers would be necessary to design a 

miniature objective lens with low chromatic aberrations which can be used to make a 

rigid, but small probe that would come in contact with the epithelium in vivo, similar to 

the Lucid Technologies VivaScope 1500 (Lucid, Inc., Rochester, NY) which is currently 
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used for reflectance imaging of the skin.  This would replace the current microscope 

objective and much of the sample arm after the galvanometer scanning mirror within the 

DCM.  A number of other improvements or adjustments to the design of the DCM can be 

made in addition to these suggestions, depending on the desired use of the system. 

Finally, the two contrast agents used in the study of oral cavity biopsies were a 

6% acetic acid solution, routinely used in clinics to cause aceto-whitening of abnormal 

areas, and a molecular-specific fluorescent contrast agent targeting the epidermal growth 

factor receptor.  This yielded information regarding the cellular morphology of the tissue 

as well as molecular information regarding the expression of one common cancer 

biomarker.  However, multiple biomarkers may be required in order to detect and 

diagnose early pre-cancers, especially given the patient-to-patient variation in expression 

of many biomarkers [121-123].  In addition to EGFR, other possible cell membrane 

targets of interest for oral neoplasias may be erbB-2 (HER-2), which shows an increase in 

expression in 40% of head and neck carcinomas and has been correlated with the 

metastatic potential of the disease [124], and integrins such as the αv β6  receptor which 

has been found in 90% of squamous cell carcinomas and 41% of leukoplakia lesions, 

which can be precursors to oral cancers [125, 126]. 

In order to test the ability of the DCM to image multiple targets, a tissue slice 

from an oral cavity biopsy was labeled with both a fluorescent molecular-specific 

contrast agent targeting EGFR as well as NBDG, a fluorescent analogue of 2-deoxy-2-

[18F]fluoro-D-glucose ([18F]FDG) that is used in positron emission tomography (PET), 

which targets glucose transporters.  Figure 6.1 shows an overlay of the fluorescence 

images of the EGFR labeling (red) and NBDG uptake (green).  The EGFR labeling was 

seen throughout most of the epithelium, at the periphery of the cells, where expected.  

The NBDG was taken up in patches of the epithelium, and filled the entire cytoplasm of 



the cells.  Studies are currently underway to understand the uptake of NBDG and to 

explore the use of NBDG as a potential diagnostic marker for pre-cancer detection.  This 

trial did show the ability of the DCM to be used to image multiple molecular targets 

within tissue, which will be valuable as studies are conducted to further develop tools to 

discriminate normal and neoplastic epithelial tissues. 

 

 

Figure 6.1. Overlay of fluorescence confocal image mosaics of EGFR labeling (red) and 
NBDG uptake by glucose transporters (green) in a tissue slice of a clinically 
abnormal oral biopsy from the tongue.  Scale bar is 500 μm. 

6.3 CONCLUSIONS 

The dual-mode reflectance and fluorescence confocal microscope described in 

this dissertation will be a very valuable tool as we continue researching contrast agent 

conjugations and delivery methods in an effort to increase the contrast between 

precancerous and normal epithelial tissues.  The research presented in this dissertation 

lays the groundwork necessary to further develop in vivo imaging tools and contrast 

agents for the real-time in vivo detection of epithelial pre-cancers and identification of 
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tumor margins, which will improve the early diagnosis and treatment of epithelial 

cancers. 
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