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Recent studies have shown the ability of confocal microscopy to non-
invasively image cells in vivo in real time. This ability to visualize nuclei in vivo
shows the potential of confocal microscopy to dramatically improve the
prevention, detection and therapy of epithelial cancers. More exciting is the
potential to quantitatively measure nuclear morphometry providing a basis to
automate the cancer detection process. This dissertation describes studies
exploring this potential in ex vivo cervical tissue using acetic acid as a nuclear
contrast agent.

First the use of acetic acid was demonstrated to improved contrast in
confocal images of cervical tissue sufficiently to allow segmentation.
Segmentation is robust throughout the epithelium in most normal tissue and upper
portions of tissue diagnosed with severe dysplasia. Based upon this segmentation,

quantitative feature measurements were extracted from confocal images of
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cervical tissue in a pilot study to determine if the features would aide in the
detection of dysplasia. Simultaneously, a qualitative review of confocal images
was performed by untrained reviewers and compared with clinical colposcopic
impressions, the standard clinical tool aiding in dysplasia detection. The
sensitivity and specificity of both the qualitative (95% and 69%) and quantitative
(100% and 91%) review were improved compared to colposcopic review (91%
and 62%).

Finally the ability of confocal microscopy to produce 3D images was
explored as a further means to improve dysplasia detection. Based upon Beer’s
equation for light attenuation, the scattering coefficient was extracted from 3D
image sets of ex vivo cervical tissue and compared with histology from the same
precancerous lesion. The results suggested a possible correlation between high
scattering values and the presence of dysplasia. Quantitative 3D features were
also extracted from 3D image sets and correlated with the presence of CIN 2/3.
Increased separation between normal and CIN 2/3 biopsies was produced using
the 3D features as compared to the 2D. More importantly, when additional
information (scattering coefficient) is combined with the 2D features, the ability
to distinguish between normal and CIN 2/3 is 100% accurate in this small sample

set.
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CHAPTER 1

Research Objectives

1.1 INTRODUCTION

Recent studies have shown the ability of confocal microscopy to non-
invasively image cells in vivo in real time [1,2,3]. Melanin provides the contrast
necessary to visualize cell structure in human skin [2], and acetic acid has been
shown to provide the needed contrast to image nuclei deep within amelanotic
epithelia [4]. This ability to visualize nuclei in vivo shows the potential of
confocal microscopy to dramatically improve the prevention, detection and
therapy of epithelial cancers. More exciting is the potential to quantitatively
measure nuclear morphometry providing a basis to automate the cancer detection
process. To date no studies have been performed to demonstrate this potential in

cervical tissue. This dissertation describes four studies exploring this potential.

1.2 SPECIFIC AIMS

e Aceto-whitening

Confocal imaging of amelanotic tissue contains inherently less
contrast, but after the application of acetic acid, back scattering from
nuclei becomes pronounced [4]. The first step in the quantitative
identification of dysplasia in the cervix is to determine whether the
contrast provided by acetic acid is sufficient to allow for morphometric

measurements of nuclei, the primary organelle used by pathologists for

1



identifying dysplasia. The first aim was to determine if the increased
contrast allowed automated nuclear segmentation and thus nuclear

morphometry.

Detection of Dysplasia

If nuclear segmentation can be performed on confocal images, is
the morphometric information provided useful for detecting dysplasia? Or
are the images themselves qualitatively useful in identifying dysplasia?
The second aim was to explore the ability of confocal imaging to provide
sufficient qualitative and quantitative information to detect the presence of
cervical dysplasia. Images were processed to extract nuclear
morphometric information and qualitatively analyzed by a group of
untrained reviewers. The information and opinions obtained were

correlated with histopathologic review for the presence of dysplasia.

3D Morphology

The ability of confocal microscopy to acquire three-dimensional
images offers another exciting possibility for acquiring additional
information needed to aid in the detection of dysplasia.  Three-
dimensional imaging offers the potential to explore the architecture of the
epithelia and to extract three-dimensional morphometry using the
increased sampling provided. The third aim was to explore the three
dimensional imaging of normal and dysplastic cervical tissue ex vivo.
Morphometric and architecture measurements were correlated with the

presence of dysplasia.



e [Extracting the Scattering Coefficient

Resent studies have shown evidence of a change in the scattering
coefficient between normal and dysplastic tissue and suggests that
extracting the scattering coefficient may aid in dysplasia detection [27,
78]. Extraction of the scattering coefficient from ex vivo cervical tissue
would also provide valuable information to aid in tissue modeling.
Accurate models are necessary to aid in the development of tissue
classification algorithms used by optical diagnostic devises such as
spectroscopy devises. The last aim was to use the information provided
by three-dimensional confocal imaging to extract the scattering coefficient

from cervical tissue.

1.3 BRIEF OUTLINE

The following Chapter provides background information on the cervix and
confocal imaging. Chapter 3 describes the dynamics of aceto-whitening and tests
if the contrast enhancement provided is sufficient for nuclear segmentation.
Chapter 4 explores whether qualitative and quantitative information derived from
2D confocal microscopy can be used to detect dysplasia. Chapter 5 explores the
use of confocal microscopy for extracting the scattering coefficient from various
regions of the cervical epithelium. Finally Chapter 6 describes the use of 3D
confocal imaging for the detection of dysplasia based upon qualitative review and
quantitative features extracted from cervical tissue. A comparison with 2D
confocal imaging is made, and the scattering information derived from Chapter 5

is used as an added feature in the detection of dysplasia.



CHAPTER 2

Background

2.1 INTRODUCTION

This chapter provides background in confocal microscopy and the
anatomy of the cervix. The first section describes the motivation for the use of
confocal microscopy to detect dysplasia. The next section provides information
about the anatomy of the ecto-cervix which is the portion of the cervix studied.
The last two sections provide information on confocal microscopy and a
description of the confocal system developed to perform the research described in

this proposal.
2.2 MOTIVATION

Cancers of the lining, or epithelium, of the cervix are preceded by
precancerous cell growth within the epithelium. Mortality for the cancers is
significant [5]. Current methods for the screening and detection of cervical
cancers fall into three categories: 1) the examination of exfoliated cells (the Pap
smear), 2) visual examination of the surface to identify abnormal areas
(colposcopy) and 3) histological examination of biopsies. The first two are
screening techniques while histology is only performed if the clinician sees a
suspect area.

The predictive value of cytological screening is limited by sampling and

reading error. The predictive value for cancer in cervix is better with visual



examination. For example, detection of cancer with colposcopy of the cervix has
a sensitivity of 90%, however the specificity is poor since tissue inflammation is
difficult to differentiate from cancer. This low specificity leads to a substantial
number of unnecessary biopsies. The unnecessary biopsies are costly and painful,
thus deterring patients from necessary follow-up clinical visits. Histological
examination of biopsies is the gold standard of cancer detection; however its
disadvantages include the necessity of tissue biopsy and time of preparation.

A non-invasive alternative is to image cells in vivo using reflected light
from within the tissue. This approach is similar to histological analysis of
biopsies with the added advantages of facilitating imaging at the clinic and 3D
resolution can be achieved without removal of tissue. Confocal imaging can be
used to localize the light in three dimensions with enough resolution to image
individual cells. Changes in the index of refraction provide contrast to recognize
intracellular detail. Detection of increased nuclear size, nuclear to cytoplasmic
ratio and nuclear texture using confocal microscopy would yield sufficient

information to diagnose neoplasia in a manner similar to histology.
2.3 ANATOMY OF THE ECTO-CERVIX

The ecto-cervix is the portion of the cervix which surrounds the external
orifice or opening into the uterus. It is covered with a 100-500 pum thick
epithelial tissue composed of stratified squamous cells. The surface of the
epithelium is exposed to the immediate environment; the bottom is bound to a
continuous basement membrane which separates the epithelium from stromal

tissue. The stroma is composed primarily of collagen and elastin fibers and also



contains capillaries, nerves and fibroblast cells. The epithelium is avascular and
receives most of its nutrients from extracellular fluid which perfuse through both
the stromal fibers and between desmosomes on epithelial cells.

Cancers of the cervix and their precursors are often detected histologically
by noticing changes in cell shape, nuclear morphology and tissue structure.
Neoplasia, dysplasia and cancer are terms often used to describe these changes.
Neoplasia is a general term used to describe an abnormal area of new cell growth.
Dysplasia is used to describe areas of tissue with abnormal morphologic changes.
These changes include atypical cell orientation and sizes, increased nuclear sizes,
changes in nuclear texture, increased nuclear to cytoplasmic ratio, cell division
outside the basement membrane and thickening of the epithelium, Figure 2. [6].
Dysplasia is also characterized as 1) CIN I (cervical intraepithelial neoplasia 1),
localized in the bottom third of the epithelium, 2) CIN II, localized in the bottom
two thirds and 3) CIN III, covering the entire thickness. When the area of
dysplasia breaks through the basement membrane it becomes a cancer and is able

to spread to other parts of the body.



Figure 2.1. Epithelial dysplasia of the cervix. a.) Normal cervical epithelium
showing typical differentiation from basal to squamous cells as they grow to the
top of the epithelium. b.) Dysplasia is characterized here primarily by the lack of
differentiation.

Cervical tissue is typically translucent in appearance; much of the light
entering the tissue is scattered while little of it is absorbed. The sources of
scattering from the epithelium are not well understood. It is postulated that
varying index mismatches between cells and within cells between the cytoplasm
and organelles, primarily the nucleus, may play an important role [7]. There is no

dominant source of absorption within this epithelial tissue. Absorption by

hemoglobin is not a factor since the epithelium is avascular.

2.4 CONFOCAL MICROSCOPY

Confocal microscopy is a technique of imaging tissue samples by optical
sectioning. Optical sectioning makes it unnecessary to physically slice the sample
thus leaving it undisturbed and making it possible to image below the surface of

the tissue. Optical sectioning is performed by placing a pinhole aperture at a



conjugate image plane to the plane within the sample to be imaged, Figure 2.2.
Light originating from the section of interest is focused through the pinhole to the
detector while light originating from sections immediately above and below the
section of interest is sufficiently blurred at the pinhole to be rejected. In this
Figure, the source is reflected off the sample; however confocal microscopes can

also use transmitted as well as reflected light.

I Image Plane

Rejected Light

Pin Hole ——
Accepted Light

Image Plane

Figure 2.2. Schematic of the optical sectioning principle of confocal microscopy.

2.5 AXIAL AND LATERAL RESOLUTION IN CONFOCAL MICROSCOPY

The primary advantage of confocal microscopy is the improved axial
resolution over bright field microscopy. The diffraction limited axial resolution

for both bright field and confocal are the same in theory
A
n —_—
(NAobj)®



where Z is the distance from the center to the first minimum in the diffraction
pattern in the axial direction and n is the index between the objective and the
sample. The axial resolution of bright field microscopy is much poorer than this
in practice due to significant scattering which enters the field of view from above
and below the focal plane. This scattering is exactly what the confocal pinhole
removes.

The axial resolution in confocal microscopy also cannot reach the
diffraction limit because of the finite size of the pinhole. The axial resolution
equation assumes that the detector is infinitesimally small. The axial resolution of
a confocal microscope using a finite radius pinhole can be modeled assuming an
ideal plane object and using a general transfer equation for the lenses before the
pinhole [8]. The equation for the transfer function is given by

Jjup®
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where u is the dimensionless axial coordinate, sin (o) is the NA of the lens to the
pinhole, P(p) is the pupil function and J, is a Bessel function of the 0" order. The
axial response to a plane reflective object is given by [8]

) 2

I(u) = f|h(2u,v)| vdv Vp = 27ﬂrpNA

0
where v, is the normalized pinhole radius and r, is the radius of the pinhole
aperture. The solution for a few values of v, were acquired from ref [8] and are
shown in Figure 2.3. For values of v, < 2 there is little observable difference

from the ideal sectioning pinhole radius of 0. At v, = 4, the pinhole is larger than



the airy diffraction disk and sectioning becomes noticeably poorer. In order to

maintain good sectioning without reducing throughput, a v, of 2.5 is

recommended [8]. Using the calculated ugynm values from Figure 2.3, the axial

resolution of the confocal microscope can be calculated as:

Zfwhm =

I/lfwhm/l

Az [nsin(a/2)]

where Mr is the transverse magnification of the system up to the pinhole lens.

Typical values of z are sub-micron to a few microns.
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Figure 2.3. Model of the signal intensity from a plane reflector object versus u,
the objects dimensionless axial position for numerous values of the vy, the

normalized pinhole radius.

The lateral resolution of confocal microscopy can also be improved over

bright field. The lateral resolution is improved using a pinhole which is small

compared to the diffraction limit of the lenses at the pinhole [8]. At these pinhole
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sizes, however, throughput at the pinhole becomes limited because the pinhole
begins to block light from the central maximum of the diffraction limited spot. At
the optimum pinhole size with regard to throughput, the resolution is

approximately the same as bright field, namely the diffraction limited resolution

R =0.61 4
NAobj

where R is the distance from the center to the first minimum of the airy disk and

NA,y; is the numerical aperture of the objective.
2.6 THE CONFOCAL SYSTEM

I developed the confocal microscope used in the studies described in
Chapters 3 through 6. It was designed as a prototype for a near real time in vivo
fiber optic confocal endoscope [9]. The system diagram is shown in Figure 2.4.
The light source is a continuous wave diode laser operating at 810 nm in the
studies described in Chapters 4-6 and a Ti-Sapphire laser in the study described in
Chapter 3. The scanning mirrors are driven by a pair of galvanometers to produce
the frame rate. The scanning lens (80 mm achromat doublet) focuses the beam at
the back focal plane of a 25X 0.8 NA water immersion objective (Plan-Neofluar
multi-immersion, Zeiss). 10-30 mW of power is focused to a 1 um diameter spot
on the sample. Light backscattered from the tissue returns to the beam splitter
where it is reflected to the pinhole lens (50 mm achromat doublet) and focused
through a 10 um diameter pinhole aperture. Light which passes through this

pinhole is collected by the collecting lens (50 mm achromat doublet) and detected
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by an avalanche photodiode by Hamamatsu. The confocal system operates at a
dimensionless pinhole radius of 2.5 to provide maximum optical sectioning for
obtaining cellular detail. The scanning system is capable of scanning at variable
angle ranges thus providing zoom capability. The measured lateral and axial
resolution of the system are 0.8 um and 3-5 pm respectively. The system was
originally designed for a frame rate of 15 frames per second using a 15 Hz
scanning system (8000 kHz Video Scan Head, General Scanning). The studies on
acetic acid in Chapter 3 were performed at this frame rate. After a failure of the
scanning system, the confocal microscope system was rebuilt with a 6.5 frame
rate scan system (4000 kHz Video Scan Head, General Scanning). Changes in
imaging depth are made by translating the sample stage up and down with a

differential micrometer.
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Figure 2.4 Confocal system diagram.



CHAPTER 3

Near Real Time Confocal Microscopy of Amelanotic Tissue:
Dynamics of Aceto-Whitening Enable Nuclear Segmentation

This Chapter describes the exploration of the aceto-whitening in normal
and neoplastic cervical tissue in vitro to determine whether sufficient contrast can
be obtained to allow nuclear segmentation. The study has been previously
published in Optics Express [10] and is reproduced here with limited non-

substantive modifications.

3.1 INTRODUCTION

Cancers of the epithelium of the cervix, urinary bladder, respiratory tract,
oral mucosa, skin and colon are preceded by precancerous changes within the
epithelium. Despite the presence of pre-cursor lesions, mortality for these cancers
is significant [11]. Early detection represents the best opportunity to improve
patient survival and quality of life; thus, new surveillance methods are needed to
improve the ability to recognize pre-cancerous changes within epithelial tissues.
Epithelial pre-cancers are associated with a variety of morphologic alterations,
including increased nuclear size, increased nuclear/cytoplasmic ratio,
hyperchromasia and pleomorphism [12].

Confocal imaging has been proposed as a new tool to non-invasively
assess cell morphology using light reflected from tissue [2, 13, 14, 16, 17, 15, 18].
A pinhole placed at a conjugate image plane in the confocal microscope is used to

localize reflected light in three dimensions with sufficient resolution to image
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individual cells and nuclei. Changes in refractive index provide contrast to
recognize intracellular detail. In concept, this is similar to histological analysis of
biopsy specimens, except three-dimensional resolution is achieved without
removing or physically sectioning tissue. Thus, confocal imaging provides a
potential tool to detect pre-cancerous changes in the intact epithelium

To date, much of the work using in vivo confocal imaging has focused on
the eye [16,17,18] and skin [2,3] where melanin with its high refractive index
(n=1.7) provides the primary source of contrast for imaging individual cells.
Cervical tissue being amelanotic provides inherently less contrast for confocal
imaging. [19] However, when tissue [4] is treated with weak acetic acid, the
backscattering associated with the nucleus increases, providing additional contrast
in confocal images. Acetic acid is commonly used to aid in the detection of
cervical pre-cancer during cervical precancers [20]. Precancerous areas of the
cervix turn whitish 2-3 minutes after the application of 3-6% acetic acid.

The goals of this study are to use confocal imaging to observe the time
course of aceto-whitening at the cellular level and to determine whether the
contrast provided enables quantitative feature analysis to quantitatively probe

additional nuclear morphometry.
3.2 MATERIALS AND METHODS

3.2.1 Confocal System

We designed and built an epi-illuminaiton confocal microscope (Figure
3.1). The light source is a continuous wave argon-ion pumped Ti:Sapphire laser

tuned to 808 nm (890 Tunable Laser, Coherent). The beam is spatially filtered
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with a single mode optical fiber, collimated, and sent through a beam splitter to an
x-y scanning system. The scanning mirrors are driven by a pair of galvanometers
to produce a frame rate of 15 Hz (8000 kHz Video Scan Head, General Scanning).
The scanning lens, L1, focuses the beam at the back focal plane of a 25X 0.8 NA
water immersion objective (Plan-Neofluar multi-immersion, Zeiss). 10-30 mW of
power is focused to a 1 um diameter spot on the sample. Light backscattered
from the tissue returns to the beam splitter where it is reflected to the pinhole lens,
L2, and focused through a 10 um diameter pinhole. Light which passes through
this pinhole is detected by an avalanche photodiode. The confocal system operates
at a dimensionless pinhole radius of 2.5 to provide maximum optical sectioning
for obtaining cellular detail. The scanning system is capable of scanning at
variable angle ranges thus providing zoom capability. The measured lateral and

axial resolution of the system are 0.8 um and 2-3 um respectively.

Galvo 25x Imm,
Mirrors f=80 mm 0.8 NA
-- - F s e == T T T el |Sample
4o
: : rvalanch 1 Conjugate I |
valanche <>
: : DPhoto Diode Focal Plane Computer Controlled
: : _Iy‘ — Pinhole Translation Stage
|
| S
| e L
| 1 2
| | I
l l
| | I
' %
: ' ]
B b

L ___ ! _l_ Spatial Filter & | _ _ _ | Ti:Sapphire Laser
- _B_ S_ - l Beam Expander [~~~ 7 7 7 (A=800nm)

Figure 3.1. Set up of epi-illumination confocal microscope used to collect the
images and video.
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3.2.2 Specimens

Seven normal specimens of cervical tissue were obtained from seven
patients following hysterectomy from the Southern Division of the Cooperative
Human Tissue Network (CHTN) at The University of Alabama at Birmingham.
The study was reviewed and approved by the Institutional Review Board at the
University of Texas at Austin. One normal cervical biopsy was obtained from a
patient undergoing colposcopy at the Colposcopy Clinic at the University of
Texas M.D. Anderson Cancer Center. This patient was selected from a group of
patients referred for follow-up colposcopy for suspected CIN on the basis of
abnormal cervical cytology. Informed consent was obtained and the project was
reviewed and approved by the Surveillance Committee at the University of Texas
M.D. Anderson Cancer Center. The surgical samples were a minimum of 1 x 1 x
0.5 cm in size; the biopsy was 2-4 mm in size. All tissue specimens were frozen
in liquid nitrogen immediately after collection and stored at -70°C until
microscopic examination. Before imaging, each sample was thawed for 5-10

minutes in PBS.

3.2.3 Imaging

Confocal images were acquired from all eight samples before and after the
application of acetic acid. Each biopsy was first imaged in PBS and image frames
were acquired as the image plane was translated through various epithelial depths.
A 6% solution of acetic acid was then added to each sample and image frames
were acquired at various epithelial depths. Video was acquired from 2 of the 8

samples during and after addition of acetic acid. However, after addition of acetic
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acid, tissue swelling occurred which prevented the focus from remaining at a
fixed depth. A 6% solution of acetic acid in isotonic PBS was applied to a third
sample to prevent the swelling and video was acquired during and after this
addition. After acetic acid was applied, video was acquired from four of the
samples as the focus of the microscope was moved from the epithelial surface
down to 200 um. In order to create a three-dimensional rendering of cell nuclei,
images were obtained from two of the samples consecutively as the focus was
moved at 1 pm intervals through two cell layers after application of acetic acid.
The 1 um interval was chosen to satisfy the Nyquist criteria for sampling with our
system which has an axial resolution of 2-3 um. All samples were submitted for
routine histological analysis using hemotoxylin and eosin. An experienced, board

certified gynecologic pathologist examined sections.
3.2.4 Image Processing

Each of the single frames presented here was resampled and processed to
enhance the brightness and contrast. The brightness and contrast were increased
by 22% and 53% respectively on each image taken before acetic acid, and 17%
and 53% on each image taken after acetic acid. Brightness was enhanced by
adding the noted percentage of full gray scale to each pixel; contrast was
enhanced by removing the noted percentage of full gray scale from the image and
expanding the remaining midrange gray levels. Resampling was performed to
reduce the distortion in the images caused by nonlinearity in the resonant
galvonometric scanning system. Linear interpolation was used to estimate pixel

values. The three dimensional rendering of the incremental image slices was
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performed using standard 3D surface rendering. Before rendering, the images
were median filtered and thresholded to remove noise and smaller elements of the
cells.

A feature detection algorithm was developed to detect and outline the cell
nuclei, based on mathematical morphology, using a modification of the approach
of Thiran [21]. This process consists of four steps. In the first, the image is
thresholded to reduce noise and converted from grayscale to binary. Then the
image is closed and then opened using flat, square structuring elements in order to
remove all objects smaller than the nuclei. Next, the image is reconstructed using
geodesic dilation to preserve the original shape of the nuclei. The reconstructed
image is then closed again using a flat, square-structuring element to reduce
texture within the nucleus. Finally, the edges are identified to yield the nuclear
contours. Twelve images from eight samples were processed with this algorithm.
Eight of the images were of tissue treated with acetic acid; four were obtained
pre-acetic acid. Brightness and contrast were not enhanced on any image before

processing. The images were resampled as described above after processing.
3.3 RESULTS

Figure 3.2 shows images of the tissue before acetic acid was applied. The
cell outlines and nuclei can be clearly seen in most cells imaged near the epithelial
surface (Fig 3.2a). As the focus is moved deeper, near the middle of the
epithelium, the cell outlines can still be seen, but reflections from the nuclei are
faint (Fig 3.2b). Most intra-cellular detail is lost in images taken near the bottom

of the epithelium (data not shown). Figure 3.3 shows images taken after the
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application of acetic acid. Near the tissue surface the cell outlines are less visible,
but the nuclei are dramatically brighter (Fig 3.3a). In the middle of the
epithelium, the nuclei can still be clearly seen (Fig 3.3b). As the focus is moved
near the bottom of the epithelium, 200 um below the epithelial surface, the nuclei

are faint but visible in the smaller cells near the basement membrane (Fig 3.3c¢).

20 um
]

Figure 3.2 Images of cervical biopsy obtained prior to the application of acetic
acid. a). Image taken with confocal microscope with the image plane parallel to
the epithelial surface and the focus 20 microns below the surface. b). Same as
(a), but with the focus 100 microns below the surface. c). Image of hemotoxylin
and eosin stained transverse section using bright field microscopy. Contrast has
been reversed in this black and white image to aid in comparing confocal and
histologic images. Lines a and b indicate the approximate depth at which the
confocal images in (a) and (b) were obtained.
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Figure 3.3 Images of cervical biopsy obtained after the application of acetic acid.
a). Image taken with confocal microscope with the image plane parallel to the
epithelial surface and the focus 50 microns below the surface. b). Same as (a) but
with the focus 100 microns beneath the surface. c¢). Same as (a) but with the focus
200 microns beneath the surface. d). Image of hemotoxylin and eosin stained
transverse section using bright field microscopy. Contrast has been reversed in
this black and white image to aid in comparing confocal and histologic images.
Lines a, b and ¢ indicate the approximate depth at which the confocal images in
(a), (b) and (c) were obtained.
While these images were obtained from tissue which was previously frozen,
confocal images of fresh cervical tissue show similar morphologic features, pre
and post acetic acid.

Samples from video (Figure 3.4) illustrate the dynamic changes in nuclear
backscattering as acetic acid is applied to the sample surface. (The video can be
seen in [10].) Here, the image plane of the microscope was fixed 50 um beneath

the epithelial surface, and the changes in image brightness and contrast are a

result of the application of acetic acid; the field of view of each image is 150 pm.
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Nuclei, which are barely visible before the application of acetic acid, can clearly
be seen afterwards, and the increase in nuclear backscattering is rapid following
addition of acetic acid. Through image processing, nuclei can be isolated in three
dimensions. Figure 3.5 shows a three dimensional rendering created from

multiple images taken at higher zoom through a small field of nuclei; the field of

view is 100 um. (Again, the video can be seen in [10])

Figure 3.4. The time course of acetic acid. Little contrast is evident in the image
taken without acetic acid, a. At 10 seconds nuclei become visible, b. At 20
seconds through the end of imaging, the contrast has reached its limit, c.

Figure 3.5 Three-dimensional rendering of the cervical tissue after the application
of acetic acid.
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The feature detection algorithm was applied to the images obtained before
and after acetic acid to segment cell nuclei. For images acquired without acetic
acid, features corresponding to nuclei, cell borders and noise were detected. (Fig
3.6). In images obtained after application of acetic acid, only nuclei were

detected, and the nuclei were more accurately segmented. (Fig 3.7).

Figure 3.6 Segmentations of cell features with the feature detection algorithm on
images taken without application of acetic acid. a). Unprocessed image. b).
Same image as (a) with features outlined in yellow.

10 um

Figure 3.7 Segmentation of cell nuclei with our feature detection algorithm on
images taken with the use of acetic acid. a). Unprocessed image. b). Same
image as (a) with nuclei highlighted in yellow.
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3.4 DISCUSSION AND CONCLUSIONS

These results show that acetic acid rapidly increases the backscattering of
cell nuclei in cervical tissue in vitro resulting in confocal images with increased
contrast. ~ Within seconds after the application of acetic acid, nuclei can be
visualized throughout the entire epithelium. The resulting image contrast is
sufficient to enable nuclear segmentation and render nuclei in three dimensions.
The feature detection algorithm was not robust in segmenting the nuclei however.
For each image, a different threshold value was chosen to produce the presented
results. Further work is needed in selecting the best suited threshold so that the
process may be automated.

With further processing of the images, these results show that it is possible
to assess cell and tissue morphometry quantitatively, for example the
nuclear/cytoplasmic ratio and nuclear deformity can be calculated [21]. These
results suggest that confocal imaging following application of acetic acid may
prove to be a useful tool in recognition of epithelial precancers since precancers
are characterized by increased nuclear size, increased nuclear/cytoplasmic ratio,
hyperchromasia and pleomorphism, which currently can only be assessed through
biopsy. This method could be easily implemented clinically since acetic acid is
already used in routine clinical examination of the cervix using colposcopy.

Many epithelial sites at risk for development of precancers are located in
other areas of the body such as the bladder or lung which can be accessed with
fiber optic endoscopes but not with conventional confocal microscopes. To

access these sites, several fiber optic confocal microscopes have been developed
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[22,23,24,25,26] however all suffer from a lack of reflected light to provide
sufficient contrast in vivo. The acetic acid technique described here shows the
potential to increase the backscattered light necessary which may improve the S/N

ratio of these fiber optic confocal endoscopes.
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CHAPTER 4

Part 1 - Near Real Time Confocal Microscopy of Amelanotic
Tissue: Detection of Dysplasia in Ex-Vivo Cervical Tissue

This Chapter describes the ability of confocal imaging to detect cervical
dysplasia ex vivo both by automated means and by qualitative review of confocal
images by untrained reviewers. The study has been previously published in
Academic Radiology [27] and is reproduced here with limited non-substantive

modifications.

4.1.1 INTRODUCTION

Invasive carcinomas of the uterine cervix, urinary bladder, respiratory
tract, oral mucosa, skin and colon are preceded by precancerous changes within
the epithelium. Despite the presence of precursor lesions, mortality for these
cancers is significant [11]. Early detection represents the best opportunity to
improve patient survival and quality of life; thus, new surveillance methods are
needed to improve the ability to recognize precancerous changes within epithelial
tissues. Epithelial pre-cancers are associated with a variety of morphologic
alterations, including increased nuclear size, increased nuclear/cytoplasmic ratio,
nuclear hyperchromasia and pleomorphism [28].

Confocal imaging has been proposed as a new tool to non-invasively
assess cell morphology using light reflected from tissue, [2, 29, 30, 16, 17, 31,
18]. A pinhole placed at a conjugate image plane in the confocal microscope is
used to localize reflected light in three dimensions with sufficient resolution to

image individual cells and nuclei. Changes in refractive index provide contrast to
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recognize intracellular detail. In concept, this is similar to histological analysis of
biopsy specimens, except three-dimensional resolution is achieved without
removing or physically sectioning tissue. Thus, confocal imaging provides a
potential tool to detect precancerous changes in the intact epithelium. Confocal
images can also be acquired in near real time thus enhancing its potential use in a
clinical setting for directing biopsy acquisition.

To date, much of the work using in vivo confocal imaging has focused on
the eye [32,33,34] and skin [2,3]; organ sites which are easily accessible with
fixed conventional microscopes. Our group is developing a fiber optic confocal
endoscope (FOCE) for in-vivo imaging of less accessible organs such as the
uterine cervix [9]. The system has been designed to image subcellular detail of
these amelanotic tissues for in-situ detection of pathology. A fiber optic imaging
bundle is incorporated into the system to provide the necessary flexibility for
imaging organ sites not accessible to conventional confocal systems.

The most promising use for real-time confocal systems has been imaging
human skin where melanin with its high refractive index (n=1.7) provides the
primary source of contrast for imaging individual cells. [2]. We have previously
shown [35, 4, 19] that confocal images of amelanotic cells have inherently less
contrast than those of cells with melanin. However, when epithelial cells [35] and
previously frozen tissue [4, 10] are treated with weak acetic acid, the
backscattering associated with the nucleus increases, providing additional contrast
in confocal images sufficient for quantitative nuclear morphometry [10]. Acetic

acid is commonly used to aid in the detection of cervical precancer [20].
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To assess the potential of the FOCM for in-vivo pathology detection we
explore here whether confocal images of fresh cervical biopsies could be used to
identify the presence of cervical precancer using a near real-time non-fiber
prototype system. We report results of a pilot study using our near real-time
confocal microscope; images of paired colposcopically normal and abnormal
biopsies were obtained from 25 patients. Images were analyzed in two methods
and results compared to histologic diagnosis. First, we compared quantitative
cell features measured from the confocal images with histopathologic diagnosis
for dysplasia by a board certified pathologist with expertise in gynecologic
pathology. Second, we compared the same diagnosis with a qualitative review of
the confocal images by 15 individuals with no formal pathology training. We find
that sensitivity and specificity for detection of CIN IIVIII to be high
(sensitivity=100%, specificity=91%), suggesting that real time confocal imaging

may be useful for in vivo detection of cervical precancer.

4.1.2 METHODS AND MATERIALS

4.1.2.1 Patients

Cervical biopsies were acquired from twenty-five patients at the
colposcopy clinics of the University of Texas M.D. Anderson Cancer Center,
Herman Hospital and Lyndon Baines Johnson Hospital in Houston, Texas. The
patients had been referred to these clinics for suspected dysplasia on the basis of
an abnormal cervical cytology or for removal of the cervical tissue using the loop
electrical excision procedure (LEEP) due to a previous diagnosis of dysplasia.
Informed consent was obtained from the patients, and the project was reviewed
and approved by the Surveillance Committee at the University of Texas M.D.
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Anderson Cancer Center and the Institutional Review Board at the University of
Texas at Austin. Five patients were removed from the study due to unsuccessful
acquisition or histologic processing of one of the two biopsies. An additional
patient, with only focal dysplasia on histological examination on one of the
biopsies, was removed from the study because it was felt that the probability of a
meaningful correlation between the histologic diagnosis and the confocal images

was remote.
4.1.2.2 Confocal System

We designed and built an epi-illuminaiton confocal microscope [19]
(Figure 4.1). The light source is a continuous wave diode laser operating at 8§10
nm. The scanning mirrors are driven by a pair of galvanometers to produce a
frame rate of 6.5 Hz (4000 kHz Video Scan Head, General Scanning). The
scanning lens focuses the beam at the back focal plane of a 25X 0.8 NA water
immersion objective (Plan-Neofluar multi-immersion, Zeiss). 10-30 mW of
power is focused to a 1 um diameter spot on the sample. Light backscattered
from the tissue returns to the beam splitter where it is reflected to the pinhole lens
and focused through a 10 um diameter pinhole aperture. Light which passes
through this pinhole is detected by an avalanche photodiode. The confocal system
operates at a dimensionless pinhole radius of 2.5 to provide maximum optical
sectioning for obtaining cellular detail. The scanning system is capable of
scanning at variable angle ranges thus providing zoom capability. The measured

lateral and axial resolution of the system are 0.8 um and 2-3 um respectively.
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Figure 4.1 Confocal microscope system diagram.

4.1.2.3 Specimens

Two uterine cervix biopsies were acquired from each patient. One of the
biopsies was taken from a normal area and the other was taken from an abnormal
area of the cervix as determined by the clinician using colposcopy and
immediately placed in growth media (DMEM, no phenol). Colposcopic
impression (normal/abnormal) was recorded for each biopsy. The biopsies were
approximately 3 mm wide by 4 mm long by 2 mm thick. Images were taken of the

biopsies within 6 hours of excision.

4.1.2.4 Imaging

The biopsies were removed from the growth media and rinsed with PBS.

A 6% solution of acetic acid was then added to each sample and image frames
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were acquired at various epithelial depths up to the working distance of the
microscope, 250 um. Confocal images were acquired with the image plane placed
parallel to the tissue surface. Images were digitized using a video frame grabber
card and displayed at 7.5 frames per second on a computer monitor. Individual
bitmap image files were saved from the frame grabber’s video buffer. All
samples were submitted for routine histologic examination using hemotoxylin and
eosin stain.  Sections were examined by an experienced, board certified

gynecologic pathologist (AM).
4.1.2.5 Image Processing

Each of the single frames presented here was resampled and processed to
enhance the brightness and contrast. The brightness and contrast were increased
by 17% and 53% respectively. Brightness was enhanced by adding the noted
percentage of full gray scale to each pixel; contrast was enhanced by removing
the noted percentage of full gray scale from the image and expanding the
remaining midrange gray levels. Resampling was performed to reduce the
distortion in the images caused by nonlinearity in the resonant galvonometric
scanning system. Linear interpolation was used to estimate pixel values.
Morphologic nuclear features including nuclear area, nuclear diameter, nuclear
density and nuclear-to-cytoplasmic (N/C) ratio were extracted from each image.
Nuclear masks were created by visual recognition of one operator blinded to the
histologic and colposcopic results using a paint program. The images and masks
were analyzed together with a feature measurement algorithm that was written

using Labview (National Instruments) image processing tools. Statistical analysis
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of the feature measurements were likewise performed using the tools available

with Labview.
4.1.2.6 Pathologic review of the Confocal Images

Multiple confocal images at various depths were reviewed by 13
engineering graduate students and 2 biomedical engineering faculty from the
University of Texas at Austin and the University of Texas M.D. Anderson Cancer
Center. The review was performed in order to assess whether individuals with no
formal training in pathology can make diagnosis of dysplasia from confocal
images. Each reviewer was asked to diagnose each biopsy as normal or abnormal
based on a training set of cervical confocal images taken from a previous study
(14). Between 3 and 8 images per biopsy were grouped into image sets. The
reviewer knew from which patient each image set came but was blinded to
histologic diagnosis and colposcopic impression. Reviewers were informed that
one biopsy from each patient was obtained from a colposcopically normal site and
one from a colposcopically abnormal site, but that the histopathologic diagnoses
of the pair could identify both as normal, both as abnormal or one abnormal and
one normal. The sensitivity and specificity of each reviewer's diagnosis was
calculated, using histopathology as the gold standard. Similarly, the sensitivity

and specificity of the colposcopic impression were calculated.

4.1.3 RESULTS

Figure 4.2 shows images taken of the colposcopically normal and
abnormal biopsies from one patient at various depths. The cell nuclei can be seen
in all of the confocal images and the cell outlines can be seen around most cells of
the normal biopsy. The nuclear density in the images taken from the abnormal
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biopsy is clearly increased as compared to the images taken from the normal
biopsy. The area of individual nuclei in the images from the abnormal biopsy is
also greater than that of the normal biopsy. These differences, being evident at
the top of the biopsies, suggest the presence of CIN III in the abnormal biopsy.
The pathologic review of the abnormal biopsy confirmed this diagnosis. The
maximum depth at which images could be obtained (penetration depth) also
differed between this normal and abnormal biopsy. This is likely due to
differences in scattering of light both to and from the image plane. The image of
the abnormal biopsy (fig. 2j) taken at 125 um below the surface is the deepest at
which subcellular detail can been visualized in this biopsy, however subcellular
detail can still be visualized in images of the normal biopsy taken up to a depth of
250 um (not shown). This difference in scattering between normal and abnormal
tissue could potentially provide another quantifiable measurement of contrast

between normal and dysplastic tissue.
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Figure 4.2. Images from a normal / abnormal biopsy pair from Patient 19. The
confocal images of the colposcopically normal sample were taken 10 um(a), 50
pm (b), 100 um (c) and 150 um (d) below the surface. The confocal images of
the colposcopically abnormal sample were taken 10 pm(g), S0 um (h), 100 pm (i)
and 125 um (j) below the surface and indicate increase nuclear size and density.
Nuclei can be seen in all images (arrow b,h) and the cell outline can be seen in the
normal sample (arrow d). Imaging depth in the abnormal sample was limited
because of higher scattering. The increased nuclear size and density can be seen
in the histologic image of the abnormal sample (f) over the normal (e). The scale
bar in the confocal images is 50 um wide and 100pum in the histology images.
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Figure 4.3 shows image pairs taken from several patients and the
corresponding histologic slide. In this case, all confocal images shown are from
50 um below the surface. In each biopsy pair, the difference in nuclear density
and area is evident between the colposcopically normal and abnormal biopsy.
The change in nuclear density between the normal and abnormal confocal image
pairs is highlighted due to the orientation of the confocal images, which are
perpendicular to those of typical histologic sections. Architectural similarities
are also evident between the confocal and histologic images particularly in the
images of dysplastic squamous epithelium that has involved a gland (fig. 3c-d).

In this one confocal / histology pair the image orientation is the same.
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Figure 4.3. Images from normal / abnormal biopsy pairs from Patient 9 (a-d) and
12 (e-h). Increased nuclear density can be seen in the confocal images of the
abnormal samples (c, g). The confocal images were taken 50 um below the
surface. The histologic images were classified as normal (b, f) and CIN II/III (d,

h). The scale bars in the confocal images are 50 um wide, 100pum in the histology
images.

35



We reviewed the nuclear morphometric measurements extracted from the
confocal images to determine whether any diagnostic contrast can be realized, and
if so which features are most significant. Figure 4.4 shows a scatter plot
comparing the average nuclear area from each biopsy with the nuclear /
cytoplasmic (N/C) ratio from the same image. Each image was obtained 50 um
below the biopsy surface. A grouping of the normal and CIN I biopsies is clearly
localized in the lower left quadrant. A distinction between normal and CIN I
biopsies and biopsies with CIN II and II can be observed between N/C ratios
below and above 0.08. No clear division line can be drawn to segment these
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Figure 4.4. A comparison of the nuclear-to-cytoplasmic (N/C) ratio to the average
nuclear area for biopsies categorized into three classes by pathologic review:
normal, CIN I and CIN II/III. Measurements were calculated from images taken
50 um below the tissue surface. Normal and CIN I samples are localized to the
area with lower N/C ratio and lower nuclear area. The distinction between classes
made by N/C ratio is better than that made by nuclear area.
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classes according to nuclear area. While both features, nuclear area and N/C
ratio, appear to contribute to the distinction between samples, types. The N/C
ratio is clearly better at differentiating the two classes. The N/C ratio was also
better at differentiating the tissue classes than nuclear density (not shown)

Figure 4.5 shows the average N/C ratio for all biopsies as a function of
image depth within the biopsy. The error bar at each data point is a measure of
two times the N/C ratio standard deviation for images at that depth. A clear
division can be seen between biopsies diagnosed as CIN II/IIl and those
diagnosed as CIN I or normal. If the biopsies with N/C ratios above 0.08 are
categorized as CIN II/III, those below the ratio as CIN I or normal and these
measurements are compared with the pathology results, the sensitivity and

specificity of this classification method is 100% and 91% respectively.
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Figure 4.5. The nuclear-to-cytoplasmic ratio as a function of depth for biopsies
categorized into two classes by pathologic review: normal or CIN I and CIN II/III.
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Figure 4.6 shows the results of the diagnoses made by the untrained
reviewers. The average sensitivity and specificity are 95% and 69% respectively.
Sixty—four percent of the reviewers classified samples with a sensitivity of 100%
with the remainder at 89%. The specificity varied from 50-76% with a standard
deviation of +/- 8%. No reviewer approached the sensitivity and specificity of the
quantitative analysis. The sensitivity and specificity of colposcopic impression
compared to histopathologic diagnosis were 91% and 62%, respectively. The
colposcopic and histopathologic diagnoses of the patient biopsies are shown in
Table 1. Biopsies with a pathological diagnosis of inflammation and metaplasia
were classified as normal in the sensitivity / specificity calculations; biopsies with
a pathological diagnosis of koilocytosis were classified in this study with the CIN

I biopsies.
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Figure 4.6. Sensitivity and Specificity for the diagnoses made by the untrained
reviewers and quantitative analysis of the N/C ratio. The average sensitivity and
specificity of the untrained reviewers (95% and 69% respectively) are an
improvement over colposcopy. The sensitivity and specificity made by
quantitative analysis is better (100% and 91% respectively).

Table 4.1 — Colposcopic impression and histopathologic diagnosis for each
patient biopsy

Patient Diagnosis
Patient Colposcopic Histopathologic
Biopsy No. Impression Diagnosis
Biopsy 1A Abnormal Metaplasia
Biopsy 1B Normal Normal
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Biopsy 2A Normal Normal
Biopsy 2B Abnormal Normal
Biopsy 3A Abnormal Koilocytosis
Biopsy 3B Normal Koilocytosis
Biopsy 4A Abnormal Koilocytosis
Biopsy 4B Normal Normal
Biopsy 5A Normal Normal
Biopsy 5B Abnormal CIN I
Biopsy 6A Normal Normal
Biopsy 6B Abnormal Metaplasia
Biopsy 7A Normal Normal
Biopsy 7B Abnormal CIN |
Biopsy 8A Abnormal Koilocytosis
Biopsy 8B Normal Koilocytosis
Biopsy 9A Normal Normal
Biopsy 9B Abnormal CINII
Biopsy 10A Abnormal CINII
Biopsy 10B Normal CIN I
Biopsy 11A Normal Normal
Biopsy 11B Abnormal Cancer
Biopsy 12A Abnormal Inflammation
Biopsy 12B Normal Normal
Biopsy 13A Normal Koilocytosis
Biopsy 13B Abnormal Koilocytosis
Biopsy 14A Abnormal CINII
Biopsy 14B Normal CIN I
Biopsy 15A Abnormal Invasive carcinoma
Biopsy 15B Normal High grade dysplasia
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Biopsy 16A Normal Normal
Biopsy 16B Abnormal CIN II
Biopsy 17A Abnormal Metaplasia
Biopsy 17B Normal Metaplasia
Biopsy 18A Abnormal CIN II/IIT
Biopsy 18B Normal Normal
Biopsy 19A Normal Normal
Biopsy 19B Abnormal CIN II/IIT

4.1.4 DISCUSSION

The pilot results here show that both quantitative analysis of confocal
images and qualitative review by untrained observers can yield high sensitivity
and specificity compared to histopathologic diagnosis. Analysis of nuclear
feature measurements indicates that the N/C ratio appears to be the most
important feature for detecting dysplasia using confocal images in which the
image plane is parallel to the tissue surface. The penetration depth at which
images with clear intracellular features could be obtained was limited to the upper
half of the epithelium in biopsies with high-grade dysplasia, however we were
still able to make accurate diagnoses of these biopsies.

To our knowledge, the high sensitivity and specificity of the system
measured quantitatively are extremely promising and exceed most values reported
from systems designed for in vivo detection of dysplasia. Furthermore, the
qualitative analysis of the confocal images by the untrained reviewers provides an
improvement over the macroscopic review of the tissue using colposcopy. The
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sensitivity and specificity of colposcopy for this study are 91% and 62%
respectively, which are higher than numbers previously published [36]. The 69%
specificity of the untrained reviewers is also likely lower than might be measured
with a more evenly distributed population of normal and abnormal biopsies.
Many more biopsies were diagnosed by the pathologist as normal (29) than
abnormal (9). This most likely resulted in a bias in the untrained reviewers
toward increased false positives thus lower the specificity.

These results indicate the potential of our fiber-optic confocal endoscope
(FOCE) which has a similar axial resolution (5-6um) and images in near real
time. The primary difference between the FOCE and the present system is the
addition of the fiber optic imaging bundle which decreases signal throughput and
introduces background noise from reflections of the fiber faces. These constraints
are being overcome using index matching oils to remove the specular reflection
and increase throughput; we have recently obtained in-vivo images of the oral
cavity using the FOCM with sufficient contrast to visualize subcellular detail [9].

The performance of the present system is comparable to in-vivo video rate
confocal images taken with a system used to image the oral mucosa [1] and
human skin [2]. The axial and lateral resolution of the present system (0.8 um
lateral and 3-4 um axial) compare well with this system (0.5-1.0 um lateral and 3-
5 um axial). The cell features in the images shown here are quite different than
those of human skin [3] in which contrast originates from increased back-
scattering from melanin within the cytoplasm [2] resulting in a relatively dark
nucleus. In the present images the contrast originates from an increased back-

scattering from the nucleus due to the interaction of acetic acid and the nucleus
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[4] Our images are similar to images taken by Anderson, et. al. of the oral mucosa
[1] at superficial imaging depths, but different deeper within the epithelium where
nuclei visualized within the oral mucosa are dark, similar to the human skin. The
contrast provided by the acetic acid has three primary advantages. After its
application, the increased backscattering is uniform on virtually all nuclei in the
field of view; nuclei can be visualized in images taken down through to the
bottom of the epithelium and the edge between the nucleus and cytoplasm is
distinct. These three characteristics enable improved quantitative measurements
throughout the epithelium.

The sensitivity and specificity of the system’s quantitative feature
measurements (100% and 91% respectively) compare well with the results of
quantitative pathology (Poulin, unpublished data, 1995) in distinguishing between
high grade dysplasia (CIN II/III) and low grade dysplasia or normal tissue. In
quantitative pathology, measurements of cellular and nuclear morphometric and
architectural features from histologic slides are used to attempt the diagnoses of
pathology. Using a morphometric index calculated using multiple nuclear
morphologic measurements of archived histology slides, Mac Auley’s group
obtained a sensitivity of 90% using a specificity of 90%. The higher resolution
and contrast from the stains allow many more types of morphometric
measurements than those made from the confocal images. The obvious advantage
of the confocal system is its ability to image in vivo.

This ability to image in vivo suggests the system’s use in the diagnostic
clinic. The high specificity of the instrument suggests its use for facilitating

physicians' decision on where to obtain colposcopic biopsies. Many unnecessary
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biopsies are currently taken due to the relatively low specificity of colposcopy.
The use of the instrument for guiding biopsy direction could result in greater
convenience to the patient and lower costs in diagnostic procedures.

Another use of the instrument might be to aid in the study of progression
and regression of precancers in chemoprevention trials by tracking biomarkers.
For example, there are ongoing chemoprevention trials using retinoic acids, to
reverse precancerous lesions in the oral cavity and prevent second primary tumors
in patients who have successfully completed treatment for head and neck cancers
[37]. Patients who have developed one head and neck cancer are very prone to a
second primary, because the entire epithelial lining is at risk for neoplastic
changes (field effect). In order to evaluate the effectiveness of these agents,
multiple biopsies must be obtained over time to evaluate the tissue at risk.
However, the biopsy process itself affects the field — small foci of pre-cancerous
cells may be removed and the resulting repair process disrupts the field. Further,
many patients hesitate to enroll in such trials because of the multiple biopsies. In
vivo optical imaging modalities, such as confocal microscopy, which can visualize
cells and nuclei throughout the epithelium and give information about nuclear size
and texture features, may provide a tool to monitor the field at risk without the
need for biopsy, providing a powerful new tool to aid in chemoprevention studies.

We are continuing our analysis of the images deeper into the tissue in
order to differentiate between low-grade dysplasia and normal tissue, however the
variation in penetration depth limits the number of biopsies that can be imaged
near the basement membrane. A larger study would provide adequate sample

numbers to study these lesions. We are also studying the effect that changes in the
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scattering coefficient might have on the diagnostic sensitivity of the system.
Future plans include in vivo imaging of the cervix with the FOCM. The present

results indicate the clinical potential of in vivo confocal imaging.
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Part 2 - Confocal System Improvements

4.2.1 INTRODUCTION

In order to acquire the necessary data for the studies described in Chapters
5 and 6, the confocal microscope was modified to acquire three dimensional
image sets. Improvements in the system sensitivity were also made in order to
potentially improve image penetration depth in abnormal tissue. The remainder

of this chapter describes these modifications.

4.2.2 3D IMAGE ACQUISITION DESIGN

In order to acquire three dimensional image sets efficiently and accurately,
the micrometer on the system must be replaced with an automated, actuated
micrometer. The two primary features which must be considered in moving the
sample stage in the axial direction is the image depth spacing and the movement
of the actuator which could cause motion artifact. In order to prevent aliasing in
the axial dimension the images should be maximally spaced at half the axial
resolution of the system (3-4 um). To prevent motion artifact, it would be
preferable to move the sample, wait for the sample to settle and then acquire the
next frame. Considering the possible number of images needed in a set (300 um
deep epithelium divided by 2 um/image equals 150 images) and the time between
images (up to 0.25 seconds) this procedure would take approximately 40 seconds
to acquire an image set. Since the image sets must be stored in the computers
RAM during acquisition, it would be preferable to speed up the acquisition time.
Another disadvantage of this method is the requirement to synchronize the axial

movement of the sample with the image acquisition timing.
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An alternative procedure for acquiring image sets is to move the specimen
stage through the image plane in one smooth motion and acquire images along the
way. This introduces two potential problems, motion artifact and image plane
distortion or image tilting caused by the sample movement between acquiring the
top portion of the frame and the bottom portion (Figure 4.7). It turns out that these
problems can be sufficiently minimized by moving the sample slow enough to
meet the Nyquist sampling criteria in the depth dimension. To meet this criterion,
the specimen stage must be moved no more than 2 um between successive frames
since the axial resolution is 4 pum. This limits the stage speed to 15 um per
second (2 um per frame X 7.5 frames per second = 15 pm per second). The
image tilt in this case is less than 2 um. At this speed motion artifact is
insignificant since the movement of the stage during the acquisition time of each
pixel is less than a nanometer (1 ps per pixel X 15 um per second = 15 picometers
per pixel). Using a specimen stage speed of 15 um per second, an image set can

be acquired of a 300 um epithelium in 20 seconds.
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Figure 4.7 Sample stage movement during three dimensional image set
acquisition.
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The two options for actuators are stepper motor type and DC motor. The
DC motor will not provide even motion at rates this slow, but stepper motors can.
The potential drawback of using a stepper motor is that the discrete stepping
motion itself could cause motion artifact, however most stepper motors can be
micro stepped to create motion smooth enough to avoid large steps (comparable
to the axial resolution). A CMA actuator driven by an ESP300 driver both by
Newport can provide accurate and smooth movement at speeds this slow and was

chosen for the subsequent work.

4.2.3 SENSITIVITY IMPROVEMENT DESIGN

In the images shown in Chapter 3 and the first part of this chapter, the
image penetration depth appeared to be limited by the instrument and not by
background scattering from sample. To improve the depth of image acquisition,
either the laser source power must be increased or more of the signal leaving the
tissue must be collected. Increasing background noise is a potential consequence
of increasing the intensity of the source light at the tissue. However since
increases in background noise with imaging depth have not been observed in the
previous studies, it was not anticipated that moderate increases in the source light
would cause significant background increase. To maintain the portability of the
system and keep costs reduced, the current small diode laser source was not
replaced. To acquire more signal from the tissue, two modifications were
considered. 1). Replace the objective’s immersion fluid with one with an index
which is closer to the tissue index. This same method has been performed by

Rajadhyaksha et al [1]. They replaced the water immersion fluid with a glucose
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solution. This reduced the reflection off the tissue surface and has the added
advantage of reducing the wave front distortion as the source and signal light pass
the immersion fluid / tissue interface. The objective, which is currently on the
system, is designed for use with immersion fluids of varying indexes. 2). Rotate
the polarization of the signal light so that the beam splitter will transmit more
light through the confocal system. On the system used for the previously
described studies, 50% of the source light is lost at the beam splitter as the light
propagates to the sample and 50% of the signal is lost as the signal light is
reflected towards the detector. These losses can be reduced by using a
polarization dependent beamsplitter with a preferential reflection at one
polarization and a preferential transmission at the opposite polarization. Light
propagating from the source to the sample can be transmitted preferentially
toward the sample. The polarization of the light can then be rotated 90 degrees
before it arrives back at the beam splitter. This signal light can then be
preferentially reflected by the beamsplitter to the detector. The rotation of the
polarization would be accomplished by placing a ”4 wave plate between the beam
splitter and the sample such that the light reaching the sample is circularly
polarized. Upon reflection, the light remains circularly polarized but in the
opposite direction. After passing through the "4 wave plate on the return trip, the
light is polarized 90 degrees to the original light. Beam splitters up to 90/10 can
be acquired. I chose an 80/20 beamsplitter due to availability. Due to the
polarization and wavelength sensitivity of the chosen beamsplitter, the actual
throughput of the 80/20 beamsplitter was 60 percent of the signal light transmitted

toward the sample stage upon the first pass through the beam splitter, and 95% of
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the signal light reflected towards the detector upon the return path.  The
theoretical throughput of the original 50/50 beamsplitter was 50% or 25%. The
theoretical throughput with the new configuration is 60% X 95% X 2(96%) =
52%, where the 96% is due to losses off the 4 wave plate both to and from the

sample stage. This results in a 2.1 improvement in throughput.
4.2.4 SYSTEM MODIFICATION RESULTS

After the modifications of the system, I tested the increase in signal by
imaging a glass slide. The signal at the detector increased by a factor of 1.9
which compared reasonably well with the design value of 2.1.

The signal to noise was also measured both before and after the
modifications. To make an appropriate measure of the signal to noise, it is
necessary to measure the noise under the same conditions as tissue imaging.
Unfortunately, estimating the noise from the tissue images is difficult since it is
difficult to separate signal modulation due to noise from signal modulation due to
microscopic tissue motion. Two methods were used to estimate the noise. First
the modulation of the signal was measured from an area adjacent in X and Y to
the tissue image, and second the noise was record from the detector with the focal
plane of the objective several 100 um above the tissue. These values were
compared to the mean signal acquired from the tissue. Under carefully controlled
conditions the signal to noise approached 20 both before and after the system
modifications. Under more realistic (normal clinical operation) conditions the
signal to noise was measured at approximately 17. The difference between the

optimal and normal conditions is dependent on the X/Y position of the confocal
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pinhole. Both the noise and signal level are dependant on minor changes in this
position.

In order to improve the rejection of specular reflection off the tissue
surface and reduce wave front distortion at the front surface of tissue, the
performance of three immersion media were compared: PBS (used in the
previously described studies), glucose and glycerol. The media were tested under
two different conditions. The first test was performed as a part of a separate
study which used the confocal system to image hamster check pouches in vivo. A
minor reduction in the specular reflection from the tissue was observed with the
glycerol. There was little measurable reduction in reflection from the tissue
surface as compared to the PBS using a 10% glucose solution. The second test
was performed as a part of the studies described in Chapters 5 and 6. In this case,
the immersion media was placed on cervical biopsies. Due to the detached nature
of the biopsies, the glycerol penetrated the biopsy appearing to severely dehydrate
it. The glucose did not provide any noticeable decrease in reflection from the
surface of the biopsy. The remaining biopsies in these studies were therefore
imaged using PBS to avoid any possible reaction with the immersion media.

In order to test the acquisition of 3D image sets, an image of a cervical
biopsy was made with the added automated micrometer described above. Figure
4.8a shows a sample image acquired from the resulting image set. This image is a
portion of a transverse section extracted from the 3D image set acquired with the
focal plane perpendicular to the tissue surface. Two things are apparent from the
image. First, the resolution is reduced as compared to the typical en face images,

Figure 4.8b. This is to be expected due to the 4-fold reduction in resolution in the

51



axial dimension of the confocal microscope. The other apparent features in the
image are the visible nuclei. Since each nuclei is contiguous along the axial
dimension, the acquisition of the 3D image set appears to be positionally stable as

the sample stage is translated.

Figure 4.8. Comparison of a transverse image section (a) and en face image (b)
taken from a 3D confocal image set. The dashed line in (a) indicates the location
of the perpendicular section (b).

The reduced resolution in the axial dimension has important implications
for the 3D quantitative feature extraction study described in Chapter 6. Although
the added third dimension provides additional information, the information
obtainable from the axial dimension is %4 per unit of tissue as compared to the
other two dimensions. Figure 4.8b shows a representative 2D image from which

Figure 4.8a was composed. The difference in resolution is apparent.
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CHAPTER S

Sources of scattering in cervical tissue: determination of the
scattering coefficient using confocal microscopy

5.1 INTRODUCTION

The interaction of light with tissue provides a noninvasive tool to monitor
biochemical, morphologic and architectural changes associated with disease. A
number of recent clinical trials have demonstrated the potential of real-time,
quantitative optical spectroscopy and imaging technologies to aid in the early
detection of disease [38-46]. Many of these techniques, including fluorescence
and reflectance spectroscopy and imaging [38-44,49], Raman spectroscopy [50,
51], confocal imaging [27, 52,53] and optical coherence tomography (OCT) [54,
55] have demonstrated potential to detect early changes associated with the
dysplasia to carcinoma sequence [56, 57], including increased nuclear size,
pleomorphism and nuclear to cytoplasmic ratio, increased metabolic activity of
epithelial cells, increased angiogenesis, and decreased structural protein density
associated with precancer [58]. At the same time, more sophisticated models
have recently been developed to aid in the analysis of optical signals and directly
extract quantitative information about these biochemical and structural changes
[59, 60, 61]. These models have been used to suggest new fiber optic probe
geometries to maximize the contrast between optical signals of normal and

precancerous tissue [59, 61, 62, 63, 64, 65].
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Despite the promise of this approach, such models rely on accurate
knowledge of the optical properties of the normal and precancerous epithelium
and stroma in order to provide useful information to analyze tissue data and to
guide the development of fiber optic probes for in vivo use. In particular, these
models require accurate values for the absorption coefficient, the scattering
coefficient and the scattering anisotropy of both the epithelium and the stroma.

Several methods have been developed to compute the optical properties of
tissue from measurements of collimated transmission, diffuse transmission, and
diffuse reflectance [66, 67, 68] or from reflectance measurements made at varying
source detector separations [69, 70]. In general, these methods assume that the
optical properties of the sample are homogeneous; recent work [60, 71] has
shown that the optical properties vary throughout the epithelium, and that this
variation is correlated with both clinical factors, such as the patient’s age, and
with disease-related factors, such as the presence or absence of precancer. While
optical properties have been derived using approaches based on the assumption of
homogeneity for a number of epithelial tissues, including the bladder, colon, skin
and esophagus [66, 72, 73], it is likely that the reported values are dominated by
the optical properties of the stroma, which occupies the largest volume fraction of
the tissue and which likely has the largest absorption and scattering coefficients.

In order to use multi-layer models of tissue spectroscopy to analyze data
acquired in vivo [74] and to design sophisticated fiber optic probes to separate
signals from different epithelial and stromal layers [65], there is a critical need for

accurate values for the optical properties of the epithelium, and to understand the
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length scales over which they vary. In an attempt to address this need, Qu and
colleagues microdissected the epithelium of bronchial tissue and separately
measured scattering of the epithelium and stroma. They measured scattering
coefficients of 200 and 225 cm™ at 700 nm for epithelial and stromal tissue
respectively [75]. Optical sectioning provides an alternative approach to physical
sectioning; using reflectance based confocal microscopy, the depth dependence of
reflected light from epithelial cells can easily be probed [27, 52, 53]. Several
groups have measured the depth dependent decay of reflected light in tissue
phantoms using both OCT and confocal microscopy; intensity was observed to
decay exponentially according to the scattering coefficient [19,76, 77].

We previously [78] measured the depth dependent decay of reflected
intensity from normal and precancerous ex vivo cervical tissue samples using a
confocal microscope. We used these data to estimate the average epithelial
scattering coefficient. In this analysis, we assumed that the reflectance intensity

as a function of depth, I(z), could be expressed as:

I(z)=1,¢" Re* =I,Re™* (5.1)

where I, is the incident intensity, R is the average reflectivity, and p. is the
attenuation coefficient, which is the sum of the absorption and scattering
coefficients. Equation (1) assumes that excitation and reflected light travel
parallel to the optical axis, which is equivalent to assuming a low numerical
aperture.  Further, it assumes that the tissue reflectivity and attenuation

coefficients are independent of depth.  Equation (1) was used to analyze
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measurements of the intensity of reflected light measured as a function of depth to
extract the average attenuation coefficient of the epithelium. In the near infrared,
where confocal measurements are frequently made, the scattering coefficient is
significantly greater than the absorption coefficient, so that this process was used
to estimate the epithelial tissue scattering coefficient [75]. In this previous study,
reflectance values were measured at a limited number of depths, so that the depth
dependence of the attenuation coefficient could not be estimated. However,
previously reported computational estimates of the tissue scattering coefficient
indicate that the scattering coefficient of cervical tissue likely varies substantially
throughout the epithelium [71]. The scattering cross section of normal cervical
epithelial cells decreases as one goes from the superficial to the intermediate
layer, but then increases in the basal/parabasal layer [71]. The scattering cross
sections are significantly greater for dysplastic cells.

The goal of the present study is to measure confocal reflectance
images of normal and precancerous cervical tissue at a greater number of depths
throughout the epithelium. We analyze these data qualitatively to understand the
variations in sources of image contrast throughout the epithelium. Furthermore,
we analyze these data quantitatively to estimate the depth-dependence of the
epithelial scattering coefficient in cervical tissue. In order to investigate the
potential differences in scattering within different types of epithelium,
measurements were made from normal cervical tissue as well as potentially

precancerous regions.
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5.2 METHOD AND MATERIALS

5.2.1 Patients

Cervical biopsies were acquired from twenty-eight patients at the
Colposcopy Clinic at the University of Texas M.D. Anderson Cancer Center, in
Houston, Texas. The patients were referred to the 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. Informed consent was obtained from each patient, and the project 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.
5.2.2 Specimens

Four uterine cervix biopsies were acquired from each patient under
colposcopic guidance. Two adjacent biopsies were taken from a colposcopically
normal area and two adjacent biopsies were taken from a colposcopically
abnormal area of the cervix. Biopsies were immediately placed in growth media
(DMEM, no phenol red). Colposcopic impression (normal/abnormal) was
recorded for each biopsy. The biopsies were approximately 3 mm wide by 4 mm
long by 2 mm thick. One normal and abnormal biopsy pair were submitted for
routine histologic examination using the hemotoxylin and eosin (H&E) stain.
Sections were examined by an experienced, board -certified gynecologic
pathologist (AM). The other normal and abnormal biopsy pair were embedded in

agarose and a portion of each biopsy was sectioned transversely into
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approximately 200 um thick sections using a Krumdieck tissue slicer. The fresh
tissue sections and remaining biopsy, after removal from the agarose, were placed
back in growth medium. Reflectance confocal images were obtained from the
transverse tissue sections and the remaining intact portion of the biopsy within 2
hours of sectioning and within 4 hours of excision. Confocal images were
obtained from the transverse fresh tissue slices with the focal plane of the
microscope oriented parallel to the tissue slice, resulting in transverse images.
Confocal images of the remaining intact portion of the biopsy were obtained with
the focal plane of the microscope parallel to the epithelial tissue surface, resulting

in en face images.
5.2.3 Confocal Imaging

Reflectance confocal images were obtained from each biopsy using an epi-
illumination laser scanning confocal microscope described in [10], with minor
modification. The illumination source was a continuous wave diode laser
operating at 810 nm. Images were acquired with a 25X 0.8 NA water immersion
objective (Plan-Neofluar multi-immersion, Zeiss). The confocal system operates
at a dimensionless pinhole radius of 2.5. The measured lateral and axial
resolution of the system are 0.8 microns and 2-3 microns respectively. The
beamsplitter used in [10] was replaced with a polarizing beamsplitter in order to
increase the transmission of the laser source and collection of signal light. A
quarter wave plate was added between the beamsplitter and sample in order to

rotate the polarization of the reflected signal light.
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Immediately prior to imaging, biopsies and biopsy sections were removed
from the growth medium and rinsed with PBS. Image frames were acquired at
various epithelial depths in 1.5 pum intervals up to the 250 um working distance of
the microscope. Then, a 6% solution of acetic acid was then added to each
sample, and the image sequence was repeated. Images were digitized using a
video frame grabber card and displayed at 6.5 frames per second on a computer
monitor. Individual bitmap image files were saved from the frame grabber’s
video buffer. Uncompressed video files were also acquired from the video buffer
as each sample was moved toward the objective in order to acquire images at a
depth spacing of 1.5 um. The image depth was adjusted by moving the sample
stage using a stepper motor; the translation rate was sufficiently slow as to avoid
motion artifact and image distortion. The confocal images were also compared to
the corresponding H&E stained images from the adjacent biopsies in order to

compare the morphology visible in the confocal and histologic images.
5.2.4 Image Processing

Images from each biopsy were processed to extract the mean reflected
intensity from the image, and from various features within each image, such as
cell nuclei, as a function of depth beneath the tissue surface. At each image
depth, the mean gray scale intensity was measured from each image. We used a
segmentation algorithm to automatically segment cell nuclei within each image
[79], and we extracted the mean reflectance intensity from all segmented nuclei as
a function of depth. The segmentation algorithm is described in detail in [79].

Briefly, as a first processing step we employed a powerful non-linear edge-
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preserving image filtering technique - anisotropic median-diffusion - to increase
the signal-to-background ratio. Next, knowing that the images of the nuclei
exhibit strong local dependencies, while exhibiting a wide range of gray scales,
we utilized a Gaussian Markov random field (GMRF) to model these
dependencies independent of the overall grayscale variations. Since objects other
than nuclei are present in cervical tissue and our image model does not include
non-nuclear objects, we reduced the number of non-nuclei by removing objects
that are not present in successive frames and further reduced the number of non-
nuclei using Bayesian classification. After segmentation, the mean reflected
intensity of the nuclei and entire image were plotted as a function of depth from

each biopsy.
5.3 RESULTS

Images were available from 27 biopsies from 16 patients; 17 of these were
diagnosed as squamous normal tissue, 3 were diagnosed as high grade squamous
intraepithelial lesions (HGSILs) and 7 were diagnosed as low grade squamous
intraepithelial lesions (LGSILs). Fresh tissue sectioning of 5 biopsies from 5 of
these patients and 22 biopsies from the 12 other patients were not successful due
to the small size or fragile nature of the biopsies. Images were not available from
2 biopsies from 2 patients.

Figure 5.1 shows the effect of acetic acid on the confocal reflectance
images of the cervical epithelium and stroma. Brighter epithelial nuclei are
visible in the epithelial images after the application of acetic acid. Fibroblast

nuclei can also be seen in the fibrous tissue of the stroma after application of
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acetic acid, although they are smaller and less uniformly distributed than

epithelial nuclei.

Figure 5.1. Confocal images of cervical epithelium (a, b) and stroma (c, d) before
and after the application of acetic acid. Nuclei are barely visible in the images
taken without acetic acid (a, ¢) but are significantly brighter (arrows) after the
application of acetic acid (b, d).

We examined the confocal image stacks of the 27 biopsies obtained post-
acetic acid, and observed that all the images could be grouped into several types

of image patterns. Figure 5.2 shows representative images from these image

patterns. In the superficial epithelium, approximately half the biopsies showed
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images with a bright, speckled pattern of varying density as illustrated in Figs.
5.2a and 5.2b. This pattern is consistent with the location of keratin production in
the upper epithelium. In most of these cases, the reflectance signal is localized to
a relatively large area at the periphery of the cells and few nuclei are visible, as
indicated by the arrow in Fig 5.2a. In 3 of the biopsies, this bright pattern covered
most of the images and nuclei were difficult to distinguish from the speckled
pattern (Fig. 5.2b). In the other half of the biopsies, the superficial and
intermediate epithelium showed confocal images with little reflectance from the
periphery of the cells and with bright reflectance from the cell nuclei; Fig. 5.2¢
shows an example of this type of image pattern. In biopsies with dysplasia, the
superficial and intermediate epithelium showed a similar image pattern, except
that the density of nuclei was much higher, as in Fig. 5.2d. The speckled pattern
is also apparent at the periphery of cells in Figs 5.2c and 5.2d; however, is much
less prominent and covers a much smaller area. Images of the basal epithelium
also contained high-density nuclei, however the nuclei are smaller and much more
dense (Fig 5.2¢). Stromal images illustrate reflectance from collagen fibers and
fibroblast nuclei (Fig. .2f). In many biopsies the transition between these regions
was abrupt, and the image stacks reflected a ‘layered’ appearance within the

epithelium.
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Figure 5.2. Confocal images of typical regions within the cervix. In the
superficial epithelium a bright speckled pattern is found in approximately 50% of
the images. The pattern is confined to the cell periphery in some superficial
epithelium (a) but is found throughout the epithelium in others (b). An even, low
density pattern of nuclei is associated with normal squamous cells in normal
superficial epithelium (c), where as an irregular pattern of high density nuclei is
associated with the presence of dysplasia (d). Near the basement membrane (e)
cell nuclei are also dense but much smaller. In the stroma (f) collagen bundles are
not easily resolved but produce a bright irregular pattern.

Table 5.1 shows the distribution of the different image patterns within the
various regions of the cervix. Regions of low density nuclei are the dominant
pattern observed in normal epithelium. The table also indicates the number of

image sets with a mixture of the different images patterns and the number of

image sets where insufficient signal was available for further analysis.
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Distribution of Image Patterns

Tissue Layer
Morphology Superficial | Intermediate Basal Stroma
Keratin 0 0 0 0
Kcratip with 3 0 0 0
Nuclei
Low Density
Nuclei 4 13 0 >
High [_)ensity 3 4 6 0
Nuclei
Mixed Image 1 9 0 0
Pattern
Iqsufﬁcwnt 0 ] 21 0
Signal

Table 5.1. Distribution of image patterns from various depths within the cervix.

Figure 5.3 shows a comparison between the confocal images taken from
the regions characterized in Table 5.1, comparing them with H&E stained
histologic sections of the corresponding biopsies. In this figure, the confocal
images are oriented parallel to the epithelial surface, while the histologic images
are oriented perpendicular to the epithelial surface. The differences in nuclear
density from the various regions correlate well between the confocal and
histologic images (Fig. 5.3a-5.3f). The pattern of collagen bundles is also
generally similar (Fig. 5.3g-5.3h). The bright speckled pattern in the confocal
images of the superficial epithelium correlates well with a thickening of the
stained area at the cell periphery (Fig. 5.3¢-5.3f), suggesting that the speckled

reflectance likely originates from scattering from keratin near the cell membrane.
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Figure 5.3. Comparison of en face confocal images (b, d, f, h) and transverse
sectioned H&E stained images (a, c, €, g). Changes in nuclear density are
consistent between the confocal (b, f) and H&E stained sections (a, €). The
prominence of a bright speckled pattern in the confocal images (d, f) appears
proportional to a thickening of the cell perimeter in the H&E stained sections (c,
e). Confocal images (h) and H&E stained sections (g) of stromal tissue both show
the prominence of the collagen matrix. All histologic images are shown as black
and white images with the gray scale inverted.

Analysis of confocal reflectance images from the transverse fresh tissue
indicated that the strength of the reflectance signal from nuclei did not vary
appreciably within each region of the cervix, the superficial, intermediate or basal
epithelium. Therefore, we analyzed the confocal image stacks to extract tissue
scattering coefficient assuming that the strength of the reflectance, R, in Eq. (5.1)
was constant within each region, independent of depth. However, we observed
that the qualitative image morphology was homogeneous within distinct tissue
layers, but then abruptly changed pattern. Thus, we applied, Eq. (5.1) to estimate

the scattering coefficient within these homogeneous regions. Those regions noted

as containing a mixed image pattern in Table 5.1 were therefore excluded from
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this analysis. Twelve regions of interest were sorted into the categories of Table
1, based on their qualitative appearance. In the superficial and intermediate
epithelium, these included regions of: (1) low nuclear density, (2) high nuclear
density (3) keratinizing region with few visible nuclei and (4) keratinizing region
with visible nuclei. Beneath the intermediate epithelium, these included regions
of: (5) high nuclear density in the basal region, and (6) stroma. We analyzed
images from each of the 6 categories obtained pre- and post-acetic acid. The
image sets for the stromal data were taken from confocal images of the transverse
tissue slices. In the stroma,, we again assumed that the reflectivity and tissue
morphology were not depth dependent.

Figure 5.4 shows a typical plot of the average intensity of reflectance from
nuclei as a function of depth beneath the epithelial surface; this graph also shows
the mean reflectance intensity from the whole image. Corresponding images at
several depths are shown at the top of the figure. Three distinct regions are
apparent in Fig. 5.4: (1) first, a keratinizing region at the surface of the biopsy
with bright nuclei, (2) second, a region of low-density nuclei in the superficial and
intermediate epithelium (10-90 um image depth), and (3) a region of high-density
nuclei near the basement membrane (130-160 um image depth). An increase in
the signal is apparent near 120 pum; the rise in the mean image intensity is due to
the increased nuclear density near the basement membrane. Figure 5.5 shows
another plot on a log scale, which clearly indicates regions of the sample where
the signal decays at different rates. We initially fit these data to Eq. (5.1) to

extract the decay rates, with the expectation that both the mean reflectance from
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the entire image and the mean reflectance of the nuclei would decay at the same
rate. However, unexpectedly, the exponential decay constants extracted from the
depth dependent intensity of average nuclear reflectance and average image
intensity were not the same in each image. Further image analysis revealed that
each image contained a constant background signal, which we attribute to
multiply scattered light generated outside the focal volume, but not completely
rejected by the confocal pinhole. The magnitude of this background light was
assessed from areas of the image which did not include nuclei or signal from the
cell periphery, and was found to be between 10-20 gray levels depending on the
biopsy but independent of the depth of the focal plane beneath the epithelial

surface. We therefore fit the data to a modified form of Eq. (5.1):

I(z)=1,¢*R+BG (52)

where BG represents this multiply scattered background light.
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Figure 5.4. Typical confocal signal attenuation as a function of depth within a
cervical biopsy. Both the mean nuclear intensity and mean image intensity show
similar functional form with an exponential decay in two regions: the superficial
layer (10-90 um) and near the basement membrane (130-160 um). Sample
images used to acquire the data are shown at their respective depths (a-c).
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Figure 5.5. Exponential fits to the nuclear and mean image reflectance data for
three regions of a sample biopsy.

The depth dependent intensity values of the mean nuclear reflectance and
the mean image reflectance from 26 regions of 15 biopsies from 14 patients were
fit to Eq. (5.1). Both the mean nuclear reflectance data and the mean reflectance
data were simultaneously fit to Eq. (5.1) in the least squares sense; free
parameters of the fit included R, BG and the attenuation coefficient. Fits were
performed on data acquired both before and after application of acetic acid.
Figure 5.6 shows the average values of the scattering coefficients extracted from
these regions after the application of acetic acid. The scattering coefficients
extracted from the superficial epithelium indicate that scattering is highest in

regions where the reflectance from the cell periphery is strong. The average
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regions where the reflectance from the cell periphery is strong. The average
scattering coefficient drops in regions with low nuclear density, and increases as
nuclear density increases near the basement membrane or in dysplasia.
Beneath the basal epithelium, in the superficial stroma, the scattering coefficient

increases. Interestingly, the scattering coefficients extracted from the image sets
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Figure 5.6. Scattering coefficients extracted from the various regions of the
cervical biopsies. In the superficial and intermediate epithelium the scattering
coefficient is governed largely by the presence or absence of keratin or high-
density nuclei. Scattering values are consistently higher in the basal and stromal
regions of the biopsies.
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obtained before the application of acetic acid (data not shown) were not
significantly different for areas with keratin or stroma, but were slightly lower for

areas with low and high nuclear density

5.4 DISCUSSION

These results suggest that the two primary sources of scattering in the
cervical epithelium are cell nuclei and keratin. Areas of epithelium with high
nuclear density and/or keratin resulted in scattering coefficients that were 3 times
higher than those for epithelial tissue with low nuclear density and little keratin.
Areas with high nuclear density resulted in scattering coefficients which were a
factor of 2-3 times greater than that associated with areas of low nuclear density.
In normal tissue, high-density nuclei were associated with the basal layer of the
epithelium, whereas in precancerous tissue, high nuclear density is associated
with the presence of dysplasia, similar to our previously reported results [77].
The keratinizing regions were observed in the superficial epithelium in
approximately half of the biopsies measured. In two-thirds of these biopsies the
presence, and relative thickness, of this bright superficial layer prevented the
resolution of subcellular detail in the basal layer. In most of the biopsies
examined here, the scattering coefficient changed dramatically at a particular
depth within the epithelium, and in no instance was the scattering coefficient
homogeneous throughout the entire epithelium. Eighty percent of the normal
biopsies contained the lower scattering region in either the superficial and/or

intermediate epithelium. In approximately half of these normal biopsies the lower

71



scattering region was localized in the intermediate epithelium between a highly
scattering superficial layer and highly scattering basal and stromal regions.

Table 5.2 compares the scattering values reported here with previously
published results. Mourant[80] has previously studied the relationship between
the wavelength and scattering and determined the scattering decreased as 1/A "',
This relationship has been used to calculate the values for other tissues in Table 2.
The results presented here are slightly higher but not significantly different from
the results we previously reported [78] which measured average scattering
coefficients of 69 cm™ for precancerous tissue and 22 cm™ for normal tissue. We
suspect the lower values to be a result of including the background, multiply
scattered light in the analysis of this data. The value reported here for low-
density nuclear tissue (33 cm’™), which predominate in the intermediate
epithelium, is also lower than values previously reported in bulk tissue scattering
measurements for cervical tissue, 66-150 cm™. The high stromal scattering values
suggest an explanation for this disparity. The significantly greater volume of
stromal tissue compared to epithelial tissue reduces the contribution of the
epithelium to the bulk tissue scattering values. The stromal values reported here
are lower, but not significantly different than, values previously reported for
RAFT cultures composed of rat tail collagen matrix and human fibroblast cells
[811°°, 137 cm™. Based on qualitative observation of our images and images of
cervical epithelium in [78], we suspect that the scattering values deep within the
stroma are higher than the values reported here for superficial stroma. A

limitation of the present study is the small number of patients and corresponding
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limited number of homogeneous regions available for exponential fitting. A study
of larger numbers of patients may better reveal common patterns of layered

scattering within cervical tissue.

Reported Scattering Coefficients

Organ Site Reference | Wavelength | ps(em™) |, (em™)
Measured (nm) @ 810 nm
Keratinizing Cervix This Paper 810 88 88
Cervix (Low Density Nuclei) | This Paper 810 33 33
Cervix (High Density Nuclei) | This Paper 810 110 110
Cervix Basal Layer This Paper 810 75 75
Cervical Stroma This Paper 810 96 96
Cervix (normal) 78 810 22 22
Cervix (precancerous) 78 810 69 69
Cervix 73 800 66-100 65-99
Uterus 66 635 394 301
Breast 82 810 150 150
Breast 83 1100 100-500 | 140-700
Bronchial tissue epithelium 75 700 200 170
Esophagus 72 630 70 53
Skin 66 633 187 143
Skin 84 810 370 370
Skin 85 1000 160 127

Table 5.2. Reported scattering coefficients from various tissue types [82, 83, 84,
85].

The results reported here have important implications for computational
tissue modeling of epithelial tissue fluorescence and reflectance, and for optical
probe design for in vivo data and image acquisition. The disparity in scattering
between regions of the epithelium suggest that models which assume

homogeneous scattering may not be well suited for predicting the propagation of
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light through most cervical tissue. Based upon the scattering results, a
homogeneous model might be valid for high grade dysplasia where high density
nuclei are present throughout the epithelium. However, in normal tissue, two
other scenarios appear to be possible. In the first the epithelium consists of two
layers — a superficial and intermediate region containing low density nuclei, atop
a basal layer containing high density nuclei — atop a highly scattering stroma. In
the second, the epithelium consists, of three layers — a superficial, highly
scattering keratinized layer, over an intermediate region of low density nuclei,
with a basal layer of high-density nuclei underneath — atop a highly scattering
stromal layer. The results also have important implications for the penetration of
light into tissue. The presence of the low scattering regions in most biopsies
implies deeper penetration of light into the tissue in most normal epithelial tissue.
Many computational models used to aid in the design of fiber based
probes assume that the epithelium and stroma can be satisfactorily represented
using a homogeneous scattering coefficient. Pfefer [63], Pogue [64] and
Ramanujam [65] have shown that parameters such as the fiber diameter, source-
to-collection fiber separation and probe-to-tissue surface distance all affect the
mean path length and collection efficiency of optical probes and imaging systems.
Pfefer presented an extensive Monte Carlo modeling study to investigate design
parameters of the fiber optic probes. He studied the impact of tissue optical
properties on fluorescence spectra assuming homogeneous optical properties with
scattering coefficients ranging from 70-140 cm™. He found an increase in axial

selectivity with decreasing fiber radius. Pogue demonstrated a fiber optic probe
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where the signal intensity is not significantly affected by the medium’s absorption
and scattering coefficients, but depends only on the properties of the fluorophores.
This design was based on Monte Carlo simulations of a homogeneous medium
with a scattering coefficient of 100 cm™, well above what we find for the
epithelial layer of cervical tissue. Ramanujam presented a concept to locate the
depth of a target layer of precancerous tissue between a normal epithelial layer
and a stromal layer. This method was based on exciting and recording the
fluorescence through apertures of variable diameter. Assuming the same
scattering coefficient for all three layers (100 cm™), she showed that the variable
aperture imaging method could be used to determine the depth dependence of the
fluorescence contrast provided by the precancerous epithelium. Again, these
calculations assume a much larger epithelial scattering coefficient than measured
here. The conclusions of all of these studies may not be applicable to the cervix
and further study of probe design is needed for commonly encountered patterns of
layered scattering.

Finally, the lower scattering values in the superficial and intermediate
epithelium also suggest improved imaging depths for many imaging modalities.
The fundamental limit for reflectance based imaging within tissue is high
scattering. A change in the scattering coefficient from 100 cm™ (the often
assumed value) to 33 cm™ results in an almost two fold increase in imaging depth
for epi-illumination imaging. This is particularly significant for imaging
modalities such as confocal and two-photon microscopy that use longer

wavelengths where scattering of light within tissue is the most significant source
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of signal loss. The presence of the highly scattering superficial layer has a
detrimental impact on image penetration depth. Its occurrence in half of the
biopsies for both normal and precancerous tissue implies that the image
penetration depth is significantly dependent on patient-to-patient variability in

keratin production.
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CHAPTER 6

Comparison of 2D and 3D Near Real Time Confocal Microscopy
for the Detection of Dysplasia

6.1 INTRODUCTION

Due to increased sampling, three dimensional imaging of cervical tissue
has the potential to improve the detection of dysplastic tissue as compared to the
two dimensional results reported in Chapter 4. The possible improvement is
limited by the lower resolution of the third dimension in confocal microscopy;
however it’s ability to measure changes in cell differentiation throughout the
epithelium is likely an important tool. The goal of this study is to evaluate the
diagnostic potential of two and three-dimensional quantitative measurements
extracted from confocal images, relative to standard pathology readings of normal
and dysplastic cervical tissue. A comparison of the 2D and 3D features is
performed to evaluate the benefits, if any, of acquiring the significantly larger
amount of data required for 3D imaging. Both morphometric and architectural
measurements extracted from 2D and 3D images are compared in the analysis.
We find that improved separation between normal and CIN 2/3 biopsies can be
obtained using 3D quantitative features as compared to similar 2D features.
However with the addition of depth and scattering information, the 2D features
are able to separate normal from CIN 2/3 comparably to 3D features based upon

comparable p values.
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6.2 MATERIALS AND METHODS

6.2.1. Patients

Cervical biopsies were acquired from twenty-nine patients at the
Colposcopy Clinic at the University of Texas M.D. Anderson Cancer Center, in
Houston, Texas. These are the same patients noted in the study in Chapter 5 plus
one additional patient. The patients were referred to the 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. Informed consent was obtained from each patient, and the
project 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.

6.2.2. Specimens and Confocal Imaging

The specimens were acquired and imaged in the exact same manner as
described in Chapter 5. Briefly, four uterine cervix biopsies were acquired from
each patient under colposcopic guidance. Two adjacent biopsies were taken from
a colposcopically normal area and two adjacent biopsies were taken from a
colposcopically abnormal area of the cervix.  Colposcopic impression
(normal/abnormal) was recorded for each biopsy. One normal and abnormal
biopsy pair were submitted for routine histologic examination using the
hemotoxylin and eosin (H&E) stain. Sections were examined by an experienced,
board certified gynecologic pathologist (AM). Reflectance confocal images were

obtained from other normal and abnormal pair within 4 hours of excision.
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Image frames were acquired at increasing epithelial depth in 1.5 pm
intervals up to the 250 pum working distance of the microscope. Then, a 6%
solution of acetic acid was added to each sample, and the image sequence was
repeated. Images were digitized using a video frame grabber card and displayed
at 6.5 frames per second on a computer monitor. Individual bitmap image files
were saved from the frame grabber’s video buffer. Uncompressed video files
were also acquired from the video buffer as each sample was moved toward the
objective in order to acquire images at a depth spacing of 1.5 um. The image
depth was adjusted by moving the sample stage using a stepper motor; the
translation rate was sufficiently slow as to avoid motion artifact and image

distortion.
6.2.3. Qualitative Image Review

The confocal images were compared to the corresponding H&E stained
images from the adjacent biopsies in order to compare the morphology visible in
the confocal and histologic images. The results of this comparison are presented
in Chapter 5. The 2D and 3D confocal images were reviewed by individuals
untrained in the diagnosis of dysplasia to determine the diagnostic potential of
visual image review. After a brief training showing sample 2D and 3D images of
normal and dysplastic confocal images of cervical tissue, each individual
reviewed the sets of images from each sample and was asked to provide a
diagnosis of normal or precancer based on this review. One set of images
included the 3D image stacks taken from each biopsy compiled into a video with
the focus moving from the top of the epithelium toward the basement membrane.

The other set of images was composed of single 2D images taken from the same
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set of biopsies with the focus of the microscope at 50 um below the tissue surface.
Each set was reviewed separately, and the order of the biopsies in each set was
randomized. The sensitivity and specificity compared to standard histopathology
was calculated for each individual reviewer; these values were compared for the
2D and 3D image sets. A comparison was also made between those individuals
who have had previous experience viewing images with the confocal system and

those with no previous experience.

6.2.4. Image Processing

Images from each biopsy were processed to segment the cell nuclei at each
image depth. The segmentation algorithm described in Chapter 5 was used to
aide in the segmentation. One additional level of nuclear size filtering was used
to improve the segmentation as judged by a qualitative comparison between the
segmented images and the originals. This filter removed segmented nuclei which
were larger or smaller than the mean nuclear size +/- v times the standard
deviation at that image depth, where v is a parameter varied to improve the
segmentation. The value of v was varied between 1 and 2 to remove false
positives as judge by a qualitative review. As a final step, minor corrections in
the segmentation were performed by hand at each image depth to remove false
positive nuclei based on visual analysis of images as the gold standard. No
correction of the nuclear shape was performed. It is important to note that the
effect of the minor corrections on nuclear thickness in the axial dimension is
likely limited by the confocal axial resolution as is also likely the case with the
automated segmentation. After segmentation, 2D images taken at 50 microns

below the tissue surface and the entire 3D image sets were processed to extract
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several morphological and architectural features. To narrow the number of
features to include in the study, only features, which had previously been shown
to aid in distinguishing between normal and dysplastic tissue, were included [86,
27, 87]. The mean and standard deviation of the following morphological
features were extracted: nuclear area (from 2D images), nuclear volume (from 3D
image stacks), maximum nuclear diameter and nuclear elongation. For the 3D
features the mean and standard deviation was calculated over the entire volume.
Cells at the basement membrane and immediately above were not included in the
feature measurements.

The mean and standard deviation of the following architectural features
were extracted: cell density, area disorder, volume disorder, mean distance
between each cell and its neighbors (mean separation) and the minimum distance
between each cell and its nearest neighbor (minimum separation). The
architectural analysis of the images was based upon the calculated Euclidian
centroids of all detected nuclei from the segmentation algorithm.  The
neighborhood of each cell was determined by tessellation of the nuclear centroids
using the algorithms in Matlab, version 6.1. All cells with common boundaries
were considered neighbors.

The morphologic and architectural features extracted from biopsies
diagnosed as histologically normal and CIN 2/3 were compared. A Student’s t-
test was used to test the hypothesis that the mean values of these parameters were
different between normal and CIN 2/3. Combinations of morphologic features,
architectural features and scattering coefficients (reported in Chapter 5) were
analyzed to determine the diagnostic potential for discriminating CIN 2/3 from

normal tissue.
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6.3 RESULTS AND DISCUSSION

Fifty-eight biopsies were obtained from 29 patients participating in the
study. Imaging and successful segmentation were performed on 9 biopsies; 5 of
these were diagnosed as squamous normal tissue and 4 were diagnosed as CIN 2
or CIN 2/3 (cervical intraepithelial neoplasia 2 or 3). Tissue processing of 27
biopsies was not successful due to the small size or fragile nature of the biopsies.
Images were not available from 2 biopsies. Due to poor nuclear contrast,
segmentation was not successful on 16 biopsies. Lastly, 3 biopsies were excluded
due to a diagnosis of focal dysplasia and one with a diagnosis of koilocytosis. For
the biopsies with focal dysplasia, no meaningful correlation could be expected
from these biopsies since the volume of dysplasia is significantly smaller than the

volume imaged from each biopsy.

6.3.1 Morphologic features

Figures 6.1 through 6.6 show the mean values of each feature over the five
normal and five CIN 2/3 biopsies. Each figure shows the 2D and corresponding
3D features side by side. Average values are shown +/- one standard deviation
over the various biopsies and the p values from the t-tests are also indicated.
Figures 6.1 and 6.2 show the mean values for the morphologic features. In all
cases, separation of normal and CIN 2/3 biopsies is greater using the 3D features.
Figure 6.1 shows the mean nuclear area (extracted from the 2D images) and the
mean nuclear volume (extracted from the 3D images). The 3D volume feature
shows greater separation, but neither feature produces a significant difference.
Figure 6.2a shows the mean maximum nuclear diameter. Neither the 2D nor 3D

features produce a significant separation between the normal and CIN 2/3
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biopsies. One notable feature of the plot is the marked reduction in the standard
deviation of the 3D feature from the normal biopsies. Figure 6.2b plots this
standard deviation as a separate feature. In this case the separation in the 3D
feature is quite significant, and is the most successful single feature I measured
for separating the normal from CIN 2/3 biopsies, p=0.003. Of the morphologic
features, the nuclear elongation feature (data not shown) produced the smallest

separation between the normal and CIN 2/3 biopsies
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Figure 6.1. Comparison of the mean 2D and 3D nuclear size feature.
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Figure 6.2. Comparison of the mean 2D and 3D values for two morphologic
features: a) the maximum nuclear diameter and b) the standard deviation of the
maximum nuclear diameter.
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6.3.2 Architectural features

Figures 6.3-6.5 display the means and standard deviations of the
architectural features. Again, in all cases except one, the 3D features perform
better than the 2D features due to a smaller relative standard deviation in the 3D
features. Figure 6.3 shows the difference in the mean cell separation features.
The mean cell separation is greater in normal tissue than in CIN 2/3 biopsies in all
cases. The standard deviation of this parameter was greatly reduced in the 3D
analysis compared to the 2D analysis. This is partially due to a natural scaling of
the standard deviation with the mean. However the large variation associated
with the 2D cell separation is also partially due to the fact that all the 2D images
are taken 50 um below the surface, but the distance to the basement membrane
varies between these normal biopsies. To account for this variation, I scaled the
cell separations by dividing the mean cell separation by the ratio of the 50 um
acquisition depth to the total epithelial thickness. The epithelial thickness was
measured by subtracting the image depth at which the tissue surface and basement
membrane were encountered. For biopsies where the basement membrane could
not be visualized, the thickness was measured from the images of the transverse
tissue slices used in the study in Chapter 5. With this scaling, the standard
deviation of the cell separation in normal biopsies is substantially reduced. This
scaled separation data is presented in Figure 6.3 as the 2D + Depth feature. This
reduction in the standard deviation improves the statistical significance for this
2D feature, with the p-value decreasing from 0.035 to 0.004. The p-value for the

scaled 2D parameter is also less than that for the 3D version of this feature.
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Figure 6.3. Comparison of the mean 2D, 3D and 2D + depth cell separation
features.

Figure 6.4a shows the average values of the minimum cell separation
feature extracted from the 2D, 2D + Depth and 3D images. The mean value of the
minimum cell separation is greater in the normal images than in the images of
samples with CIN 2/3. Again, the standard deviation associated with this
parameter is substantially higher when extracted from 2D images than from 3D
images, resulting in a reduction of the p-value from 0.039 in 2D to 0.012 in 3D.
Figure 6.4b shows the standard deviation of the minimum cell separation as a
separate feature. In this case, the 2D data show improved separation between
the normal and CIN 2/3 biopsies. The 2D feature classification can again be

improved by considering the ratio of the depth at which the image was acquired to
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the epithelial thickness. The 2D + Depth again produces a greater separation

than the 2D or 3D feature in both cases.
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Figure 6.4 Comparison of the mean 2D and 3D values for two architectural
features: a) the minimum cell separation and b). the standard deviation of the
minimum cell separation.
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Figure 6.5 shows the mean values for the cell density feature, the number
of nuclei per unit area (2D) or per unit volume (3D). The mean density is
increased in precancerous tissue, both in 2D and 3D. The 3D feature show
statistically significant differences between normal and CIN II/III biopsies (p =

.04) compared to the 2D features (p = 0.09).

Nuclear Density
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Figure 6.5. Comparison of the 2D and 3D nuclear density feature.
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6.3.3 Feature Combinations

The combination of morphologic and architectural features produced
improvements in separation between normal and CIN 2/3 samples, particularly in
the 2D features. As expected, the best results were combinations which included
the best performing morphologic feature (maximum nuclear diameter standard
deviation) and the best performing architectural features (minimum and mean cell
separation). Figure 6.6a shows the ratio of the mean cell separation to the
maximum nuclear diameter standard deviation. The combination of greater cell
separation and uniform nuclear size increase the feature values in the normal
images as compared to the CIN 2/3. In this feature combination the 2D and 3D
features produce a significant separation with improved performance in the 3D
feature. Figure 6.6b shows the mean nuclear-to-cytoplasmic ratios over the
normal and CIN II/III biopsies. The relatively smaller mean in the 3D parameter
is due to a flattening of the nuclei in the depth dimension as is commonly seen in
transverse sections of H&E stained slides. In this case only the 3D feature

produces a significant separation between the normal and CIN 2/3 biopsies.
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A. Ratio of Minimum Cell Separation to the Maximum
Nuclear Diameter St. Dev.
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Figure 6.6 Comparison of the mean 2D and 3D values for two combination
features: a) the ratio of minimum cell separation to maximum nuclear diameter
standard deviation and b). the N/C ratio.
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When the extracted scattering coefficient is combined with the
morphologic and architectural features, a significant improvement is noted in the
performance of the 2D features. Figure 6.7 shows the ratio of mean cell
separation to the maximum nuclear diameter standard deviation for the 2D images
and the same feature divided by the scattering coefficient. The scattering
coefficient alone is also shown. The addition of the scattering coefficient reduces
the p-value as compared to the 2D and scattering feature considered separately.
The improved separation are similar to that produced by adding the epithelial

thickness information.
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Figure 6.7. Comparison of the mean 2D and 2D + Scattering values for the ratio
of mean cell separation to the maximum nuclear diameter standard deviation.
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Figure 6.8 compares the statistical significance (1 — p-value) of the
differences in the mean morphological features, architectural features, scattering
feature and feature combinations for normal and CIN 2/3 samples. Only the
features with p-values less than 0.1 are shown. The smallest p-values are
obtained when the maximum nuclear diameter standard deviation and cell
separation features are used in combination. The combinations using cell
separation and nuclear size also performed well with the addition of the scattering
information. In all cased where the 2D features are combined with the depth or
scattering information, the performance is equal to or greater than the comparable
3D feature. The 2D + Scattering is much more robust than the 2D + Depth for
improving the performance of all 2D features. Combinations of scattering
coefficient and tissue depth with 3D features are not shown since little

improvement is made.
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Figure 6.8. Comparison of (1-p) values for various combinations of features.
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Sensitivity and Specificity
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Figure 6.9 Sensitivity and specificity for the diagnoses made by the untrained
reviewers. The open squares give the sensitivity and specificity for each reviewer
for the 2D images. The open diamonds give the same values for the 3D videos.
The red symbols show the sensitivity and specificity for the reviewers with
previous confocal imaging experience.

6.3.4 Sensitivity and Specificity

Figure 6.9 shows the sensitivity and specificity values for each of the
reviewers for the 2D and 3D confocal image sets. Overall the results indicate no
significant improvement using the 3D videos as compared to the 2D images. The

average sensitivity and specificity are 71% and 71%, respectively. Improvement
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is significant for those with previous experience viewing confocal images,
sensitivity and specificity of 88% and 85% respectively

A comparison of the qualitative and quantitative review was performed.
Figures 6.10 shows scatter plots of the N/C ratio features used in separating the
normal and CIN 2/3 biopsies. The feature is shown for 2D and 2D + Scattering.
The data acquired in Chapter 4 was used as a training set with the 2D threshold
value (N/C = 0.8) used to separated between normal and CIN 2/3. Another 2D +
Scattering threshold was generated using the data in Chapter 4 and the scattering
coefficients reported in [78] from the same data set (N/C * Scattering Coefficient
= 5.7). Figure 6.11 shows the sensitivity and specificity achieved using these
threshold values.  For the 2D + scattering N/C ratio, perfect separation was
achieved. For comparison the sensitivity and specificity of the untrained reviewer
with previous confocal image experience are also shown. No 3D or 2D + Depth
features are shown since the training set did not provide the information for

generating an independent threshold.
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Figure 6.10. Scatter plots of the 2D and 2D + Scattering features for each biopsy
with the threshold value noted (gray line).
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Figure 6.11. Sensitivity and specificity for the N/C ratio extracted from the 2D
images (red triangle) and 2D + scattering N/C ratio. The blue symbols show the
sensitivity and specificity of the untrained reviewers with previous experience
viewing images with the confocal system. The open blue squares give the
sensitivity and specificity for each reviewer for the 2D images. The open blue
diamonds give the same values for the 3D videos.
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6.4 CONCLUSION

The quantitative 3D feature extracted from confocal image stacks show
improved separation between normal and CIN 2/3 biopsies compared to the
quantitative features captured from single 2D images obtained 50 microns beneath
the epithelial surface. However, when 2D image features are compared with one
additional piece of information about the epithelium (either the epithelial
thickness or the epithelial scattering coefficient), then the 2D features produce
separation comparable to the 3D morphology and architecture. The combination
of the scattering coefficient and 2D N/C ratio was shown to discriminate between
normal and CIN 2/3 with a sensitivity and specificity of 100%. This is an
improvement over the 2D N/C ratio alone as reported here and Chapter 4 and
trends toward the separation produced by the 3D features. A larger study is
suggested to make a valid comparison between the diagnostic ability of the 2D +
features and 3D features.

The advantage of the 2D+ approach is that much less image data is
required (the 3D data sets require 100-300 times additional storage space) and
much less computational effort is required. The use of the scattering coefficient is
particularly important since this value can be easily estimated using depth
dependent confocal images as described in Chapter 5, without requiring images
throughout the entire epithelial thickness. The present system can routinely
acquire images throughout the entire epithelial thickness in normal cervical tissue;
however, images could be acquired from the entire epithelial thickness in only 3
out of 4 of the CIN 2/3 biopsies because of the increased scattering. The success
of the 2D+ depth and 2D + scattering features has important implications for

using this precancer detection method in the clinic. Acquisition of the epithelial
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thickness or scattering coefficient would require less time than 3D image sets and
little additional effort would be required to gain the added information over 2D
images alone. The result is improved patient care over 2D images alone at no

additional costs and reduced costs compared to the use of 3D image sets.
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