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This dissertation describes the development of a fiber optic confocal 

reflectance microscope for imaging cell nuclei in cervical epithelium and oral 

mucosa in vivo. The ultimate goal of this research is to construct a non-invasive 

confocal imaging system to aid in the detection of pre-cancerous lesions in epithelial 

tissue. 

Confocal microscopy is a technique capable of imaging individual cells and 

cell nuclei within tissue by spatially isolating and detecting light from a small focal 

volume in the tissue. In vivo confocal images have only been obtained from skin and 
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the lip due to the accessibility of these organs with conventional microscopes. Fiber 

optic confocal fluorescence microscopes with miniaturized objectives have been 

presented and used to obtain in vivo images from animal models. However, the 

choice of nontoxic fluorescent dyes suitable for clinical applications remains to be 

explored. 

A bench-top fiber optic confocal imaging system was designed and 

constructed to assess the feasibility of obtaining reflectance images of epithelial 

cells at 15 frames per second through a flexible fiber optic bundle. The performance 

of the bench-top system was tested by imaging standard samples and biological 

specimens. The spatial resolution and sensitivity were sufficient to permit imaging 

of sub-cellular structures in epithelial tissue. The in vivo imaging capability was 

achieved by incorporating a miniaturized objective lens and an axial scanning 

device into the system. Similar spatial resolution and sensitivity were obtained. The 

modified system was used in a pilot in vivo study: “Reflectance Confocal Imaging 

of Cervical Intraepithelial Neoplasia (CIN)”. The study protocol was approved by 

the Institutional Review Board at the University of Texas at Austin, and written 

informed consent was obtained from each of the participating patients before the 

experiments began. Images of cell nuclei were obtained from 15 cervical sites in 9 

patients. Average nuclear size, nuclear-cytoplasmic ratio and scattering coefficient 

were measured from images of normal cervical epithelium and compared well with 
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results from existing in vitro studies. The results described in this dissertation 

indicate that this technique can potentially improve early detection of precancers. 
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Chapter 1: Introduction 

1.1 Motivation 

Cancer is the second leading cause of death in the United States. There are 

1,334,100 new cases and 556,500 deaths expected in year 2003 [1]. Despite major 

advances in cancer treatment, five-year survival rates have increased only 

moderately over the past 30 years for many cancers. For example, the five-year 

relative survival rate for cancers of the oral cavity increased from 53% during 

1974−1976 to 56% during 1992−1998; similarly, the five-year relative survival rate 

only improved from 69% to 71% for cervical cancer during the same period. 

Patients with early stage cancers have significantly better chances for cure and less 

treatment-associated morbidity. When detected at an early stage, invasive cervical 

cancer is one of the most successfully treatable cancers, with a five-year relative 

survival rate of 92% for localized cancers. The five-year relative survival rate drops 

to 51% and 15% if cervical cancers are diagnosed at the regional and distant stages, 

respectively. Therefore, early detection of neoplastic changes may be our best 

method to improve patient quality of life and survival rates. 

The majority of cancers originate in epithelial tissues and are preceded by 

curable pre-cancerous lesions. Epithelial pre-cancers and cancers are associated with 

a variety of morphologic and architectural alterations, including larger nuclear size, 

increased nuclear-to-cytoplasmic ratio, hyperchromasia and pleomorphism [2]. In 
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current clinical practice, these changes can be assessed only through invasive, 

painful biopsy. Biopsy specimens are fixed, sectioned, stained, and examined under 

the light microscope to assess the biochemical and architectural features associated 

with cancer and its precursors. This process is invasive, time consuming, and 

expensive. 

The most established screening tool for early detection of cancers is used on 

the uterine cervix. The precursor of cervical cancer, cervical intraepithelial 

neoplasia (CIN), is usually detected by screening Pap smears from asymptomatic 

women followed by colposcopy and possibly biopsy if the Pap smear is abnormal. 

Colposcopy is the visual examination of the cervix with a magnifying lens; high 

sensitivity (90%) has been reported but low specificity (<50%) results in many 

unnecessary biopsies [3]. Early detection of neoplasia in other organ sites has not 

been as successful because of the large area of tissue at risk, difficult access, and 

lack of visual contrast between normal and pre-cancerous tissue. In addition, 

practitioners and patients often are reluctant to perform invasive biopsies or 

repeated biopsies of epithelial lesions where the expected yield is low. 

Optical imaging is ideally suited to detecting cancer-related alterations, 

because it can non-invasively detect biochemical and morphologic alterations with 

sub-cellular resolution and in real-time throughout the entire epithelial thickness. 

One promising technique is confocal microscopy, which provides three-dimensional 

resolution at the sub-cellular level without removing tissue or applying any stains. 
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By imaging the tissue structure and nuclear morphology, a diagnosis can be made in 

a direct manner analogous to histopathology. A non-invasive, real-time imaging 

device would have advantages over current diagnostic techniques in reducing the 

need for clinical expertise, reducing the number of unnecessary biopsies, enabling 

combined diagnosis and therapy and reducing the cost. 

 

1.2 Research Objective and Dissertation Overview 

The objective of my research is to develop a fiber optic confocal reflectance 

microscope (FCRM) with in vivo imaging capability and sub-cellular resolution on 

epithelial tissue in the human uterine cervix and oral cavity. Ideally, this device will 

provide sub-cellular resolution throughout the depth of the target epithelial layer in 

order to assess the potential of using non-invasive confocal imaging in detection of 

pre-cancerous lesions in epithelial tissue. 

The second chapter contains the background for this research including the 

fundamentals of confocal imaging, brief reviews of previous non-fiber and fiber 

optic confocal imaging systems, image contrast and penetration depth of confocal 

imaging on epithelial tissue, and previous studies using confocal microscopy to 

image normal and dysplastic epithelial tissue. The design and construction of a 

bench-top fiber optic confocal reflectance microscope (FCRM) are described in 

Chapter 3. The bench-top system is used to verify that the design of the device is 

feasible to image epithelial tissue with sub-cellular resolution. Chapter 4 describes 
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the modifications made to the bench-top system to allow imaging epithelial tissue in 

the uterine cervix and oral mucosa in vivo; the design and construction of a 

miniature objective, a hydraulic axial scanning device, and an imaging probe are 

included. Chapter 5 presents the results of a pilot clinical study in which normal and 

abnormal cervical squamous epithelium are imaged in vivo with a portable FCRM 

system; images of normal oral mucosa in the lip and cheek are also included. 

Chapter 6 describes the analysis of nuclear features in images from the clinical 

study and shows the correlations between confocal images and pathological results. 

Chapter 7 discusses the limitations of the current FCRM system and future 

directions to improve the performance of the system. 
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Chapter 2: Background 

The first section of this chapter describes the basic principles of confocal 

microscopy. In the next two sections, various techniques of confocal imaging are 

reviewed to facilitate the understanding of the practice of confocal microscopy and 

to aid in the process of designing a confocal system which is optimized for the in 

vivo detection of epithelial cancerous and pre-cancerous lesions. The last section 

reviews the optical properties of epithelial tissue and previous studies of imaging 

epithelial tissue using confocal microscopy. 

 

2.1 Fundamentals of confocal imaging 

A confocal microscope is most valuable for imaging thin sections inside 

thick samples. Sub-micron lateral resolution and section thickness (axial resolution) 

of 1-3 µm can be achieved with proper optical design. Therefore, confocal 

microscopy is suitable for non-invasive microscopic imaging in living tissue. The 

optical sectioning principle of confocal imaging is illustrated in Figure 2.1. This 

schematic represents different pathways of light reflected from a sample illuminated 

by a point light source. The illumination rays (solid line) pass through a beam 

splitter and are focused by a lens to a point within the sample. The light rays 

reflected from the focal region of the lens (solid line) are refocused by the lens and 

partially reflected by the beam splitter to a point at the conjugate image plane. If a 
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small pinhole aperture is centered on the focused beam in the conjugate image 

plane, a majority of the light returning from the focal region in the tissue is passed 

to the detector. Light reflected from depths greater than the focus region (dashed 

line) comes to a focus in front of the pinhole plane. This light is spread out when it 

reaches the pinhole so only a small amount reaches the detector. A similar filtering 

effect occurs for light coming from depths less than the focal region and lateral 

points outside the focal region. Scanning the focal spot in two lateral directions 

forms an en-face image of a thin slice in the tissue. Different depths within the 

sample can be imaged by axially scanning the sample relative to the lens. 

Lens

Beam Splitter

Point
Source

Pinhole
Aperture

Detector

z-axis

Focal
Plane

Tissue

Conjugate Image
Plane

 
Figure 2.1 Schematic diagram of principle of confocal imaging [4]. 

 

The optical sectioning ability of a confocal imaging system is characterized 

by its axial resolution, which is mainly determined by the size of the pinhole 

aperture. In general, increasing the size of the pinhole aperture allows more light 
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energy reflected from the object to pass through the aperture, resulting in higher 

signal level and lower axial resolution. The effects of the pinhole aperture size on 

detected signal from a planar reflective object have been quantified by convolving 

the point spread function of the lens in the aperture plane with the pupil function of 

the aperture [5]. The normalized intensity I is plotted at different axial positions of 

the planar object in Figure 2.2. Optical units v and u are dimensionless optical units 

that are used to replace the actual geometric dimensions and wavelengths in 

different optical systems. Because the optical resolution of any diffraction-limited 

system is always proportional to the ratio of the wavelength to the numerical 

aperture, it simplifies the considerations of other variables to use dimensionless 

optical units [6]. The values of v and u can be calculated from the pinhole aperture 

radius r and the axial position of the object z respectively [7]: 

 v = α
λ
π sin2 rn = NA2 r

λ
π  (2.1)

 u = 
2

2
'sin'8






 α

λ
π zn  (2.2)

where λ is the wavelength, n is refractive index, nsinα is the numerical aperture 

(NA) of the lens to the pinhole, n’ is the refractive index of the medium between the 

lens and tissue, and n’sinα’ is the NA of the objective lens. The full width at half 

maximum (FWHM) value of the intensity profile in the z-axis can be calculated as 
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 zFWHM = 2
2/1

2
'sin'4 





 απ

λ

n

u  (2.3)

where u1/2 is the value of u at which I = 0.5 with a given value of v in Figure 2.2. 

This result shows that only for v>3 does the axial response degrade from that of 

systems with an infinitely small aperture. This provides a good rule of thumb for 

designing a confocal microscope. Choosing a v value less than 3 will decrease the 

sensitivity of the confocal system but no gain in axial resolution can be obtained; on 

the other hand, for applications where sensitivity is critical, one can use a v value 

larger than 3, degrading the axial resolution in exchange for more light reaching the 

detector. The choice of these design parameters is highly dependent on the 

application and often determined by experiments. 
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v = 

Figure 2.2 The variation of detected intensity I against the axial optical coordinate u 
for various values of v [5]. 

u

 

Fiber optic confocal microscopy uses a fiber optic bundle to provide the light 

source. The field profile coming out of single-mode fiber optic has been modeled as 

a Gaussian function [8]. The reflected light from the object is also collected by 

optical fibers (Figure 2.3). The transmission of light by optical fibers is different 

from that by a clear pinhole aperture. Gu et al [9] have analyzed the properties of 

image formation in fiber optic confocal microscopy by using the overlap integral of 

the field of the reflected light at the fiber face and the Gaussian approximation of a 
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single-mode optical fiber. The detected normalized intensity I is plotted vs. axial 

optical coordinate u with different values of A in Figure 2.4. The parameter A, 

analogous to the lateral optical unit v in the non-fiber case, is defined as 

 A = 
2

002




 d
ra

λ
π


  (2.4)

where r0 is the spot size of the single-mode fiber using the Gaussian approximation; 

parameters d and a0 are shown in Figure 2.3. The result in Figure 2.4 shows that the 

FWHM value does not change significantly if A ≤ 1. For A > 5 the value of u1/2 is 

approximately equal to A. The actual axial resolution can be calculated using 

equation 2.3. This model will be used in Chapter 3 to estimate the axial resolution of 

the fiber optic confocal microscope. 

α’
2a0 

d
Object 

Collimator Objective 

Fiber 

Figure 2.3 Schematic diagram of confocal imaging using a single-mode optical fiber 
as the light source and the detector. 
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Figure 2.4 The variation of detected intensity I against axial optical unit u for three 

values of parameter A [9]. 

 

2.2 Non-fiber confocal systems 

The concept of confocal microscopy was first proposed by Minsky in 1957 

[10]. However applications of confocal microscopy to study living cells and tissue 

were not realized until the first commercial confocal microscope became available 

in 1987. In order to achieve in vivo imaging capability, (1) the image acquisition 

must be fast enough to avoid the motion artifacts resulting from the animal or 

human subject, and (2) the objective optics must be miniaturized so that moderately 

accessible regions can be imaged. Several confocal systems have been developed to 

image human epithelial tissues in vivo [11, 12]. Rajadhyaksha et al. have developed 

a video-rate confocal microscope for reflectance imaging of human skin, lip and 
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tongue in vivo [11]. A spinning polygonal mirror is used to achieve the fast line 

scan. Confocal images have been obtained at maximum depths of 350 µm in skin 

and 450 µm in the lip, with measured lateral resolution of 0.5−1 µm and axial 

resolution of 3−5 µm at 1064 nm illumination. Corcuff et al. have built another 

confocal system to image in vivo human skin at video-rate using an acousto-optic 

deflector [12]. No data have been reported for the spatial resolution and system 

sensitivity but cellular structures within human skin have been visualized. However, 

the size of the objective optics prevents the use of these systems to image tissues 

within more confined locations in the human body such as the cervix or oral cavity. 

 

2.3 Fiber optic confocal systems 

A number of groups have attempted to develop flexible endoscopes to record 

confocal images in vivo based on single-mode optical fibers. Approaches to fiber 

optic confocal imaging can be divided into two categories: (1) those based on a 

single optical fiber that is scanned to produce images, and (2) those based on 

bundles of single-mode optical fibers. 

In the first approach, a single-mode optical fiber is used to deliver 

illumination light to the object to be imaged and to collect the resulting 

backscattered light from the illuminated focal volume. Relay optics are used to 

image the fiber face onto the object. The face of the fiber acts both as the emitting 

source and as a point detector so that confocal detection is obtained. When a single 
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optical fiber is used, the illumination light must be scanned in two lateral directions 

to obtain en face images. Several approaches have been proposed to achieve this 

scanning, including moving the object to be imaged [13], scanning a delivery and a 

collection fiber synchronously to achieve directly viewable images [14], coupling 

the fiber to a reading head of a compact disc player and scanning the reading head 

[15], using a grating to spectrally map a broadband light source from a fiber onto a 

line within the object [16], or scanning the fiber and a small objective lens mounted 

on a cantilever scanner by electrostatic forces [17, 18]. The only images of 

biological samples reported by the above approaches are red blood cells atop glass 

slides [17, 18], which increases the refractive index differences substantially 

(∆n~0.20) beyond what is available in vivo (∆n~0.07). The image acquisition time 

for the above approaches also is too slow (at least 0.5 second) to permit real-time 

imaging. Furthermore, these scanning mechanisms are difficult to miniaturize for 

endoscopic applications. Recent advances in micro-electromechanical systems 

(MEMS) have enabled miniaturization of the scanning mechanism and focusing 

optics, which also facilitates higher scan rates [19]. In this approach, the scanning 

head consists of two silicon-micromachined mirrors and a Fresnel lens with overall 

dimensions of 6.5 mm × 2.5 mm × 1.2 mm. An image of a chrome grating was 

acquired using a raster scan with a 20 Hz frame rate. 

The second approach, first proposed by Gmitro and Aziz [20], uses a fiber 

optic bundle between the objective lens and the rest of the microscope to eliminate 
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the need for miniaturization of the scanning mechanism. The fiber optic bundle 

consists of many small-core diameter fibers. Confocal images can be obtained by 

scanning the illumination light across the proximal end of the bundle. An additional 

aperture placed at the conjugate image plane in front of the detector assures that 

only light from the source/detection fiber is coupled to the detector. Juskaitis et al. 

[21] developed a reflectance confocal microscope using a fiber optic bundle and a 

broadband light source. In this system, real-time images are obtained by using 

tandem scanning, but the sensitivity of this system is limited by the low efficiency 

of tandem scanning. Higher light efficiency can be achieved by point scanning with 

a laser source and two galvanometric scanning mirrors. One alternative approach 

has been presented to use only one scanning mirror and remove the need for a fast 

scan by scanning a line illumination pattern across the proximal end of an 

incoherent fiber bundle, which transforms the line to a random set of spots at the 

distal end of the bundle [22]. Yet another approach based on a digital micromirror 

device (DMD) was reported [23]. A DMD with high contrast, high pixel count, and 

fast response is used to discretely illuminate fiber cores in a coherent imaging 

bundle. The confocality of this system is enhanced by precisely illuminating a single 

fiber in the bundle and effectively blocking unwanted light from surrounding fibers 

and cladding material. 

Fiber optic confocal microscopes can be constructed to measure fluorescent 

light generated in tissue. The major components of fiber optic fluorescence confocal 
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microscopes are similar to their reflectance counterparts except for one advantage: 

the Stokes shift between the excitation light and emitted fluorescence allows for 

simple rejection of the specular reflection from fiber end faces by filtering. One 

fluorescence confocal system with real-time endoscopic imaging capability has been 

constructed by scanning a line illumination across a coherent fiber bundle and using 

a slit aperture to reject out-of-focus light [24]. Fluorescence confocal images have 

been acquired from cultured human prostate cells and tissue sections, as well as 

mouse peritoneum in vivo. Knittel et al. have developed a similar fluorescence 

confocal system using a fiber bundle between a conventional confocal microscope 

and a miniature gradient-index objective lens [25]. Rat colon tissue has been imaged 

with acquisition time of 2 seconds. These systems have lateral resolution of 3 µm 

and axial resolution of 17−25 µm. Fluorescent stains are necessary to yield 

sufficient signal in these studies. For in vivo imaging these dyes must be non-toxic 

to the tissue and able to penetrate to deeper layers within tissue. Recently, two 

companies have demonstrated in vivo fluorescence confocal imaging with a single-

mode fiber [26] and a bundle of optical fibers [27]. 

Smithpeter built a reflectance confocal microscope that used a fiber bundle 

as an image conduit and index-matching oil to reduce the specular reflection from 

the fiber ends (Figure 2.5) [4]. Two scanning mirrors were used to create the raster 

scan pattern at the proximal fiber end. The lateral and axial resolution measured 

from planar reflectors were 5±2 µm and 15 µm, respectively. Although he was only 
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able to image polystyrene microspheres in water, the approach proved to be 

promising and provided the foundation for this research project. 

 v = 

Figure 2.5 Schematic of the fiber optic confocal microscope by Smithpeter [4]. 

 

2.4. Confocal imaging of epithelial tissue 

Confocal reflectance imaging uses light reflected from a small volume of 

tissue to form images. Dunn et al. showed that fluctuations in refractive indices of 

tissue are the greatest source of contrast in confocal images [28]. Refractive indices 

have been reported to be n=1.4−1.45 for the nuclei and n≈1.36 for the cytoplasm 

[29]. Therefore, for biological imaging the instrument needs to be able to detect 
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reflected light from ∆n<0.1 which corresponds to a Fresnel reflection coefficient of 

less than 1×10-3 at normal incidence. Since tissues are highly scattering media, the 

ability of confocal microscopes to image deep structures in tissues is limited by the 

attenuation of incident optical power, which decays as exp(−µtd). The attenuation 

coefficient µt is equal to the sum of absorption coefficient µa and scattering 

coefficient µs. The image depth is approximately equal to half of the total path 

length d. The absorption coefficient of epithelial tissue in the near infrared and 

visible region is negligible compared to the scattering coefficient so µt≅µs [30]. The 

maximum depth that can be imaged with a near infrared reflectance confocal 

microscope under practical conditions is limited by the signal to noise (S/N) ratio to 

300−400 µm [31]. More specifically, for an index mismatch of ∆n=0.05, a pinhole 

with dimensionless size v<3, Smithpeter [32] also showed the penetration depth to 

be 3−4 optical depths (ODs) where OD=µsd. The value of µs of cervical epithelium 

has been reported to be 22 ± 5 cm-1 for normal tissue and 69 ± 33 cm-1 at 

wavelength 810 nm [33]. The value of µs at 1064 nm is calculated to be 16−51 cm-1 

[34]. The thickness of the squamous epithelium layer in the cervix is 150−300 µm 

[35] and the thickness of the lining oral mucosa is 270 ± 40 µm [36], which are both 

within the predicted maximum penetration depth. 

In vivo confocal images of reflected light have been obtained only from 

cornea [37], skin [11, 12], and lip and tongue [11, 38] because these organ sites are 
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accessible with conventional microscopes. Much of the work demonstrating the 

ability of confocal microscopy to detect pathologic conditions in vivo has been 

conducted in skin [39]. It has been shown that both pigmented and amelanotic skin 

lesions can be identified using in vivo reflectance confocal microscopy [40, 41]. The 

ability to obtain confocal images of normal and diseased tissue in vivo is limited by 

the ability to bring the tissue of interest in contact with the microscope objectives. 

It has been shown that contrast in confocal images of epithelial cells [42] 

and previously frozen tissue [43, 44] can be enhanced by the addition of 6% acetic 

acid solution. The aceto-whitening of cell nuclei improves the signal-to-noise ratio 

and enhances visualization of cell nuclei. Segmentation of nuclei in the images has 

been achieved to show feasibility in detection of precancerous tissue by quantitative 

feature analysis of nuclear morphometry [44]. More recently, colposcopically 

normal and abnormal cervical biopsies from 25 patients were imaged with a non-

fiber confocal microscope [45]. Nuclear morphologic features were extracted from 

the images. A group of 15 untrained reviewers also examined the images. Results of 

diagnosis by both methods were compared with histopathologic examination of the 

same biopsies. Discriminating the images for the presence of high-grade dysplasia 

using a measure of the nuclear-to-cytoplasmic ratio resulted in a sensitivity and 

specificity of 100% and 91%, respectively. Discrimination from reviewers resulted 

in an average sensitivity and specificity of 95% and 69%, respectively. The results 
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of this study indicate the clinical potential of in vivo confocal imaging for the 

detection of pre-cancers in the cervix. 

 

2.5. Summary 

Confocal microscopy has the advantage to image three dimensional 

structures in live epithelial tissue with sub-cellular resolution. In vivo confocal 

images of reflected light have been obtained only from regions of human body that 

are accessible with conventional microscopes. Confocal microscopes incorporating 

flexible fiber optics and miniaturized objectives are needed to achieve in vivo 

imaging of less accessible organ sites. Nuclear morphologic features obtained by ex-

vivo confocal imaging can be used to aid the detection of pre-cancerous lesions in 

epithelial tissue. 
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Chapter 3: Design and Evaluation of a Bench-Top FCRM 

The goal of this research is to build a fiber optic confocal reflectance 

microscope (FCRM) that can be used to image epithelial tissue in vivo in clinical 

settings. The configuration of the FCRM proposed by Smithpeter was adapted to the 

design of the first prototype, which is a bench-top system for assessing the 

feasibility of obtaining reflectance images of epithelial cells with the FCRM. This 

chapter describes the design and predicted performance of the prototype and 

presents the results of experiments to evaluate the system performance. 

 

3.1 System design 

The design specifications for the prototype are derived from the research 

objectives stated in Chapter 1 and are summarized as follows: 

• Lateral resolution of 2−3 µm 

• Axial resolution of less than 8 µm 

• Penetration depth of 250 µm for cervix and 350 µm for oral cavity 

• Sensitivity to detect ∆n=0.05−0.1 index mismatch 

• Field of view at least 250 µm in diameter 

• Acquisition rate at 15 frames/s 
 

The system diagram of the FCRM is shown in Figure 3.1. A coherent 

imaging guide from Sumitomo (IGN-15/30) is located between the focusing lens L1 
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and the objective optics. This image guide has 30,000 fibers, an overall outer 

diameter of 1.5 mm, and a nominal NA of 0.3. The fibers inside this bundle have an 

average core diameter of 4.1 µm and average center-to-center spacing of 7.1 µm. A 

laser beam from the illumination optics is focused onto the proximal end face of the 

fiber bundle such that only one fiber is illuminated at one time. At the distal end of 

the bundle, the illumination fiber is imaged to the sample by the objective optics. 

The illumination fiber also serves as the detection pinhole in a conventional 

confocal microscope as described in Chapter 2. Backscattered photons from the 

sample go back through the fiber bundle and emerge from the proximal fiber end. A 

secondary pinhole, located in the detection arm, is adjusted to a position that is 

conjugate to the illumination/detection fiber. Backscattered light from locations 

other than the illumination/detection fiber will be mostly rejected by the pinhole. 

Therefore, the condition for confocal imaging is achieved. 
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Figure 3.1 Schematic of the bench-top FCRM. 

 

3.1.1 Illumination optics 

The light source is a continuous wave Nd:YAG laser (Optomech Ltd.) that 

emits near-infrared light at 1064 nm. The optical power of the laser is controlled by 

software on the computer and the maximum output power is 1 Watt. The laser beam 

passes through a spatial filter, a collimating lens, and a variable iris that limits the 

beam diameter to match the effective size of the first scanning mirror. A 

polarization-sensitive beam splitter is used to partially transmit the incident light to 

the first scanning mirror and partially reflects backscattered light toward the 

detection arm. The beam splitter has a 60% transmission coefficient and 40% 

reflection coefficient in one polarization orientation and almost 100% reflection in 

the other orientation. The incident beam from the laser source is linearly polarized 
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and the beam splitter is oriented to allow maximum transmission (60%) of the 

incident beam. Backscattered light from the object loses its polarization when 

passing through the fibers, so on average 70% is reflected by the beam splitter 

toward the photodiode. This beam splitter is chosen to obtain higher throughput in 

the returning path to compensate for the extremely low reflectance signal from 

biological specimens. 

The scanning system consists of two scanning mirrors, two lenses located 

between the mirrors, and the electronics to drive and monitor the mirrors. In order to 

achieve a frame rate of 15 frames/s and an adequate number of pixels in the 

digitized images, the line-scan device must operate at several kHz. One scanner that 

meets our requirements is a resonant scanner (SC-30 with driver PLD-XYG, 

Electro-Optical Products Corp.) that oscillates sinusoidally at a pre-set resonant 

frequency of 7.68 kHz. The second scanner is a magnetically driven mirror 

(6800HP, Cambridge Technology, Inc.) operating at 15 Hz to provide a linear 

frame-scan with a frame rate of 15 frames/s. The scanning magnitudes of the 

mirrors can be adjusted through two knobs on the panel of the driver box. The two 

lenses between the mirrors form an afocal telescope configuration with two 

functions: to expand the incident beam and to make the first scanning mirror 

coincide optically with the second mirror. Since each mirror generates only one 

direction of scanning, the two mirrors need to be coupled optically to achieve a two-

dimensional raster scan without distortion. 

23  
 



   

The first custom-made lens system, L1, is designed to (1) place a diffraction-

limited spot at the image plane over the active region of the fiber bundle, (2) have 

an NA of 0.3 to match the acceptance NA of the image guide, (3) be used with 

immersion oil at the fiber side to reduce the specular reflection from the fiber 

surface, and (4) be telecentric in image space so that the chief ray is parallel to the 

optical axis over the active area of the fiber bundle. Given the NA of the fiber 

bundle and the wavelength of the source, the diffraction-limited spot size is 

calculated to be 4.3 µm, which is close to the core diameter of the fibers. The lens 

system L1 must be diffraction limited so that it will only illuminate one fiber at a 

time to achieve the highest possible coupling efficiency. The lens system L1 needs 

to be telecentric in image space so that the cone of converging light at the fiber 

surface will have a normal incidence on the fiber. If the telecentricity condition is 

not satisfied, the coupling efficiency would vary across the fiber bundle, resulting in 

non-uniform image contrast over the field of view. The optical layout of L1 is 

shown in Figure 3.2. 

 
Figure 3.2 Optical layout of lens assembly L1. The fiber bundle is to be placed at 

image space with immersion oil (last surface to the right). The color of each 
ray bundle corresponds to a different field position at the fiber bundle [46]. 
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At the distal end, a second lens system, L2, relays emerging light from the 

fiber to the back aperture of a 40×, 1.15NA, water-immersion objective (OApo 40× 

w/340, Olympus). Backscattered light from the object is coupled back into the fiber 

bundle by L2. The design goals of L2 are the same as those of L1 except for a larger 

size of entrance pupil to match the size of the exit pupil of the microscope objective. 

The optical layout of L2 is shown in Figure 3.3. Detailed design considerations and 

testing results of lens systems L1 and L2 can be found in a paper published by Liang 

et al [46]. 

 
Figure 3.3 Optical layout of lens assembly L2. The fiber bundle is to be placed at 

image space with immersion oil (last surface to the right). The color of each 
ray bundle corresponds to a different field position at the fiber bundle [46]. 

 

3.1.2 Detection optics 

Backscattered light from the object follows the same path as illumination 

light in reverse direction through the microscope objective, lens system L2, the fiber 

bundle, and lens system L1. The returned beam is descanned by the two scanning 

mirrors and partially reflected to the detection arm by the beam splitter. The lens in 

front of the pinhole forms an image of the proximal end of fiber bundle at the plane 

containing the pinhole. The pinhole diameter is selected to be slightly larger than the 

size of the image of a fiber core. Backscattered light coming from out-of-focus 
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region in the object will be distributed over a number of fibers within a certain 

distance to the illumination fiber. Only backscattered light traveling back through 

the illumination fiber will pass through the pinhole, ensuring optical sectioning. The 

detector is a high-speed avalanche photodiode (APD) with a preamplifier module 

from Hamamatsu (C5460). This APD module has an APD gain of 10-300, and a 

responsivity of 1×105 V/W at 1064 nm when the gain is 30. 

One of the biggest challenges for FCRM is the overwhelming specular 

reflection from the ends of the optical fibers. This background light is intrinsic to 

the system because the fiber end faces are conjugate to the detection pinhole. 

Cleaving the fiber end faces at an oblique angle does not give adequate performance 

because the fibers within the bundle will be at different locations other than the 

desired focal plane of either lens system L1 or L2. An alternative, pursued here, is to 

use index-matching oil to reduce the background so that the faint signal from the 

tissue can be detected. Complete elimination of the background is not achievable 

because the fibers consist of two materials, the core and cladding. Immersion oil 

with n=1.465 at λ=1064 nm, halfway between the core and cladding indices, has 

been used at the proximal (L1) end, which results in an overall index difference of 

0.015. At the distal end (L2), the refractive index of immersion oil matches the 

index of the fiber core (n=1.480 at λ=1064 nm) so the specular reflection from the 

distal fiber surface can be neglected. 
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3.1.3 Image formation 

In order to form a 2D image, it is necessary to scan the focus over a plane 

that is perpendicular to the optical axis, record the signal from each sampled region, 

and reconstruct the image based on the collected data. In this case the signal is a 

time-varying voltage from the APD preamplifier, which corresponds to intensity of 

backscattering from the sample. A frame grabber (MV-1000, MuTech) is used to 

digitize the analog signal and convert it to VGA-compatible format so that we can 

view the images on a computer monitor. Because the fibers in the bundle are not 

regularly packed, and the digitizer works only at a fixed sampling rate, it is not 

possible to selectively save signal that is from the sample through the fibers and 

discard signal that is from the cladding or inter-fiber filling areas. Therefore, the 

APD output signal is oversampled by the frame grabber and at least 5 points are 

sampled within each fiber so that the coupling efficiency does not vary significantly 

from fiber to fiber. The sampling frequency of the frame grabber is determined by 

number of pixels in each line and the frequency of line scan. The number of pixels 

in one line is chosen to be 1312. Therefore the sampling frequency can be calculated 

as 1312×7.68 kHz=10.4 MHz. Figure 3.4 shows one cycle of the sinusoidal pattern 

of the resonant scanning mirror. The confocal images are obtained from 512 pixels 

out of the 1312 pixels (red line); the pixels acquired during the mirror’s fly-back 

time (blue line) are skipped and not shown on the computer monitor. 
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Figure 3.4 One cycle of the scanning pattern of the resonant mirror. The red line 

represents the active region of the line scan and the blue line represents the 
fly-back region. 

 

The digitizer of the frame grabber has a linear response over an input of 0−2 

Volts and uses an 8-bit analog-to-digital converter to generate 256 output levels. 

The signal level at the APD is estimated to be in the range of 0.1−1 µW. Since the 

APD module has a maximum responsivity of only 1×105 V/W, a non-inverted 

amplifier with an open-circuit gain of 10 is designed to provide the necessary signal 

amplification in addition to the built-in pre-amplifier in the Hamamatsu APD 

module. A DC offset voltage is subtracted from the output of the amplifier to 
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remove the constant background signal that is detected by the photodiode or 

generated within the APD module. 

Image formation is accomplished by synchronizing the operation of the 

frame grabber and the scanning mirrors. The controller of the scanners provides two 

output signals corresponding to the positions of the line-scan (resonant) and frame-

scan (galvo) mirror. The zero crossings of these two position signals are detected 

and used to generate two TTL-compatible pulses that are sent to the frame grabber 

to provide the H and V synchronization pulses, respectively. Each H-sync pulse 

triggers the frame grabber to start a new line and each V-sync pulse triggers a new 

frame. The frame grabber is programmed to have the proper delay time between the 

triggering signals and the actual start of a line or a frame so that images 

corresponding to the raster scan are reconstructed. 

 

3.1.4 Spatial resolution 

Following the definition of spatial resolution as the smallest separation 

between two object points that can be visually resolved, the lateral resolution can 

not be better than the separation between two spots that are illuminated by two 

adjacent fibers. The distance between two adjacent spots in the object is determined 

by the fiber core-to-core spacing within the bundle and the magnification factor 

between the microscope objective and lens system L2. The transverse magnification 

factor from the object to the distal fiber end is 3.8 given the NAs of the objective 
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lens and L2 are 1.15 and 0.3, respectively. The lateral resolution is estimated as 7.1 

µm/3.8=1.8 µm. Because the diffraction-limited spot size in the tissue is only 1.1 

µm, the illumination spots do not overlap in the object and the lateral resolution of 

the system is limited by the fiber spacing. 

The axial resolution of the FCRM can be calculated following the method 

described in Chapter 2. The parameter A is calculated to be 7.25 and u1/2 is 7.2 using 

the optical parameters of the system (r0=1.45 and a0/d=0.3; NA of L2). The FWHM 

axial resolution is estimated to be 1.84 µm by using equation 2.3. 

 

3.2 Results 

After assembly, the lens systems L1 and L2 were tested to ensure that only 

one fiber was illuminated at one time. Then the bench-top system shown in Figure 

3.1 was constructed and tested by imaging standard samples including a mirror, a 

glass Ronchi grating and polystyrene microspheres. The lateral and axial resolution 

of the system were measured from images of the grating and mirror, respectively. 

Finally the system was used to image various biological samples including cultured 

rat breast cancer cells, epithelial cells scraped from oral cavity, ex vivo biopsy 

specimens from normal and pre-cancerous squamous cervical epithelium, and the 

inside of the lower lip in vivo. 
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3.2.1 Testing of the lens systems L1 and L2 

The image quality of the lens systems L1 and L2 was tested by directly 

imaging the focal spot with an oil-immersion microscope objective and a charge-

coupled device (CCD) camera. The illumination optics for the measurement was the 

same as described and shown in Figure 3.1. Figure 3.5(a) shows an image of the 

focal spot of L1; the diameter of the spot is approximately 3.4 µm. The diffraction 

Airy Disc of L1 has a diameter of 1.22λ/NA=4.3 µm. Then the fiber bundle was 

held in place as shown in Figure 3.1 and the distal fiber end was temporarily 

mounted onto a regular microscope to inspect the focusing ability of L1. The fiber 

bundle was moved relative to L1 until the bundle was centered with the optical axis 

and brought to the focal plane of L1, which was indicated by a single bright fiber 

without any noticeable signal in the surrounding fibers (Figure 3.5(b)). The same 

procedure was repeated for L2 and the result is shown in Figure 3.5(c). 

        
(a)                            (b)                         (c) 

Figure 3.5 Part (a) shows focal spot formed by the lens system L1. The diameter is 
approximately 3.4mm. Part (b) and (c) show images of the distal end of the 
fiber bundle when only one fiber is illuminated by L1 and L2, respectively. 
Red circles represent the center fiber core and dotted circles are surrounding 
fibers [46]. 
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3.2.2 Evaluation of the field of view and the spatial resolution of the bench-top 

FCRM 

During image acquisition, confocal images were updated at a rate of 15 

frames/s on the monitor and no drift or wobble was present between individual 

frames. Both still images in bitmap format and videos in AVI format were saved 

into the hard drive. Background images were recorded when a blank field of view 

was imaged. The background images were subtracted from the regular images to 

reduce residual specular reflection from the fiber end faces. 

The first target imaged with this system was a Ronchi grating. The grating 

has highly reflective chrome bars with widths of 25.4 µm and the distance between 

the edges of adjacent bars is also 25.4 µm. Figure 3.6 shows images of the grating 

oriented horizontally and vertically. The field of view was found to be 180 µm × 

170 µm from these images. In Figure 3.6(a) fibers at the left and right edges appear 

to be extended horizontally because the line-scan pattern of the resonant scanner is 

sinusoidal instead of linear. 
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(a)                                                     (b) 

Figure 3.6 Images of a Ronchi grating oriented (a) horizontally and (b) vertically. 
Both the bright and the dark regions have widths of 25 µm. 

 

Figure 3.7(a) shows a line profile across one of the edges in the image. Since 

the image appears to be pixilated because of the fibers, the value is averaged over a 

line width of 100 µm. The distance between 10% and 90% of the average edge 

response is 1.8 µm, which is the same as the calculated distance between adjacent 

fiber illumination spots in object. The axial resolution was measured by moving a 

mirror in 0.5 µm steps through the focus of the objective. The average intensity 

versus the axial position is plotted in Figure 3.7(b) and the FWHM is 5.5 µm. 
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Figure 3.7 Measured resolutions of the system: (a) 10%-90% edge resolution of 1.8 
µm where each pixel corresponds to 0.35 µm. (b) Axial resolution with a 
FWHM value of 5.5 µm. 

 

The lateral resolution was also measured by imaging a standard United 

States Air Force resolution target with the bench-top system. The smallest set of bar 
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patterns shown in Figure 3.8 has line width and spacing of 2.2 µm, which can be 

resolved in the image. The actual bars on the resolution target are straight while the 

image shows distorted bars. This is mainly due to the intrinsic distortion of the 

imaging bundle. 

 
Figure 3.8 Image of a United States Air Force resolution target taken with the 

bench-top system. The smallest features (group 7, element 6) have line width 
and spacing of 2.2 µm. 

 

The non-linear scanning pattern of the resonant mirror can be easily seen in 

Figure 3.6(a). The amount of distortion in the confocal images is reduced by image 

processing. The number of pixels in each line is reduced at the left and right edges 

of the original images; new pixel values are determined by interpolation. Images of 

the Ronchi grating were used to adjust the amount of pixel reduction from the 

original images. Figure 3.9(a) shows an original image of a Ronchi grating that has 

bars widths and spacing of 12.7 µm; the image after resizing is shown in Figure 
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3.9(b). The number of pixels in each line is reduced from 512 to 432. The distortion 

is not fixed completely.   

      
(a)                                                     (b) 

Figure 3.9 Confocal images of a Ronchi grating: (a) original image (b) resized 
horizontally using Matlab to correct the distortion due to the resonant line 
scan. 
 

3.2.3 Confocal images taken with the bench-top system 

All the images shown in this section were background-subtracted and 

resized; the contrast and brightness of the images were also adjusted for better 

presentation. The lateral and axial resolutions measured from planar objects (mirror 

and grating) are sufficient to resolve cellular and sub-cellular structures in biological 

tissue. In order to test the system performance on small objects, polystyrene 

microspheres with a diameter of 4.3 µm and refractive index n=1.57 were immersed 

in water and imaged with the FCRM (Figure 3.10); the mismatch of index was 

∆n=0.24. These microspheres provide a good sample for testing the system because 
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the nuclei of human epithelial cells usually are 5-15 µm in diameter. The confocal 

image shows that size and shape of the microspheres are well resolved. 

 
Figure 3.10 Image of 4.3 µm polystyrene microspheres immersed in water; 

∆n=0.24. These spheres are comparable to cell nuclei in size. Scale bar is 20 
µm. 

 

Epithelial cells in suspension were also imaged by the FCRM. Figure 3.11(a) 

shows an image of cultured MTC cells (rat breast cancer cells) that were washed of 

growth media, suspended in phosphate buffered saline (PBS), placed on top of a 

thick layer of gelatin and then covered by a coverslip. The gelatin layer provides a 

substrate for the cell suspension and avoids any stray background from the 

saline/gelatin interface because the refractive index of gelatin is approximately 

matched to saline. Coverslips are required because the objective lens is corrected for 

cover glasses with thickness 0.13-0.25 mm. Figure 3.11(b) shows an image of 

human epithelial cells taken from the oral mucosa. The cells were scraped from the 

inside of the cheek and immediately smeared onto the gelatin substrate. PBS and 6% 
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acetic acid solution were added and a coverslip was placed. The bright features in 

the images are identified as cell nuclei based on the size and the contrast. 

              
(a)                                                     (b) 

Figure 3.11 Confocal reflectance images of (a) cultured MTC cells (rat breast 
epithelial cells) in PBS and (b) human epithelial cells taken from inside of 
cheek and immersed in PBS and acetic acid. Scale bars are 20 µm. 
 

The optical sectioning ability of the FCRM was tested by imaging ex vivo 

cervical biopsy specimens. Biopsy specimens were excised from patients 

undergoing colposcopic examination at the M.D. Anderson Cancer Center in 

Houston, Texas. Informed consent was obtained from each patient, and the study 

was reviewed and approved by the Internal Review Boards at the University of 

Texas M.D. Anderson Cancer Center and the University of Texas at Austin. 

Immediately before imaging 6% acetic acid solution was added to enhance contrast 

of the cell nuclei. The image plane was parallel to the tissue surface and the 

specimen was imaged at different depths from the surface to about 150 µm below 

the surface. The maximum depth of imaging was limited by the working distance of 

the objective lens, which is 280 µm. Figure 3.12(a)-(d) show images of a 

colposcopically normal cervical biopsy with the image plane located at about 40, 80, 

38  
 



   

100, and 150 µm below the tissue surface, respectively. Images of an abnormal 

cervical biopsy from the same patient are shown in Figure 3.12(e)-(h), with the 

image plane 40, 60, 90, and 120 µm beneath the tissue surface, respectively. The 

cell nuclei are clearly resolved and useful information such as nuclear density, 

nuclear area, and nuclear to cytoplasmic ratio can be extracted from the images. In 

general, a decrease in signal level and an increase in background level are observed 

when the image plane is moved deeper into the tissue, which is expected because 

light is attenuated by scattering in tissue. Variations in signal level and contrast, 

however, exist from sample to sample. The source of these variations may be 

intrinsic to tissues or dependent on the process of sample preparation, or a 

combination of the two. 

39  
 



   

   
(a)                                            (e) 

   
(b)                                             (f) 

   
(c)                                            (g) 

   
(d)                                           (h) 

Figure 3.12 (a)-(d) Images of a colposcopically normal cervical biopsy with the 
image plane (a) 40, (b) 80, (c) 100, and (d) 150 µm below the tissue surface. 
(e)-(h) Images of a colposcopically abnormal cervical biopsy from the same 
patient with image plane (e) 40, (f) 60, (g) 90, and (h) 120 µm below the 
tissue surface. Images were acquired within 8 hours after excision. 6% acetic 
acid was added to enhance the contrast. Scale bar is 20 µm. 
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Tissue sections with thickness of 200 µm were cut from cervical biopsies in 

the orientation perpendicular to the surface of the epithelium. Six percent acetic acid 

solution was added prior to imaging. Figure 3.13(a)-(c) show images of a tissue 

section from a normal biopsy and Figure 3.13(d)-(f) show images of an abnormal 

tissue section from the same patient. For both tissue sections the images are 

arranged such that the stromal region is on the left and top of the epithelium is on 

the right. The basement membrane of epithelium can be seen in the images and is 

outlined by yellow lines in Figure 3.13(a) and (d). The nuclear density in the images 

taken from the abnormal biopsy is clearly increased as compared to the images 

taken from the normal biopsy. The area of individual nuclei in the images of the 

abnormal tissue is also greater than that of the normal tissue. 
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(a)                                (b)                              (c) 

       
(d)                                (e)                              (f) 

Figure 3.13 (a)-(c) Images of a tissue slice from a colposcopically normal cervical 
biopsy. (d)-(f) Images of a tissue slice from a colposcopically abnormal 
cervical biopsy from the same patient. The thickness of the slices is about 
200 µm. The field of view in (a) and (d) is near the basement membrane 
(yellow lines), at the middle of epithelium in (b) and (e), and near the top of 
epithelium in (c) and (f). Scale bar is 20 µm. 

 

The FCRM was used to image human epithelial cells in the lip of the author 

in order to assess the feasibility of in vivo imaging by this approach (Figure 3.14). 

The maximum output power that entered the tissue was less than 40 mW, which was 

comparable to that used by Rajadhyaksha et al. [11]. 6% acetic acid solution was 

added to enhance contrast of the cell nuclei. Images were easily blurred by motion 

of the human subject so videos were acquired and saved into AVI files and 

individual frames of still images were extracted from the video files. The same 
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procedure of background subtraction and contrast enhancement were applied to the 

images afterwards. The cell nuclei were clearly resolved in the images. 

 
Figure 3.14 In vivo image of human epithelial cells in the lip. 6% acetic acid was 

applied to the lip immediately before image acquisition. The image was 
taken at superficial layers of the epithelium. Scale bar is 20 µm. 

 

3.3 Conclusions 

The results presented in this chapter show that backscattered light confocal 

imaging of biological tissues can be carried out in near real time through flexible 

fiber optic bundles. The bench-top system has demonstrated a lateral resolution of 2 

µm and axial resolution of 5.5 µm, which are sufficient to resolve cell nuclei in 

epithelial tissue. The sensitivity of the system is enough to image cell nuclei in 

epithelial tissue with the aid of acetic acid as a contrast agent. Images of cervical 

biopsy specimens show significant differences in nuclear density and area between 

the colposcopically normal and abnormal biopsy (Figure 3.13). The results suggest 

that such a device would be useful for in situ detection of pathology. 
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Chapter 4: Construction and Evaluation of a FCRM for In Vivo 

Imaging 

The bench-top FCRM system described in Chapter 3 has achieved the spatial 

resolution and sensitivity to image cell nuclei in epithelial tissue. A commercial 

microscope objective with an outer diameter of 3 cm has been used in the bench-top 

system to image the specimens. Although the size of the objective is small enough 

to be used to image the cervix, it would cause great discomfort to the patient and the 

accessible areas on the cervix would be very limited. In addition, the inflexible 

distal end of the bench-top system makes it impractical for use in the clinic. This 

chapter describes the design and performance of a second FCRM system that has a 

miniature objective and axial scanning device, enabling in-vivo imaging of epithelial 

tissue on cervix and oral cavity. The construction of a portable FCRM system for 

clinical studies is also described. 

 

4.1 System design 

The schematic diagram of the second prototype is shown in Figure 4.1. The 

commercial objective and lens assembly L2 used in the bench-top system are 

replaced by a custom-designed miniature objective. A hydraulic axial scanning 

mechanism is used to hold the miniature objective stably against the tissue and 
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provide controllable axial scanning. The design of these components are described 

in this section. 

 
Figure 4.1 Schematic diagram of the second prototype FCRM that uses a custom-

designed miniature objective. 

 

4.1.1 Miniature objective 

The miniature microscope objective delivers illumination from the fiber 

bundle into the tissue and then collects reflected light and focuses it back onto the 

fiber bundle. The miniature microscope objective is oil-immersion in fiber space in 

order to provide index matching at the fiber surface. The NA of the miniature 

microscope objective in fiber space is 0.3, which matches the acceptance NA of the 

fibers in the bundle. At the operating wavelength of λ=1064 nm, the Airy disc 

diameter for NA=0.3 is 4.3 µm, which is approximately the same size as the fiber 

core (4.1 µm). The miniature objective is water-immersion in tissue space in order 

to reduce the mismatch of refractive index at the tissue surface. The NA at the tissue 
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end needs to be as large as possible in order to collect more light from the tissue and 

obtain high magnification. The miniature objective is also required to be doubly 

telecentric to maintain maximum coupling efficiency over the active region of the 

bundle. Diffraction-limited performance is desired for the objective to couple the 

reflected light into a single fiber. Considering these requirements and the design 

complexity associated with high NA optical systems, an NA of 1.0 was chosen. The 

transverse magnification of the miniature objective can be calculated as 

−1.0/0.3=−3.33. The lateral resolution is determined by the sampling distance 

between images of adjacent fibers in the object, which is 7.1 µm/3.33=2.1 µm. The 

diffraction-limited spot size formed by the objective at the tissue end is 1.29 µm, 

which is smaller than the fiber sampling distance. Therefore the lateral resolution is 

limited by fiber sampling distance. The axial resolution of the FCRM with the 

miniature objective is calculated to be 2.7 µm using equation 2.3. Figure 4.2 shows 

the optical layout and a photograph of the miniature objective that is 22 mm long 

and 7 mm in diameter. The detailed design process has been reported by Liang et al. 

[47]. 

46  
 



   

 
(a) 

 
(b) 

Figure 4.2 (a) Optical layout and (b) photograph of the miniature objective. The 
overall outer diameter is 7 mm and length is 22 mm including housing [47]. 

 

4.1.2 Axial Scanning Device 

Axial scanning of the focal plane within the sample is achieved by a 

hydraulic system (Figure 4.3) that moves the tissue in the field of view along the 

optical axis. The space between tissue and lens #8 of the objective is filled with 

water and connected to a syringe through Teflon tubes. The tubes and the syringe 

are also filled with water. The syringe can be translated by moving a stepper motor 

(Compumotor with ZETA6104 indexer drive, Parker Automation) connected to the 

syringe. After the objective is in contact with tissue the motor moves outward and 

sucks water from the tissue chamber. Negative hydraulic pressure draws the tissue 
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upward and helps hold the objective against the tissue stably. The holder of the 

miniature objective is designed such that the image plane of the objective is 

recessed 1.1 mm from the end. Therefore, the surface of the tissue can be imaged 

when the objective is held tightly against the tissue, reducing motion artifacts from 

positioning of the objective. Deeper layers of the tissue can be imaged by moving 

the motor outward. 

 
Figure 4.3 Schematic diagram of the axial scanning device and the miniature 

objective. The lenses in the miniature objective are not drawn to scale here. 

 

4.2 Results 

The miniature objective was first tested by itself to ensure that its imaging 

performance meets the desired specifications. Then the FCRM system shown in 

Figure 4.1 was tested by imaging a Ronchi grating and polystyrene microspheres 

immersed in water. The spatial resolution of the system was measured from images 
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of the grating. Finally the system was used to image biological samples including 

fixed cervical biopsy specimens and the inside of the lower lip in vivo. 

 

4.2.1 Testing of the Miniature Objective 

A standard United States Air Force resolution target was placed at the oil-

immersion end (fiber space) of the miniature microscope objective. An image of the 

resolution target was formed at the miniature objective’s water-immersion end. This 

image was then relayed onto a CCD camera by use of a standard microscope 

objective. Figure 4.4 shows images of the resolution target with different bar widths. 

From these images it can be determined that the miniature objective can resolve 

features separated less than 1.2 µm. Consequently, the miniature microscope 

objective exhibits diffraction-limited imaging performance. 

     
(a)                                (b)                                 (c) 

Figure 4.4  A United States Air Force resolution target imaged with the miniature 
objective. Bar patterns have a line width of (a) 1.8 µm (b) 1.2 µm and (c) 
0.93 µm [47]. 

4.2.2 Confocal Images Taken with the Miniature Objective 

The system performance with the miniature objective was tested by imaging 

a glass Ronchi grating, polystyrene microspheres, cervical biopsies, and the human 
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lip in vivo. The biopsies were immersed in 6% acetic acid solution and then fixed 

with 10% formaldehyde. During image acquisition the biopsy specimens were 

moved using translation stages. In vivo images of the lower lip were obtained while 

the axial scanning device was used to change the imaging depth within the tissue. 

6% acetic acid was added to the lip to enhance image contrast. Background 

subtraction was also applied to reduce residual specular reflection from the fiber end 

faces. The contrast and brightness of the resultant images were adjusted for better 

presentation. 

 Figure 4.5(a) shows an image of the Ronchi grating. The grating has 1000 

line pairs per inch and each of the bright and dark bars has a width of 12.7 µm. The 

dimension of the field of view is calculated as 180 µm × 170 µm accordingly. The 

grating image appears to be wavy because the image is stretched horizontally at the 

left and right edges by the sinusoidal line-scan pattern of the resonant scanner. The 

brightness is not uniform over the field of view, which is mostly attributed to field 

curvature of the miniature objective. The lateral resolution of the system was 

obtained by measuring the edge response of the grating image. Figure 4.5(b) shows 

a line profile across one of the edges in the image. The line profile was averaged 

over a line width of 70 µm. The distance between 10% and 90% of the average edge 

response is 2 µm, which is approximately the same as the calculated distance 

between adjacent fiber illumination spots in the tissue. 
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(a)                                                                 (b) 

Figure 4.5 (a) Confocal image of a Ronchi grating in which each of the bright and 
dark bars has a width of 12.7 µm. The field of view is 180 µm × 170 µm. (b) 
Profile plotted along a line across the edge. The 10%-90% edge response is 2 
µm. 

 

The axial response of the confocal microscope was measured by moving a 

reflective Ronchi grating through the focus of the system. Thirty images were 

captured with a 1 µm increment in axial position of the grating. The gray values of 

pixels were averaged over a 16 × 36 µm area in the center of the field of view for 

each image. Figure 4.6 shows average intensity versus axial position outside the 

focal volume; the full width at half magnitude for the axial resolution is 3 µm, 

which agrees with the predicted value of 2.7 µm (section 4.1.1). 
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Figure 4.6 Axial response of the FCRM with the miniature objective was measured 

by moving the Rochi grating through focus of the objective. The FWHM 
value is 3 µm. 

 

In order to assess system performance on microscopic objects, 4.3 µm 

polystyrene microspheres were immersed in water and imaged by the FCRM 

(Figure 4.7). Individual microspheres as well as clumps of microspheres were 

visualized in the image. The image of the microspheres demonstrates the ability of 

the FCRM to image objects of similar size to epithelial cell nuclei. 
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Figure 4.7 Image of polystyrene microspheres in water. The average diameter of the 

spheres is 4.3 µm. Scale bar is 20 µm. 

 

Figure 4.8 shows an image of a cervical biopsy taken from abnormal 

epithelial tissue. The image plane was located approximately 100 µm below tissue 

surface. An in vivo image of the lip is shown in Figure 4.9. The exact depth of the 

image is unknown but approximately 30 µm below the surface. Cell nuclei are 

clearly visualized in these images. Both video files and still images were obtained 

from these biological specimens. Still images, even with background subtraction 

and contrast/brightness adjustment, do not appear to be as good as video images. 

Small movements of the object across the field of view greatly facilitate perception 

and recognition of small or dim features over a constant background in the videos. 

Persistence of vision provides a time-averaging effect on the image sequence so the 

effects of noise and pixilation are greatly reduced. 
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Figure 4.8 Confocal image of a fixed biopsy taken from abnormal cervix. The 

biopsy specimen was fixed in 10% formaldehyde after the application of 6% 
acetic acid. The image plane is approximately at 100 µm below the surface. 
Scale bar is 20 µm. 

 
Figure 4.9 In vivo image of human lip after the application of 6% acetic acid. The 

depth of image is approximately 30 µm below the surface. Scale bar is 20 
µm. 

 

The suction device (Figure 4.3) is designed to achieve axial scanning of the 

focal plane within tissue. When soft tissue such as the oral mucosa is imaged, the 

image plane can be stably maintained and controlled with cellular resolution. 

However, large movements of the objective relative to the tissue must be 
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minimized, otherwise motion artifacts overwhelm positioning stability provided by 

suction. This can be achieved while holding the probe steadily with one hand. Air 

bubbles trapped in the space between tissue and the objective can also impede the 

effectiveness of suction. However, trapped air bubbles, if any, can be easily 

removed before placement of the objective against tissue. 

 

4.2.3 Calibration of Image Scale under Different Scan Magnitudes 

The magnitude of scan angle can be changed manually via the control panel 

of the driver box. The scale factors used to calculate the size of features in confocal 

images were measured by imaging the Ronchi grating under a set of scan 

magnitudes (Table 1). The field of view was calculated after the images were 

resized horizontally as described in section 3.2.2. 

 Scan magnitude Scale factor (µm/pixel) Field of view (µm) 
2 0.295 136 

2.5 0.46 210 
Vertical scan 

3 0.58 267 
3 0.33 143 

3.5 0.43 186 
Horizontal scan 

4 0.54 233 
Table 1. Scale factors to calibrate the scale of confocal images under various 

settings of scan magnitude. The horizontal field of view is after resizing. 

 

4.3 Modifications to the FRCM System for Clinical Studies 

The above results show that images of cell nuclei in epithelial tissue can be 

obtained using the FRCM with the miniature objective. The signal-to-background 
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ratio can not be enhanced by merely increasing the laser output power or increasing 

the amplifier gain. Therefore the background from the specular reflection is the 

limiting factor for the FRCM system to obtain images from deeper areas in the 

tissue. Two modifications were made to the system to reduce the effects of specular 

reflection from fiber end faces. 

Firstly, a new polarizing beam splitter with a 95% transmission coefficient in 

one polarization orientation and 99.8% reflection coefficient in the other orientation 

was used to replace the beam splitter described in Chapter 3. The beam splitter was 

oriented to allow maximum transmission of the linearly polarized beam from the 

laser source. Specular reflection from the proximal end of the fiber bundle was 

mostly transmitted by the beam splitter because the polarization orientation was not 

changed. Backscattered light from the focal volume in the tissue lost its polarization 

when passing through the fibers, so half of that was reflected by the beam splitter 

toward the photodiode. In comparison to the previous system set-up, the throughput 

in the returning path is decreased from 70% to 50% at the beam splitter, but the 

overall image quality is enhanced because only 5% of the specular reflection 

resulting from the proximal fiber end and reaching the beam splitter is reflected by 

the beam splitter to the photodiode. Secondly, polishing the distal end of the fiber 

bundle at 7° further reduces the background resulting from the residual mismatch of 

refractive indices at the distal fiber end by about 60%. 
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In order to conduct in vivo clinical studies with the FCRM an endoscopic 

imaging probe was constructed. The distal end of the system was assembled into a 

probe as shown in Figure 4.10. The miniature objective lens was attached to the 

fiber bundle through a custom-made connector. The connector was designed such 

that when the miniature objective was threaded to the connector, the fiber surface 

was at the best image plane of the objective and the index-matching oil was sealed. 

The distal end of the fiber bundle, objective lens and Teflon tubes were enclosed in 

a brass tube and sealed at the end for easier handling and cleaning. The dimensions 

of the imaging probe are 25 cm long and 1.0 cm in diameter, which is adequate for 

use to image the cervix and oral cavity. 

 
Figure 4.10 Photograph of the imaging probe, showing the fiber optic bundle (F), 

Teflon tube (T) and the brass tube (B). The length is 25cm and outer 
diameter is 1 cm. 
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Finally, the optical components of the FCRM system were removed from 

optical table and mounted onto a cart with dimensions of 40 × 27 × 36 inches. An 

isolation transformer is utilized to provide a system ground that is electrically 

isolated from the power system; this is required by electrical safety regulations for 

medical instruments. Figure 4.11 shows a photograph of the portable system without 

the computer and monitor. 

 
Figure 4.11 Photograph of the portable FCRM system. 

 

To align the fiber bundle with the lens assembly L1, as described in section 

3.2.1, the distal end of the fiber bundle needs to be imaged microscopically in order 

to ensure that only one fiber is illuminated by L1 at one time. Then the pinhole in 
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the detection arm is moved to allow maximum signal from the distal fiber surface 

reaching the photodiode. Since the miniature objective is attached to the distal end 

of the fiber bundle, a second fiber bundle with a bare distal end is needed to get the 

pinhole to its optimal position. An alternative method was used here to align the 

fiber bundle and imaging probe without the need for a second fiber bundle and the 

equipment to image the fiber bundle, which would be a huge advantage for clinical 

studies. A λ/4 plate at 1064 nm wavelength was mounted on a lens mount that could 

be slid in and out of the light path between the second scanning mirror and lens 

assembly L1. The axis of the λ/4 plate was oriented at 45° to the axes of the 

polarizing beam splitter. When the λ/4 plate is in, the linear polarization of the 

incident beam is changed to circular polarization by the λ/4 plate; specular 

reflection from the proximal surface of the fiber bundle is circularly polarized in 

reverse direction and is changed back to linearly polarized in the crossed 

orientation. The specular reflection is mostly reflected by the polarizing beam 

splitter toward the photodiode. Therefore, confocal images of the proximal fiber end 

can be obtained by simply sliding the λ/4 plate into the light path. The fiber bundle 

and imaging probe are aligned with L1 by obtaining a clear and bright image of the 

fiber pattern (Figure 4.12). The detection pinhole is adjusted in the same manner as 

described above. This enables quick adjustments of alignment, which significantly 

enhances the robustness of the system. 
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Figure 4.12 Image of the proximal end of the fiber bundle taken with a λ/4 plate in 

the light path. 

 

4.4 Conclusions 

The results show that the FCRM system with the miniature objective and 

axial scanning device is able to image cell morphology and tissue architecture in 

epithelial tissues in vivo. The measured lateral resolution is 2 µm and axial 

resolution is 3 µm, which is comparable to those of the bench-top system. Videos 

acquired and displayed at 15 frame/s provide better visualization than still images, 

which partly compensates for the pixilated appearance due to the fiber bundle. The 

miniaturized dimensions of the end piece attached to the distal fiber end enable use 

of the system on internal organs such as the cervix and inner oral cavity. 

 

60  
 



   

Chapter 5: In Vivo Imaging of Cervical Epithelium and Oral 

Mucosa 

The portable FCRM system described in chapter 4 was transported to the 

colposcopy clinic of the University of Texas M.D. Anderson Cancer Center for a 

pilot in vivo study: “Reflectance Confocal Imaging of Cervical Intraepithelial 

Neoplasia (CIN)”, IRB protocol # 2002-01-0100. The protocol of this study is 

briefly described and the image results are presented. Confocal images of normal 

oral mucosa were also obtained in vivo from human subjects (IRB protocol #2001-

02-35, “Noninvasive Method for Characterization of Normal Human Oral Cavity 

and Skin Based on Fluorescence Spectroscopy, Confocal Microscopy and Optical 

Coherence Tomography”). 

 

5.1 Study protocol 

Eighteen patients participated in the pilot study: “Reflectance Confocal 

Imaging of Cervical Intraepithelial Neoplasia (CIN)” at the colposcopy clinic of the 

University of Texas M.D. Anderson Cancer Center, under the supervision of Dr. 

Michele Follen. The patients were referred to this clinic for suspected dysplasia on 

the basis of an abnormal cervical cytology or for removal of cervical tissue using the 

loop electrical excision procedure (LEEP) due to a previous diagnosis of dysplasia. 

Patients who were aged at least 18 and not pregnant were eligible for this study. 
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Written informed consent was obtained from each of the participating patients 

before the experiments began. The study was reviewed and approved by the 

Surveillance Committee at the University of Texas M.D. Anderson Cancer Center 

and the Institutional Review Board at the University of Texas at Austin. 

Immediately after the standard colposcopy examination wherein 6% acetic 

acid was applied to the cervix, the imaging probe was placed against a 

colposcopically abnormal location and a colposcopically normal location on the 

cervix by the clinician who performed the colposcopy exam. Then suction was 

applied to move the tissue toward the objective lens. Confocal images were acquired 

using a frame grabber and displayed on a computer monitor at 15 frames per 

second. Images displayed on the monitor were also saved into video files in AVI 

format for later processing. Following video acquisition, biopsy specimens were 

taken from the imaged sites and submitted for routine histological examination 

using hemotoxylin and eosin (H&E) stain. The stained sections were examined by 

an experienced, board certified gynecologic pathologist. 

Confocal images of the buccal mucosa were also obtained from three normal 

volunteers at the University of Texas at Austin. The study was approved by the 

Institutional Review Board at the University of Texas at Austin and written 

informed consent was obtained from each of the subjects. Weak (2-6%) acetic acid 

was topically applied to the oral mucosa about two minutes prior to imaging. 
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Confocal images were acquired and saved in the same way as in the cervical clinical 

study. No biopsy specimen was obtained from normal human subjects. 

 

5.2 Image processing 

The raw data were saved as video files in AVI format. All the frames in the 

confocal videos were in 8-bit grayscales. Individual frames in bitmap format were 

extracted from the video files and background-subtracted and resized using the 

procedures described in section 3.2.2. Two methods were implemented using 

Matlab to reduce the pixelation of confocal images due to the fiber pattern including 

two-dimensional median filtering with a 7×7 window and three-point interpolation. 

The first step of three-point interpolation involved segmenting the fiber-core pattern 

from the confocal video to be processed; the second step was applied to the 

extracted frames from the video to interpolate the value of each of the dark pixels in 

the confocal images using average intensities of three nearest fiber cores. 

In the first step of three-point interpolation, the fiber pattern was obtained by 

averaging all frames in one video file or using the λ/4 wave plate as described in 

section 4.3. Figure 5.1(a) shows an average image of the confocal video obtained 

from patient No. 12, clock position 6. Figure 5.1(b) shows the magnitude of the two-

dimensional Fourier transform of the average image. The DC component is in the 

center and the bright ring corresponds to the spatial frequency of the fibers in the 

bundle. The frequency-domain band-pass filter shown in Figure 5.1(c) was applied 
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to enhance the fiber-core pattern shown in Figure 5.1(a). Figure 5.1(d) shows the 

result of enhancing the fiber pattern by the frequency-domain filter. Then a binary 

segmentation of the enhanced fiber pattern was obtained by thresholding blocks of 

8×8 pixels in the image. The binary image shown in Figure 5.1(e) contains a mask 

for the fiber cores in this video file. 

   
(a)                                         (b)                                         (c) 

  
(d)                                         (e) 

Figure 5.1 The process of segmenting the fiber-core pattern: (a) average image of 
the video to be processed (b) 2D Fourier transform of the fiber image (c) 
frequency-domain band-pass filter (d) fiber-core pattern enhanced (e) binary 
image showing the fiber-core pattern. 
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In the second step of three-point interpolation, the mask was used to select 

fiber cores in the image to be processed and the average intensity of each of the 

fiber cores was calculated; then the new grayscale value I of pixel (i,j) in the fiber 

cladding area of the image was calculated as: 
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where I1, I2, I3 are average intensities of three nearest fiber cores and d1, d2, d3 were 

the distance from pixel (i,j) to the centroids of these fiber cores. Finally, a median 

filter with a five-pixel cross-shaped window was applied to the interpolated image 

to reduce the effects of noise. The brightness and contrast of the resultant images 

were adjusted to allow better visualization of cell nuclei. 

 

5.3 Results of imaging normal and abnormal cervical epithelium 

A total of 34 cervical sites from 16 patients were imaged with the portable 

FCRM system in the study. For the first two patients participating in this study, the 

instrument was not functioning properly so no tissue was imaged, nor were any 

biopsies taken for the study. A biopsy specimen was taken from every site imaged 

and sent for histopathologic analysis. The location of each site imaged and biopsied 

was labeled by its clock position within the cervix. The colposcopic impression and 

histopathologic diagnosis of the imaged sites are listed in Table 1. The results of 

imaging with the portable FCRM system are also summarized in Table 1. The check 
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mark “√” indicates that cell nuclei were visible in the confocal images (15 sites). 

The question mark “?” means that confocal images were acquired with no or few 

nuclei identified in the images (14 sites). The cross mark “×” labels sites from 

which no images were obtained with the portable FCRM system (5 sites). For two 

of the five sites without any images (patient number 5 and 8), the suction device was 

not functioning properly because no seal was formed between tissue surface and 

probe tip; for the two sites on patient number 9 there were air bubbles trapped in the 

immersion oil between the distal end of the fiber bundle and the miniature objective; 

for the one o’clock site on patient 16, the Teflon tube in the suction device was 

clogged with blood and tissue debris because the patient was on the last day of her 

menstrual period. Confocal images of cervical epithelium were obtained from 29 

sites, 15 of which showed cell nuclei while 8 showed some structures without 

identifiable nuclei in the images. For the remaining 6 sites, a high level of 

backscattering from the tissue surface saturated the digitizer on the frame grabber; 

little signal from underneath tissue was detected. This is presumably due to air 

bubbles trapped between tissue and the miniature objective. 
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Patient 
No. 

Clock 
Position 

Colposcopy 
Appearance Histopathologic Diagnosis 

Confocal 
Images 

12 Abnormal Normal ? 3 
 6 Normal Normal √ 

12 Abnormal CIN III ? 4 
 10 Normal Normal ? 

12 Abnormal CIN I ? 5 
 3 Normal Normal × 

5 Abnormal Metaplasia (focal) √ 6 
 3 Normal Metaplasia ? 

1 Abnormal Normal √ 
10 Abnormal Normal ? 

7 
 
 7 Abnormal Metaplasia ? 

12 Abnormal HPV associated changes ? 8 
 3 Normal Metaplasia × 

3 Abnormal CIN I × 9 
 1 Normal Normal × 

1 Abnormal CIN II-III √ 10 
 7 Normal Normal √ 

5 Abnormal Normal ? 
10 Normal Normal √ 

11 
 
 6 Abnormal Normal √ 

11 Abnormal Normal √ 12 
 6 Normal Normal √ 

7 Normal Normal ? 13 
 3 Normal Normal ? 

5 Abnormal CIN II-III ? 14 
 1 Normal Normal ? 

12 Abnormal HPV (focal) √ 15 
 6 Normal CIN I and HPV √ 
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1 Abnormal Metaplasia and inflammation × 16 
 6 Normal Normal ? 

3 Abnormal Atrophy and hyperkeratosis √ 17 
 6 Normal Normal √ 

11 Abnormal Normal √ 18 
 3 Normal Normal √ 

Table 2. Summary of the colposcopic impression and histopathologic diagnosis of 
each site imaged and whether confocal images were obtained. “√” indicates 
nuclei clearly seen in the images; “?” indicates structure in images not 
identified; “×” indicates no confocal images obtained. 

 

Cervical intraepithelial neoplasia (CIN) is a precursor to cervical cancer. 

CIN 1, 2, and 3 are stages of CIN that represents mild, moderate, and severe 

dysplasia, respectively. Generally, the stage of CIN correlates with the proportion of 

the total epithelial thickness showing morphologic abnormality. Human 

papillomavirus (HPV) is commonly present in cervical precancers and cancers. The 

detection of HPV is associated with a 10-fold or greater risk of cervical neoplasia 

compared with a control population of women without HPV [48]. Squamous 

metaplasia, inflammation and atrophy are all considered normal findings. 

Figure 5.2 shows confocal images of normal cervical epithelium from 

patient number 12, clock position 6 (left column); both colposcopic impression and 

histopathologic diagnosis were normal. The mask image shown in Figure 5.1(e) was 

used to obtain the corresponding interpolated images (middle column). The results 

of two-dimensional median filtering are shown in the right column for comparison. 

The confocal images were taken at increasing epithelial depths from (a) the 
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superficial layers to (d) the basal layers. Cell nuclei are clearly seen in all of the 

images and borders of cells can be seen in images from the superficial. The nuclei 

are more densely packed in the deeper layers. Beyond the basal layer, the image 

contrast was insufficient to resolve cell nuclei or tissue structure. A total of 16 or 17 

layers of cells can be seen throughout the whole depth of epithelium in the video. A 

maximum image depth of 180 µm is estimated assuming an average thickness of 8 

µm for the upper eight cell layers and an average thickness of 15 µm for the deeper 

layers. 

The results show that both interpolation and median filtering can reduce 

pixelation in the confocal images. In general median filtering makes the images 

more blurry while interpolation can preserve the details in the images better. For 

images of superficial and intermediate layers of epithelium (Figure 5.2(a) and (b)), 

the results of interpolation show higher contrast in cell borders and dim nuclei than 

the results of median filtering. Median filtering works better in highlighting nuclei 

in confocal images of basal epithelial layers (Figure 5.2(d)). This might be due to a 

higher level of background in the images that is preserved by the process of 

interpolation but not by median filtering. 
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(a) 

   
(b) 

   
(c) 

   
(d) 

Figure 5.2 Confocal images (left) of normal cervical epithelium obtained from 6 
o’clock site, patient #12 with increasing depth from (a) to (d). Pixelation in 
images is reduced by using interpolation (middle) and median filter (right). 
The scale bar is 20 µm. 
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One normal and one abnormal site was imaged in patient number 10; and the 

pathology results from biopsies were normal and CIN 2-3, respectively. This was 

the ideal case for the study, enabling comparison of images between normal and 

dysplastic tissue. However, the condition of the instrument was not optimal when 

the images were acquired. Figure 5.3(a) shows an image of the normal site and 

Figure 5.3(b) shows an image of the abnormal site, both of which were taken at 

superficial epithelium. A large scratch on the fiber surface can be seen at the upper-

left corner in the confocal images; additionally, an air bubble was trapped at the 

proximal end of the fiber bundle (arrow). No significant differences were observed 

in images between the normal and dysplastic site. Nuclear features are difficult to 

obtain from these images due to the relatively low image quality and the limited 

number of frames with visible nuclei. The corresponding histological images of the 

biopsies taken from the normal and abnormal sites are shown in Figure 5.4(a) and 

(b), respectively. Undifferentiated cells and enlarged nuclei can be seen throughout 

the whole epithelial thickness in the image of the abnormal site; the appearance is 

typical for cervical squamous epithelium with CIN 2-3. 
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(a)                                                         (b) 

Figure 5.3 Confocal images of (a) normal and (b) abnormal cervical epithelium 
obtained from patient #10. The histopathologic diagnosis was normal for the 
normal site and CIN 2-3 for the abnormal site. The scale bar is 20 µm. 

  
(a)                                                         (b) 

Figure 5.4 Photographs of the H&E slides from patient # 10. Confocal images of the 
same sites are shown in Figure 5.3. The histopathologic diagnosis was 
normal for (a) and CIN 2-3 for (b). The scale bars are 50 µm. 

 

Another set of images from tissue with pathologic conditions is from patient 

number 15. Figure 5.5(a) and (c) show images of colposcopically normal epithelium 

(clock position 6); Figure 5.5(b) and (d) show images of colposcopically abnormal 

epithelium (clock position 12). Images were taken at superficial (a)(b) and 

intermediate (c)(d) layers of epithelium. The histopathologic results are CIN 1 and 
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HPV-associated changes for the 6 o’clock biopsy and focal HPV-associated changes 

for the 12 o’clock biopsy. Cell nuclei can be seen in all of the images. The size of 

nuclei and the number of nuclei per image are similar between the four images. No 

images of the basal layers of epithelium were obtained from these two sites. Since 

tissue diagnosed as CIN 1 is typically normal throughout the upper two-thirds of the 

whole epithelial thickness the images from this patient are not able to provide 

information to differentiate CIN 1 lesions from normal epithelium. Photographs of 

the corresponding H&E slides are shown in Figure 5.6(a) and (b) respectively. 

Figure 5.6(a) shows about four layers of cells with enlarged nuclei and abnormal 

appearance at the bottom of epithelium, which is the evidence of CIN 1. Nuclear 

size and number of nuclei per unit area are similar at the superficial layers of the 

two images. 
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(a)                                                    (b) 

   
(c)                                                    (d) 

Figure 5.5 Confocal images of colposcopically (a)(c) normal and (b)(d) abnormal 
cervical epithelium from patient #15. (a)(b) were taken from superficial and 
(c)(d) were taken from intermediate layers. The histopathologic diagnosis 
was CIN 1 and HPV for the colposcopically normal site and focal HPV for 
the colposcopically abnormal site. The scale bar is 20 µm. 
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(a)                                                             (b) 

Figure 5.6 Photographs of the H&E slides from patient # 15. Confocal images of the 
same sites are shown in Figure 5.5. The histopathologic diagnosis was CIN 1 
and HPV for (a) and focal HPV for (b). The scale bars are 50 µm. 

 

Figure 5.7(a) and (b) show images of a colposcopically normal site (clock 

position 6) and a colposcopically abnormal site (clock position 3) on patient number 

17, respectively. The histopathologic results were normal for the colposcopically 

normal site and atrophy and hyperkeratosis for the colposcopically abnormal site. 

Photographs of the corresponding H&E slides are shown in Figure 5.8(a) and (b), 

respectively. The patient also underwent a LEEP procedure to remove previously 

diagnosed dysplastic cervical tissue. The histopathologic report of the excised tissue 

shows CIN 1 in the 12-3 o’clock and 6-9 o’clock quadrants. Cell nuclei can be 

clearly seen in the confocal images. The image of colposcopically abnormal tissue 

shows a higher level of background and a slightly larger nuclear size. The higher 

level of backscattering could be due to keratin at the tissue surface or the densely 

packed nuclei at the basement membrane. The images from patient number 17 show 
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nuclei with much larger size compared to images from patient number 12 and 15, 

which demonstrates the variations of nuclear morphology between patients. 

 

   
(a)                                                    (b) 

Figure 5.7 Confocal images of colposcopically (a) normal and (b) abnormal cervical 
epithelium from patient #17. Images were taken at superficial layers of 
epithelium. The histopathologic diagnosis was atrophy and hyperkeratosis 
for the abnormal site. The scale bar is 20 µm. 

  
(a)                                                    (b) 

Figure 5.8 Photographs of the H&E slides from patient # 17. Confocal images of the 
same sites are shown in Figure 5.7. The histopathologic diagnosis was 
normal for (a) and atrophy and hyperkeratosis for (b). The scale bar is 50 
µm. 
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Reflectance confocal images have been obtained from ex vivo cervical 

biopsy specimens with a non-fiber confocal microscope [45]. The FCRM system 

presented in this dissertation is the first noninvasive imaging system to provide sub-

cellular details of cervical epithelium in vivo. The confocal images shown in this 

chapter are similar to the images obtained from biopsy specimens using the non-

fiber confocal system. 

  

5.4 Results of imaging normal oral mucosa 

Figure 5.9 shows confocal images of normal buccal mucosa after application 

of 5% acetic acid. Cell nuclei as well as cell borders can be seen in the images, 

showing similarity to the images of normal cervical epithelium except for a slightly 

larger nuclear diameter (8-15 µm). 

   
(a)                                         (b)                                           (c) 

Figure 5.9 Confocal images of normal buccal mucosa were taken at increasing 
depths in the epithelium from (a) to (c). Images were obtained after the 
application of 5 % acetic acid. The scale bar is 20 µm. 
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The microscopic anatomy of normal oral tissue in the lip and tongue has 

been studied in vivo using another non-fiber confocal reflectance microscope [38]. 

The images of buccal mucosa shown here are similar to the image of lip epithelium 

shown in the article. The size of cell nuclei also agrees well with the literature, 

which reports an average of 8-10 µm in diameter. Imaging the collagen fibers and 

blood vessels in the connective tissue has been achieved by the non-fiber confocal 

microscope but not the FCRM. Fiber optic confocal systems inherently have lower 

throughput than their non-fiber counterparts because of coupling loss of the optical 

fiber. The spatial resolution of the FCRM system is insufficient to resolve 

organelles other than the nucleus. Nevertheless, the characteristics of the FCRM are 

suitable for imaging nuclear morphology and tissue architecture of epithelium in 

vivo. 

 

5.5 Summary 

A pilot study: “Reflectance Confocal Imaging of Cervical Intraepithelial 

Neoplasia (CIN)” was conducted at the colposcopy clinic of the University of Texas 

M.D. Anderson Cancer Center. The portable FCRM system was used to image at 

least one normal and one abnormal locations on the cervix of 16 patients during 

colposcopic examination. Cell nuclei can be identified in images from 15 out of 34 

sites that have been imaged in the study. Images from 8 sites show some structure in 

the epithelium but no nuclei can be identified. In another 6 sites only a bright tissue 
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surface can be seen in the images, presumably due to air bubbles trapped at tissue 

surface. Confocal images are also obtained from normal buccal mucosa, showing 

similarity to the images of normal cervical epithelium. The results show that FCRM 

can be used to visualize the morphology of cervical and oral epithelium in vivo. 
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Chapter 6: Analysis of Nuclear Features in Images of Cervical 

Epithelium 

Chapter 5 shows that cell nuclei can be identified in confocal images taken 

from 15 cervical sites in 9 patients participating in the pilot in vivo study. This 

chapter describes the processes of selecting individual frames from the confocal 

videos, segmenting nuclei in the selected frames, and analyzing morphologic 

features including nuclear size and nuclear-cytoplasmic ratio (N/C). The average 

intensities of the nuclei and surrounding background areas were also calculated 

from the selected frames to assess the strengths of signal and background and the 

signal-to-background ratio (S/B). 

 

6.1 Data preprocessing and segmentation of cell nuclei 

The 15 sites with images of nuclei are listed in Table 3. The clock position, 

colposcopic impression and histopathologic diagnosis for each site are included. 

Two videos were obtained from the 6 o’clock site in patient number 3 and both 

showed cell nuclei. Individual frames with clearly seen nuclei were selected from 

the 16 video files and used for analyses described in this chapter. In order to avoid 

redundancy in the data, the frames were chosen carefully so that no nuclei appeared 

in adjacent two frames selected from a video. The number of frames selected from 

each video is listed in Table 3. 
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Patient 
No. 

Clock 
Position 

Colposcopic 
Impression Histopathologic Diagnosis 

# of frames 
selected 

# of 
nuclei 

3 44 3 
 

6 
 

Normal 
 

Normal 
 6 81 

6 5 Abnormal Focal metaplasia 6 98 

7 1 Abnormal Normal 4 41 

1 Abnormal CIN 2−3 4 37 10 
 7 Normal Normal 7 43 

6 Abnormal Normal 7 84 11 
 10 Normal Normal 4 35 

11 Abnormal Normal 7 90 12 
 6 Normal Normal 21 298 

12 Abnormal Focal HPV 9 111 15 
 6 Normal CIN 1 and HPV 8 98 

3 Abnormal Atrophy and hyperkeratosis 3 25 17 
 6 Normal Normal 6 82 

11 Abnormal Normal 7 91 18 
 3 Normal Normal 5 42 
Table 3. Summary of colposcopic appearance and histopathologic diagnosis of each 

imaged site; number of frames selected and total number of nuclei identified 
from each confocal video are also included. 

 

The next step was to segment nuclei in the confocal images. All of the image 

processing tasks described here were carried out using the software package Matlab. 

Variations in grayscale values of the nuclei prevented segmenting nuclei with a 

single threshold. An algorithm based on Gaussian Markov random fields was 

developed to automatically segment nuclei on the selected frames using Matlab 

[49]. A Markov random field is a model that estimates the actual grayscale of a 

pixel using its neighbors. This model is suitable for segmenting nuclei from 
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reflectance confocal images because the nuclei show up as groups of bright pixels 

and the model can capture the local dependencies of image features. Before being 

fed into the segmentation algorithm, the selected frames went through a three-step 

pre-processing: background subtraction, resizing, and median filtering with a 7×7 

pixel window. Output images of the algorithm have 8 grayscales evenly spaced 

between 0 and 255. Each pixel in the input image is assigned to one of the 8 

grayscales by the algorithm. Then a threshold is applied to the output image to 

separate the nuclei from the background. Figure 6.1 shows an example of the results 

of segmenting nuclei by the algorithm. Images of (a) superficial and (d) 

intermediate layers of epithelium are taken from the 6 o’clock site on patient 

number 12; the images are background subtracted and resized. The output images of 

the algorithm are shown in Figure 6.1(b) and (e). Figure 6.1(c) and (f) are binary 

images of the nuclear pattern obtained by manually correcting the results of the 

algorithm. Only a few corrections were needed to obtain the nuclear pattern in this 

case; for some frames more intense modifications were needed. The results of the 

algorithm were so poor for images from 5 videos that all the nuclei were outlined 

manually. Adjacent frames from the original videos were reviewed in order to 

facilitate the identification of nuclei. A nucleus is segmented as long as it can be 

identified in the images. This results in underestimation of nuclear size because not 

all nuclei are optically sectioned in the center. In summary, 1453 nuclei were 

segmented in 118 frames that were selected from 16 confocal videos. 
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(a)                                       (b)                                       (c) 

   
(d)                                       (e)                                       (f) 

Figure 6.1 Results of segmenting nuclei using Gaussian Markov random field 
algorithm. (a)(d) are original frames after background subtraction and 
resizing; (b)(e) are results of the algorithm; (c)(f) show nuclear pattern after 
manual corrections. 

 

6.2 Analysis of nuclear morphologic features 

After the nuclei were segmented from background in the selected frames, the 

number of pixels in each nucleus was counted and nuclear areas were calculated 

using the calibration factors in Table 1 (section 4.2.3). An average nuclear area was 

obtained from each frame. The equivalent nuclear diameter was calculated using the 

equation diameter = square root (4×area/π), assuming the nuclei are circular. The 

area of active field of view in each frame was also calculated. The active field of 
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view was defined as regions of images where a relatively uniform background fiber 

pattern was observed. The active field of view was usually the same for all frames in 

a video except for some frames at tissue surface because the tissue surface was not 

flat. The nuclear-cytoplasmic ratio (N/C) was obtained by taking the ratio of total 

nuclear area to the active area of the field of view in a frame. 

The pilot study was originally designed to obtain confocal images of paired 

normal and abnormal cervical sites from each patient. However, much more data 

were collected from normal tissue than abnormal tissue. In particular, confocal 

videos with very clearly seen nuclei were obtained from two sites: clock position 6 

on patient number 12 and clock position 6 on patient number 3. The suction device 

created a stable and smooth axial scanning to allow imaging of layers of epithelial 

cells without any jumping in the video. Nuclear features including average nuclear 

area and N/C were obtained from frames in these two videos in order to study 

nuclear morphology through the whole depth of normal cervical epithelium. 

Figure 6.2(a) shows the average nuclear diameter of frames selected from 

the 6 o’clock site in patient number 12; the error bars represent two standard 

deviations. The columns to the right in the graph correspond to frames taken at 

deeper layers in tissue. The average nuclear diameters range from 7.5 µm to 9.9 µm 

and no correlation with image depth is observed. The nuclear-cytoplasmic ratios of 

the same frames are shown in Figure 6.2(b); the N/C values vary between 0.01 and 

0.025. The images at the deeper layers show an increase in N/C compared to images 
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at the superficial layers. When the 21 frames are evenly divided into three groups 

the average N/C values are 0.015, 0.015 and 0.019 for the superficial, intermediate 

and basal third, respectively. The increase in N/C with increasing depth is due to the 

higher density of nuclei at deeper layers of epithelium. 

Similar results from the 6 o’clock site on patient number 3 are shown in 

Figure 6.3. The average nuclear diameters range from 6.1 to 7.0 µm and show a 

slight decrease in the deeper layers. In Figure 6.3(b), the three frames from deeper 

layers have a two-fold increase in N/C compared with the three frames from the 

superficial layers. The result agrees with the architecture of normal squamous 

epithelium in which cell nuclei are more densely packed at deeper layers. 
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(b) 

Figure 6.2 (a) Average nuclear diameter (µm) and (b) nuclear-cytoplasmic ratio 
(N/C) of frames selected from the video taken at clock position 6, patient 
#12. Increasing frame number corresponds to increasing depths in tissue. 
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(b) 

Figure 6.3 (a) Average nuclear diameter (µm) and (b) nuclear-cytoplasmic ratio 
(N/C) of frames selected from the video taken at clock position 6, patient #3. 
Increasing frame number corresponds to increasing depths in tissue. 
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The only two sites that are diagnosed as CIN and have confocal images of 

nuclei are clock position 1 on patient number 10 (CIN 2−3) and clock position 6 on 

patient number 15 (CIN 1). The maximum depth of imaging in the video taken at 

the site with CIN 1 is not enough to detect morphologic changes associated with 

CIN 1, which only occupies the lower third of the whole epithelial thickness. The 

nuclear-cytoplasmic ratios of frames from the normal and the dysplastic site on 

patient number 10 are shown in Figure 6.4. The columns in the graph are arranged 

to preserve the relative depths of frames as in the previous two figures. The upper 

three frames from the dysplastic site have an average N/C of 0.015 while the upper 

three frames from the normal site have an average N/C of only 0.010. This is 

consistent with the fact that the N/C may increase at the tissue surface in CIN 3 

lesions. However, variations in N/C due to the random sampling of tissue with the 

field of view of the FCRM system may well exceed the difference here. For 

example, the N/C values vary between 0.010 and 0.019 in the upper 5 frames out of 

the total 21 frames in Figure 6.2(b). Therefore, the nuclear features of images from 

this patient may not be used to discriminate high-grade dysplastic epithelium from 

normal tissue. This is partly due to the poor quality of images as illustrated in Figure 

5.4. 
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Figure 6.4 Nuclear-cytoplasmic ratio of frames from a normal site (white) and 

frames from a site diagnosed as CIN 2-3 (gray). Both sites are on patient 
#10. The columns to the right in the graph correspond to frames with 
increasing depths in tissue. 

 

Average nuclear areas were calculated from each of the 16 confocal videos 

with cell nuclei and the results are plotted in Figure 6.5(a). The nuclear areas 

obtained from the same video were sorted in value and only the middle half of the 

sorted nuclear areas was used to calculate the average nuclear area. Figure 6.5(b) 

shows average nuclear-cytoplasmic ratios of frames selected from the 16 confocal 

videos. For the video taken from patient number 12, clock position 6, only 14 

frames taken at the upper two thirds of the epithelial thickness were used to 

calculate the average N/C. The error bars indicate two standard deviations in both 

graphs. The site diagnosed as CIN 2-3 is plotted in dark gray and the site diagnosed 
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as CIN 1 is plotted in light gray; all the other sites are diagnosed as normal and 

plotted in white. The results show that the sites with CIN can not be distinguished 

from the normal sites using nuclear area or nuclear-cytoplasmic ratio. Also, 

variations in nuclear area and N/C can be seen between measurements from 

different patients. 
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(b) 

Figure 6.5 (a) Average nuclear area (µm2) and (b) average nuclear-cytoplasmic ratio 
(N/C) of frames selected from the 16 confocal videos that have been 
analyzed. The site diagnosed as CIN 2-3 is plotted in dark gray and the site 
diagnosed as CIN 1 is plotted in light gray. All the other sites are diagnosed 
as normal and plotted in white. 
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Average nuclear areas and nuclear-cytoplasmic ratios measured from the 16 

confocal videos are summarized in a scatter-plot in Figure 6.6. Each point in the 

graph represents measurements from one confocal video. The nuclear area was 

averaged over all of the segmented nuclei from each video. The N/C was averaged 

over selected frames from each video. The triangles in the graph are sites with 

abnormal colposcopic appearance and the circles are sites with normal colposcopic 

appearance. The only two sites that are diagnosed as CIN are marked in black; the 

histopathologic diagnoses for the other imaged sites (white in the graph) are 

negative of dysplasia. No clear division line can be drawn in the graph to distinguish 

the colposcopically abnormal sites from the colposcopically normal sites or the 

histopathologically abnormal sites from the histopathologically normal sites. 
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Figure 6.6 Comparison of the nuclear-cytoplasmic ratio (N/C) to the average nuclear 

area for colposcopically normal (circles) and colposcopically abnormal 
(triangles) sites. Each point in the graph represents measurements from one 
confocal video. The only two sites diagnosed as CIN are marked in black. 
The remaining sites (white) are diagnosed as normal. 

 

The image data from the in vivo cervical study can be used to characterize 

the nuclear morphologic features of normal cervical epithelium. An average nuclear 

area of 60.0 µm2 was obtained from measurements of 1,263 nuclei from the 13 sites 

diagnosed as normal or CIN 1. An equivalent nuclear diameter of 8.7 µm was 

calculated. An average N/C of 0.0177 with a standard deviation of 0.005 was 

obtained from measurements of 103 frames. The N/C values range from 0.005 to 

0.031. 
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The average nuclear area and nuclear-cytoplasmic ratio of ex vivo cervical 

biopsy specimens have been measured using a non-fiber optic confocal microscope 

[45]. Reflectance confocal images were obtained at 50 µm below the tissue surface 

from 38 biopsy specimens, 29 of which were diagnosed as normal or CIN 1 and 9 of 

which were diagnosed as CIN 2 and/or 3. Figure 6.7 shows a scatter-plot in which 

the average nuclear area from each biopsy is compared with the nuclear-cytoplasmic 

ratio from the same image. A distinction between normal specimens and those with 

CIN 1 from those with CIN 2-3 can be observed with the nuclear-cytoplasmic ratios 

less than and greater than 0.08, respectively. The group of normal or CIN 1 

specimens had an average nuclear area of 75.8 ± 14.8 µm2 and an average N/C of 

0.041 ± 0.032. These numbers are larger than those obtained from the in vivo study 

with the FCRM system. The difference in measured nuclear area is partly due to 

underestimation of nuclear size with the FCRM system because of the pixelation in 

the images. The much larger difference in measured N/C values suggests shrinkage 

of tissue volume during the process of removing tissue. 
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Figure 6.7 Comparison of the nuclear-cytoplasmic ratio (N/C) to the average nuclear 

area for cervical biopsy specimens classified as normal (red triangles), CIN 1 
or HPV (blue circles) and CIN 2 and/or 3 (black squares). The graph is 
obtained from [45]. 

 

Walker et al. studied the nuclear length and the N/C of normal, CIN 1, 2, 

and 3 cervical epithelial tissue by measuring size of cells and nuclei in histology 

sections [50]. A 20% reduction in the linear dimensions of tissue has been estimated 

due to the processes of removing and fixing tissue for histological analysis [51]; 

values reported in the study have been corrected to compensate for the 20% 

shrinkage. Using measurements from the upper half of the whole epithelial 

thickness, the average length of nucleus is calculated as 8.5 µm in normal tissue and 

7.7 µm in sections diagnosed as CIN 1; the average N/C is 0.01 in both normal and 

CIN 1 sections. The numbers are slightly smaller than those obtained from the in 
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vivo study with the FCRM system. The results of the Walker paper provide a good 

reference for cellular morphologic parameters at various depths of normal and 

dysplastic cervical squamous epithelium. 

Figure 6.8 summarizes the results of (a) average nuclear diameter and (b) 

nuclear-cytoplasmic ratio from this study and the previous studies by Collier [45] 

and Walker [50]. The results of Collier’s paper were obtained from confocal images 

taken at 50 µm below tissue surface and the results of Walker’s paper were obtained 

from measurements of the upper half of the whole epithelial thickness. The numbers 

measured from dysplastic specimens in the previous studies are also graphed. The 

average nuclear diameters increase slightly in specimens with CIN 2-3 (Collier) and 

specimens with CIN 3 (Walker) compared to specimens with other classifications in 

the same studies. The nuclear-cytoplasmic ratio shows a much greater distinction 

between specimens diagnosed as CIN 2-3 and those diagnosed as normal or CIN 1. 

The average nuclear diameter and nuclear-cytoplasmic ratio obtained from the in 

vivo study compare well with the numbers of normal and CIN 1 specimens obtained 

from the existing studies. The results of the previous studies on specimens with 

high-grade dysplasia (CIN 2-3) can provide good references for future studies of 

imaging CIN with the FCRM. 
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Figure 6.8 Comparison of (a) average nuclear diameter (µm) and (b) nuclear-
cytoplasmic ratio (N/C) between this study and previous studies by Collier 
[45] and Walker [50]. 
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6.3 Analysis of scattering coefficient and signal-to-background ratio 

The results of segmenting nuclei from the confocal images can be used to 

isolate the pixels in the nuclei and measure the average grayscale values of the 

nuclei. The attenuation coefficient µt of cervical epithelium in vivo can be estimated 

by measuring the intensities of nuclei from images at different depths and the 

distance between adjacent images. The measured intensity of nuclei can be 

expressed as a function of depth I(z)=exp(−2µtz), assuming that the reflectivity of 

nuclei and the attenuation coefficient are not functions of depth within the 

epithelium. In the near infrared, the absorption coefficient (µa) of epithelial tissue is 

significantly less than the scattering coefficient (µs) so this method can be used to 

estimate the scattering coefficient of cervical epithelium. 

The contrast of nuclei in the confocal images can be assessed by calculating 

signal-to-background ratios (S/B) around the nuclei; here the “signal” is defined as 

the average grayscale value of pixels in the nucleus and the “background” is 

calculated by averaging the grayscale values of pixels within a certain radius from 

the centroid of the nucleus but excluding the pixels in the nucleus. The diameter of 

the background area was chosen to be three times the equivalent nuclear diameter of 

the corresponding nucleus. 

The method described above was first applied to the confocal video obtained 

at clock position 6 in patient number 12. Both colposcopic appearance and 

histopathologic diagnosis are normal for this site. An S/B was obtained from each 
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nucleus and an average S/B was obtained from each frame in the video. The average 

S/B values are plotted in triangles in Figure 6.9. The signal of a frame was 

calculated by averaging pixel values over all nuclei in the frame; the error bars 

represent two times the standard deviation of the average grayscale value of nuclei 

for each frame. The background was calculated by averaging pixel values over the 

background areas in the image. The units of signal and background are grayscale 

values and the S/B is dimensionless. In general, both signal and S/B decrease with 

increasing depth in tissue. The background remains relatively constant throughout 

the whole image stack. The decay curve of the signal was fitted to an exponential 

function by minimizing the sum of the squared error. The equation of the 

exponential function and the R2 value are displayed in the graph. A scattering 

coefficient of 12 cm-1 was calculated assuming a constant frame-to-frame distance 

of 8 µm. The decay rate of the signal at the superficial layers is underestimated in 

two ways. The average pixel values are underestimated because the digitizer is more 

likely to be saturated by bright nuclei at the superficial layers; the average thickness 

of cells is smaller at the superficial layers, which would make the circles closer to 

each other horizontally in the graph. The scattering coefficient was calculated as 41 

cm-1 when only data from the last 6 frames were used. The scattering coefficient 

increases with increasing depth in the epithelium because of the more densely 

packed nuclei at the basal layers [52]. 
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Figure 6.9 Average pixel values of nuclei (Signal), average pixel values of areas 

surrounding the nuclei (Background) and the S/B of frames from the 6 
o’clock site in patient #12. The blue line shows an exponential fit of the 
Signal; x is frame number and y is grayscale value in the equation. 

 

Figure 6.10 shows a similar graph of measurements from the 11 o’clock site 

in patient number 18. This tissue site appeared abnormal colposcopically but was 

diagnosed as normal by histopathology. The results in the graph show that both 

signal and background decrease with increasing depth in the tissue. The scattering 

coefficient was calculated as 19 and 28 cm-1 assuming a constant frame-to-frame 

distance of 15 and 10 µm respectively. The results in Figure 6.10 show higher levels 

of signal and background compared to the results in Figure 6.8. Hypothetically, 

tissue showing higher background in reflectance images would have a higher 

scattering coefficient, which is supported by the estimated scattering coefficients. 
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Figure 6.10 Average pixel values of nuclei (Signal), average pixel values of areas 

surrounding the nuclei (Background) and the S/B of frames from the 11 
o’clock site in patient #18. The blue line shows an exponential fit of the 
Signal. 

 

The scattering coefficients of normal and dysplastic cervical epithelial 

biopsies have been studied using a confocal microscope with an 810 nm laser source 

[33]. The mean scattering coefficient of 15 normal biopsy specimens is 22 cm-1 with 

a minimum and maximum value of 14 and 30 cm-1 respectively. The scattering 

coefficients measured from the in vivo confocal videos compare well with those 

from the previous ex vivo study. 

The average signal and average background of frames selected from each of 

the 15 sites are listed in Table 4 and graphed in Figure 6.11. The range of S/B 

values of frames from each site is also displayed in Table 4. The average S/B values 

101  
 



   

are between 2.5−4 for most frames and the minimum S/B of nucleus segmented 

from the videos is 1.7. The absolute values of signal and background from different 

videos may be not comparable because of the variation of system alignment and the 

changes in acquisition settings. Patient number 17 and 18 were consented and 

imaged on the same day without any adjustment to the system between the two 

measurements. The colposcopically abnormal site in patient number 17 shows the 

highest signal and background among the four measured sites in patient number 17 

and 18. The diagnosis of this site is atrophy and hyperkeratosis while the rest of the 

sites are normal; this result suggests that the higher level of scattering could be due 

to an extensive amount of keratin in the tissue. 

 

Colposcopically normal site Colposcopically abnormal sitePatient 
No. Signal Background S/B Signal Background S/B 
3 67.5 19.5 2.5-4.8 N/A N/A N/A 
6 N/A N/A N/A 69.6 27.1 2.5-2.8
7 N/A N/A N/A 52.5 20.5 2.6-2.8
10 38.9 8.9 3.7-7.0 28.0 7.2 3.7-4.1
11 34.0 10.9 2.5-4.0 38.6 12.8 2.7-3.4
12 33.7 4.3 5.2-13.0 22.8 5.7 2.9-7.8
15 24.7 7.6 2.7-3.9 32.8 10.5 2.1-3.8
17 43.5 12.5 3.0-4.4 59.3 22.2 2.4-2.9
18 34.9 12.1 2.6-3.8 51.6 16.3 2.8-3.9

Table 4. Comparison of average grayscale values in nuclei (Signal) and surrounding 
areas (Background) between colposcopically normal and abnormal sites. The 
range of S/B of frames in each video is also listed. 
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Figure 6.11 Average signal (light) and background (dark) of confocal images 
selected from the 15 cervical sites; colposcopically normal sites are plotted 
in magenta and colposcopically abnormal sites are plotted in blue. 

 

Twelve out of the 15 sites are pairs of colposcopically normal and abnormal 

sites from 6 patients (numbers 10, 11, 12, 15, 17 and 18). The diagnoses are normal 

for all sites except for the colposcopically abnormal site in patient number 10, which 

is CIN 2-3. When the average background values are compared between sites 

imaged in the same patient, background in the colposcopically abnormal sites is on 

average 40% higher than background in the colposcopically normal sites. This result 

suggests a correlation between higher background levels in confocal videos and the 

aceto-whitening appearance of cervical epithelium. In addition to measuring the 

amount of scattering from tissue, confocal images can provide morphologic features 
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of nuclei (Figure 6.5), which is a major advantage of confocal imaging over 

colposcopy in detecting CIN. 

 

6.4 Summary 

This chapter describes the analysis of confocal images obtained with the 

FCRM system in the cervical in vivo study. 118 frames were extracted from 16 

confocal videos of cervical epithelium. A total of 1453 nuclei were segmented from 

the 118 selected frames using an algorithm based on Gaussian Markov random 

fields and manually correcting the results of the algorithm. Nuclear morphologic 

features including nuclear area, nuclear diameter and nuclear-cytoplasmic ratio 

(N/C) were obtained from the frames. An average nuclear area of 60 µm2 and an 

equivalent nuclear diameter of 8.7 µm were calculated from 1263 nuclei in 103 

frames that were selected from 13 normal sites and one site diagnosed as CIN 1. The 

average N/C of the same frames was 0.0177 ± 0.005 with a minimum and maximum 

value of 0.005 and 0.031 respectively. The scattering coefficient of cervical 

epithelium was estimated by measuring the attenuation of nuclear intensity from 

images at different depths in tissue; scattering coefficients between 12 and 41 cm-1 

were obtained from images of normal epithelium. The image contrast of the nuclei 

was quantified by calculating the signal-to-background ratio; the majority of the 

selected frames showed S/B values between 2.5 and 4. In an analysis of average 

background levels, colposcopically abnormal sites showed a higher level of 
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scattering compared to the colposcopically normal sites from the same patient; this 

result is consistent with the aceto-whitened appearance of the colposcopically 

abnormal sites. 
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Chapter 7: Summary and Discussions 

7.1 Summary 

This dissertation describes the development of a fiber optic confocal 

microscope for imaging cell nuclei in cervical epithelium and oral mucosa in vivo. 

The ultimate goal of this research is to construct a non-invasive confocal imaging 

system to aid the detection of pre-cancerous lesions in epithelial tissue. The design 

specifications were derived from the stated research objective. A bench-top fiber 

optic confocal reflectance microscope (FCRM) was built to image backscattered 

light from epithelial tissue at 15 frames/s. The measured lateral resolution (2 µm) 

and axial resolution (5.5 µm) were sufficient to permit imaging of cell nuclei. 

Cervical biopsy specimens were imaged with the bench-top system and differences 

in nuclear density and area were observed between normal and abnormal tissue. In 

order to achieve in vivo imaging capability, the bench-top system was modified to 

incorporate a miniaturized objective lens and a suction device for a stable axial scan 

of tissue. Similar system performance has been achieved and images of nuclei have 

been obtained from oral mucosa in the cheek and the lip. A pilot in vivo study, 

“Reflectance Confocal Imaging of Cervical Intraepithelial Neoplasia (CIN)”, was 

carried out with the FCRM at the colposcopy clinic of the University of Texas M.D. 

Anderson Cancer Center. Eighteen patients participated in the study. Confocal 

images of cell nuclei were obtained from 15 cervical sites in vivo. Thirteen of the 15 
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sites were diagnosed as normal; one site was diagnosed as CIN 3 and one was 

diagnosed as CIN 1. The data obtained from dysplastic tissue were insufficient to 

assess the efficacy of using the FCRM to discriminate CIN from normal cervical 

epithelium. However, average nuclear size, nuclear-cytoplasmic ratio and scattering 

coefficient were measured from normal cervical epithelium in vivo and compared 

well with results from existing in vitro studies. Studies with larger number of human 

subjects are needed to assess the sensitivity and specificity of using the FCRM to 

detect dysplastic lesions. 

The results described in this dissertation show that cell morphology and 

tissue architecture of cervical and oral epithelium can be imaged by the FCRM in 

vivo. Cellular morphologic features such as nuclear size and nuclear-cytoplasmic 

ratio can be extracted from confocal images. These features are important in the 

diagnosis of pre-cancerous epithelial lesions, thus this technique can potentially 

improve early detection of pre-cancerous lesions in epithelium. 

 

7.2 System limitations and future improvements 

The main limitation in development of the FCRM is the strong specular 

reflection generated at the proximal and distal surfaces of the optical fibers. This 

reflection can exceed the intensity of light backscattered from the tissue by several 

orders of magnitude. The specular reflections from both fiber faces are reduced by 

index matching; a polarizing beam splitter is used to further reduce specular 
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reflection from the proximal fiber end. Residual mismatch of index at the distal fiber 

end causes a background fiber pattern in confocal images. Although this background 

can be subtracted digitally, the dynamic range of the system is compromised. The 

simplest method to increase the dynamic range is to use a digitizer with more 

dynamic range such as a 12-bit system. The data acquired can be converted into 8-

bit grayscales or false color using look-up tables (LUT) in order to display videos on 

the computer monitor. For 8-bit grayscale output images, the entities in the LUT can 

be designed to compress the contrast of bright nuclei and the background fiber 

pattern. 

The suction device described in chapter 4 can provide stable contact with 

tissue and a moderately controllable axial scan. However, the imaging probe needs 

to be oriented at different angles to image various sites in the cervix and oral cavity; 

the water drop may come out of the suction cap and air bubbles can be trapped 

inside the suction cap when the probe is put in contact with tissue. In addition, to 

screen large areas of tissue for cancerous or pre-cancerous lesions, many sites need 

to be imaged due to the limited field of view (250 µm across) of the system. The 

process of changing sites takes about 30−60 seconds because the suction needs to be 

reapplied and the probe tip needs to be inspected to clear any air bubbles. Future 

improvements are needed to enable imaging larger areas of tissue more efficiently 

with the FCRM. One alternative is to image only several (for example, two to four) 

fixed depths below the tissue surface without any axial scanning capability. The 
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mechanical design can be simplified and the problem of air bubbles being trapped 

between the tissue surface and objective can be solved. 

The lateral resolution of the FCRM is limited by the pixilated nature of the 

fiber bundle. The distance between adjacent fibers in the fiber bundle is 7.1 µm, 

which is demagnified by the miniature objective to be 2.1 µm in tissue. The 

sampling pattern projected by the fibers is sufficient to locate cell nuclei in confocal 

images because cell nuclei in epithelial tissue have diameters of 5−15 µm. However, 

the nuclear size and nuclear-cytoplasmic ratio are both underestimated in images 

obtained with the FCRM because of the sampling effect of the fibers. Increasing the 

magnification of the objective lens can slightly enhance the lateral resolution but 

also increases the complexity of designing the objective lens. The lateral resolution 

can also be enhanced by using fiber bundles with smaller fiber separations. The 

fiber core-diameter must be comparable to the size of the illumination spot to 

minimize coupling loss of the fibers. Since the spot size is limited by diffraction, the 

acceptable range of fiber core-diameter is about 2−4 µm given the wavelength of the 

source light and the NA of commercially available fiber bundles. The optimal 

choice for the fiber bundle is to have the largest ratio of fiber core-diameter to the 

fiber-to-fiber spacing. 

The analysis of signal and background described in section 6.3 shows that 

quantitatively measuring the reflectivity of the nuclei and the intensity of 

background from out-of-focus regions may provide useful diagnostic information. 
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The variation in system sensitivity can be calibrated by measuring the intensity of 

standard samples with a reflectivity comparable to cell nuclei in tissue. 

The nuclei of basal cells in cervical epithelium are not well resolved in 

confocal images obtained with the FCRM. The spatial resolution of the system is 

reduced at deeper layers in tissue because the point spread function is degraded by 

scattering in the tissue and a higher level of background from out-of-focus regions is 

detected [31]. In addition, cells at the basal layers of the epithelium have a much 

smaller average diameter than the superficial cells. Inability to identify the basal 

cells would lead to uncertainty about location of the basement membrane. The 

relative depth of cells in the epithelium is critical to diagnosis because the severity 

of dysplasia is determined by the proportion of the total epithelial thickness filled 

with undifferentiated cells. The thickness of cervical squamous epithelium is 

relatively uniform over the ectocervix and the depth of image plane within tissue 

can be estimated by counting the number of cell layers beneath the tissue surface. 

Therefore, images from suspicious cervical sites can be compared to images from 

nearby normal sites at comparable depths to detect dysplastic changes. 
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