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ABSTRACT

Reflectance and Fluorescence Confocal Microscope for Imaging of the Mouse Colon.
(December 2010)
Meagan Alyssa Saldua, B.S., Angelo State University

Chair of Advisory Committee: Dr. Kristen Carlson Maitland

Many Americans are afflicted with inflammation of the colon. They are also at a
higher risk of developing colon cancer. Confocal microscopy of bulk epithelial tissue has
the potential to provide information on tissue structural properties that may be lost in the
fixation and slicing procedures required for histopathology. Optical sectioning provides
images in three dimensions capturing the organizational structure of cells and colon
crypts throughout the entire colon. I have constructed a custom built fluorescence and
reflectance confocal microscope for imaging molecular and morphological changes
associated with development of inflammation in a mouse model.

A confocal microscope is a point scanning system that removes out of focus
light by placing a pinhole aperture in the conjugate image plane located in front of the
detector. We have two sources, 488 nm and 811 nm, for fluorescence and reflectance
imaging, respectively. A polygon scanning mirror and a galvanometer scanning mirror
allow for a variable scan rate between 8 and 15 fps. The lateral resolution of the system
is approximately 3 pm with an axial resolution of 6 um and 4 pm for reflectance and

fluorescence mode, respectively.
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As colon tissue becomes inflamed, there is a distinct change in the structure and
architecture of the tissue. The colon crypts are no longer uniform in size or distribution
throughout the tissue. Having a large field of view of 1mm® allows for many colon
crypts to be visualized within a single frame. Histology was performed on the same
tissue imaged for the inflammatory study confirming the constructed confocal
microscope’s ability to characterize inflamed tissue and the potential use for guided
biopsy.

Mosaicing, or image tiling, is an imaging technique that stitches single frames
together to produce a much larger field of view. An extended frame with 1 mm x 2 cm
field of view is achieved within seconds. This extended frame would allow mosaicing of
the entire mouse colon much faster than conventional methods without loss of
resolution.

The acquired confocal images of colon tissue demonstrate the microscope’s
ability to resolve cell nuclei lining the colon crypts within a relatively large field of

view.
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1. INTRODUCTION

1.1 Motivation

Those experiencing ulcerative colitis or Crohn’s disease have an increased risk
for developing colorectal cancer; therefore, there is an assumption that chronic
inflammation causes cancer [1]. Ulcerative colitis is reported as inflammation in the
colon that is restricted to the mucosa or innermost layer [2]. Crohn’s disease includes the
small intestine, colon, and other surrounding organs [3]. Currently, it is recommended
that patients experiencing high risk of developing colon cancer are voluntarily subjected
to colonoscopy evaluations. In many cases, this results in the need for multiple biopsies
and in severe cases, surgery. Targeting an ideal location to biopsy during a colonoscopy
can be difficult due to the small field of view and poor resolution. A random biopsy may
not necessarily represent the condition of the whole colon if collagenous colitis is
present [4]. Confocal microscopy can perform an optical biopsy in vivo. This means that
the tissue does not have to be removed from the body, fixed, or sliced. Instead, a virtual
histology-type image is visualized almost instantaneously on a computer monitor. This
form of imaging shows potential of being used as an instrument for guided biopsy in a
clinical setting [5].

It is possible to model human colitis in healthy rodents by treating them with
dextran sulfate sodium in their drinking water [6]. The longer the disease duration, the
increased rate of neoplasia exhibited. When used in conjunction with azoxymethane, the

mice can develop colon cancer [7]. Using confocal microscopy as an optical biopsy tool,

This thesis follows the style of Biomedical Optics Express.



there is an opportunity to image bulk tissue with higher resolution compared to
traditional microscopy. There is also a potential to aid pathologists to a quicker diagnosis
of the state of the tissue while viewing confocal images on a monitor in near-real time.
1.2 Research Goals

The images from a bench top confocal microscope to a portable fiber-based
system exhibit some differences in resolution and penetration depth [8]. A non-fiber
based system can have better resolution, larger field of view, and deeper imaging depth
within excised tissue than a fiber-based system.

The objective of this research is to evaluate the ability of a dual-mode confocal
microscope to characterize structural and molecular changes in mouse colon tissue as
inflammation and cancer develop. The first specific aim of this work is to design and
build a dual-mode reflectance and fluorescence confocal microscope based on specific
design requirements for imaging bulk colon tissue. The second specific aim is to image
colon tissue of healthy mice and mice with induced inflammatory bowel disease. The
acquired confocal images will be compared to corresponding histology images.

1.3 Thesis Overview

In my thesis, I will present the design requirements for the reflectance and
fluorescence confocal microscope tailored to a mouse colon application. I will then show
the evaluation of my system’s performance such as resolution, field of view, and some
preliminary data acquired from normal mouse colon tissue imaged in fluorescence mode.
Next, I will present confocal images taken of normal and inflamed mouse tissue in both

reflectance and fluorescence mode along with corresponding histology images. Moving



the sample on the stage in a single axis in conjunction with the polygon mirror provides
confocal images with an extended field of view without loss of resolution. Lastly, I will
summarize the results of my work and provide a conclusion with goals for the

continuation of this project for my dissertation.



2. BACKGROUND

2.1 Inflammation and Colorectal Cancer

An estimated 2 million Americans are afflicted with bowel inflammation, a
recurring condition that is not fully understood. Although studies have shown a direct
relationship between inflammation and colon cancer, early cancer detection remains a
challenge. One in 19 Americans are at risk of developing colon cancer in their lifetime
[9]. After 7 years of inflammation, the risk of developing colon cancer increases by 0.5-
1% every year [3]. Patients experiencing inflammatory bowel disease often report
symptoms such as abdominal pain, diarrhea, rectal bleeding, weight loss, fever, and
fatigue [10].

Normal colon tissue is very structured, exhibiting a hexagonal pattern. Colon
crypts have a uniform distribution and are covered by a homogenous layer of epithelial
cells. As new tissue generates and tumors develop, the crypts appear star shaped and the
vessels begin to leak causing the structured architecture to become distorted and
irregular with a loss of crypts and epithelial cells [11]. The localization of dysplasia or
cancer is noted to be 20% at the proximal end of the colon, 44% in the middle, and 36%

at the distal end [1], therefore affecting the entire colon.



Colon cancer typically begins as a benign polyp in the colon. At stage 0, the
tumor is typically removed during a routine colonoscopy evaluation as it has not yet
invaded surrounding tissue [9]. In stage 1, the tumor is no longer just at the surface and
has now invaded more tissue layers within the colon. As the cancer progresses to stage 2,
nearby tissue is now affected and radiation therapy may be recommended for the patient.
Stages 3 and 4 are more advanced. First, the cancer spreads to the lymph nodes and
chemotherapy treatments are recommended. At stage 4, the cancer has spread to
surrounding organs within the body and sometimes parts of organs must be removed.

Histopathology is the most common technique used to evaluate and diagnose
colon tissue after completion of a biopsy during a colonoscopy [12]. Histology provides
images of cellular and tissue structure after a biopsy of the colon is performed during a
colonoscopy. The tissue must be fixed, sliced, and stained before it is evaluated by the
pathologist. This is a time intensive process causing patient discomfort. Artifacts can be
introduced during tissue preparation causing a misrepresentation of the tissue. Figure 1
shows an en face histology image of normal colon tissue. Colonic features such as colon

crypts vary from 75 — 150 pm [13].
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Fig. 1. En face histology image of normal colon tissue noting architecture of colon
tissue [ 13]. The tissue is stained with hematoxylin and eosin to provide contrast.
Hematoxylin stains the nuclei blue and eosin stains the surrounding cytoplasm pink.

Some studies have been performed comparing histology images to confocal
images as a means to determine how useful confocal microscopy will be as a guided
biopsy tool [14]. In Figure 2, the images in the left column are histology images and in
the right column, confocal images. The top row is normal tissue, and the bottom row is
inflamed tissue. In the histology image of normal tissue, the crypts appear uniform in
size and distribution. In the inflamed tissue, the crypts vary in size and exhibit distortion.
The corresponding confocal images correlate well with the histology images indicating
that confocal microscopy has the potential to aid in tissue diagnosis. The images are 500

pum square, acquired at 1.4 fps. The maximum penetration depth achieved during

imaging was 250 pm with an axial resolution of 10 microns.



Fig. 2. Histology and fluorescence confocal images comparing normal and
inflamed colon tissue to corresponding histology images [14]. In the confocal images,
the normal and inflamed tissues are stained with 200 pg of fluorescein.

As normal tissue becomes inflamed, I expect to see a change in the architecture
and structure of the colon crypts. The colon crypts will not be uniform in size or
distribution throughout the tissue. As precancerous tissue develops, I predict there will
be abnormal cell growth and a production of nuclei throughout the colon tissue. This will
be indicative in confocal images by the bright clumping of nuclei causing the nuclear to
cytoplasmic ratio to increase. Once the tissue is cancerous, a total loss in architecture
should be exhibited including loss of epithelial cells and colon crypts as the cancer

spreads to surrounding tissue and organs in the body.



2.2 Confocal Microscopy

Confocal microscopy can image bulk tissue in three dimensions with higher
levels of resolution and contrast [15] than widefield microscopy. In contrast to the
physical sectioning and two dimensional imaging of traditional histology, confocal
imaging allows optical sectioning of bulk tissue, enabling acquisition of three
dimensional images of intact tissue.

Confocal microscopy uses a point source illumination that is focused onto a
sample and a point detector for collection of signal. Figure 3 shows a simple schematic

of confocal microscopy [16].

-, !
- ~ !
Beam = v [
splitter ~ |
~
== ~. |1
~J
i o N
Source NN : A
T . - |
u = fd
I |
= Focal |
1L -2 A . plane I
) -
,’ \ Lens
—t

Detector

Fig. 3. Simple confocal schematic showing the light path of a confocal microscope [16].

In Figure 3, a point source is used as the illumination source. If imaging in
reflectance mode, the light passes through a beam splitter since the entire signal coming
from the focal plane within the sample is collected. If imaging in fluorescence mode, the
beam splitter is replaced with a dichroic mirror so only the fluorescence signal is

detected, not the illumination source. The light is focused to a plane within the sample



and the reflectance or fluorescence signal is collected by the same lens and reflects off of
the beam splitter of dichroic mirror.

High-resolution confocal reflectance and fluorescence images of tissue are
collected by placing a pinhole in front of the detector to reject light coming from out of
focus planes within the sample. In order to create a two dimensional image, the point
source is scanned across the sample using a scanning technique. The sample is never
completely illuminated at one time, only a single point. This allows images to be seen in
near real-time. Moving the sample in the third axial dimension builds a three-
dimensional tomographic image. Constructed benchtop confocal microscopes report
image depths up to 250 um in reflectance mode, allow imaging of epithelial tissue that
lines the cavities of organs in the body. A field of view (FOV) of 300 x 300 um has been
achieved [15, 17]. A larger field of view is typically achieved by stitching images
together using a confocal mosaicing post-processing technique [18] in an image
processing software such as Matlab. The Leica TCS SP2 AOBS commercial confocal
microscope is reported as capable of achieving a FOV of 750 x 750 um and a maximum
imaging depth of 420 um [15]. Modified commercial systems are reported to have a 430
pum FOV [19]. The in vivo confocal scanning laser microscope from Milind
Rajadhyaksha’s lab has reported a maximum penetration depth of 450 pum in oral
mucosa [20] and was designed to have a FOV of 250 x 250 um when using a 40x 0.6
NA dry objective lens from Olympus [21]. This system has been modified to
additionally perform multiphoton imaging. Imaging the full epithelial layer is important

because if precancer is detected in an early stage, the chance of developing cancer can be
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greatly reduced. One of the tradeoffs for having better resolution is typically a smaller
field of view. By custom designing a benchtop confocal microscope with a large field of
view, more information about the interrogated tissue is acquired at a much faster speed
without the need for post-processing techniques such as mosaicing.

The resolution of a confocal microscope indicates the microscope’s capability to
separate two closely spaced points. The point spread function (PSF) of a system
characterizes a system’s response to a point source of light. When light is focused to a
point, an Airy pattern is formed by diffraction as light passes through the circular
aperture of the lens. The lateral resolution, using the PSF in the lateral plane, is defined

as the radius of the first dark ring around the Airy Disk and is given by Eq. (1) [22],

Cairy = S (1)
NAobj
where A represents the wavelength of the illumination source and NAy; is the numerical
aperture of the microscope objective. Lateral resolution of a confocal microscope is
improved by decreasing the size of the pinhole, but there is a tradeoff when choosing the
optimal pinhole size. A smaller pinhole will provide better resolution, but decrease the
amount of signal detected. A larger pinhole sacrifices resolution in order to detect more
signal.
The axial resolution is defined as the full width half maximum of the PSF in the
axial plane and is given by Eq. (2) [23],

14-A-n

Zaxia = 2
aF >
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where n represents the index of refraction of the object medium used.

A study was performed to determine the optimal pinhole size without having to
sacrifice signal or resolution [16]. This method is applicable to many optical imaging
systems by converting the axial resolution equation and pinhole radius to dimensionless
optical units. The optimal pinhole size can be determined based on the wavelength of
light and numerical aperture of the objective used. Eq. (3) represents the normalized
pinhole radius, v, as a function of the pinhole radius, r,, wavelength, A, and the

numerical aperture of the objective, NA ;.

27
Vo = T(N'A\ij)rp (3)

Eq. (4) represents the normalized axial position as a function of the axial position, z, and

the quarter angle of the NA instead of the half angle.

87| . («a ?
u —T[nsm[gﬂ z 4)

Figure 4 demonstrates the half-width of the image, v, as a function of the normalized

detector pinhole radius, vp,.
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Fig. 4. Half-width, vy, as a function of detector pinhole size, v, [16].

This plot represents the lateral resolution of a system. For large v, the lateral

resolution is comparable to traditional microscopy. As v, is decreased below a value of

4, lateral resolution (vy,) is improved. For v,=0, no signal is permitted to the detector.

Fig. 5. Half-width, u,, as a function of detector pinhole size, v, [16].
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Figure 5 represents the axial resolution of an imaging system. For v, less than
2.5, the half-width is fairly constant; therefore a larger pinhole up to v, = 2.5 will allow
more signal to reach the detector without sacrificing resolution. Ideally, a pinhole size,
Vp, of less than or equal to 2.5 is chosen.
2.3 Imaging Colon Tissues with Confocal Microscopy

2.3.1 Reflectance Confocal Microscopy

After applying 6% acetic acid, a process known as aceto-whitening of tissue, the
nuclei appear much brighter in reflectance confocal imaging than autofluorescence
imaging, and this method provides enough contrast for a quantitative study of features
within epithelial tissue [24]. Studies have shown that reflectance confocal microscopy is
capable of differentiating normal and dysplastic cervical tissue ex vivo [25]. A
quantitative review was performed by determining the nuclear to cytoplasmic ratio and a
qualitative study done using untrained observers to diagnosis the biopsies. Reflectance
confocal microscopy reveals morphology of tissue and can image architectural
differences between normal and inflamed mouse colon tissue [14]. In normal colonic
mucosa, the cell membrane is highly reflective, while the goblet cells lining the inside of
the colon crypts are not reflective causing the colon crypts to appear as black holes [26].

2.3.2  Fluorescence Confocal Microscopy

Fluorescence confocal microscopy reveals morphological changes in colonic
tissue by utilizing fluorescent stains. Acridine orange (AQO) is a nucleic stain that is

excited at 488 nm and emits at 530 nm. Studies have shown that this fluorophore
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sufficiently stains the nuclei surrounding colon crypts [27]. Colon crypts appear as
black holes in confocal images. In normal rat colon tissue, epithelial cells surrounding
colon crypts are clearly resolved, but after 3 days of DSS treatment, morphological
changes in the colon crypts are seen. The crypts exhibit a wider spacing and there is
epithelial cell loss at the surface of the tissue. After 5 days of DSS treatment, there is a
loss in fluorescent signal as the number of epithelial cells at the surface is further
reduced. At day 7 of treatment, crypt distortion is noted along with the loss of colon
crypts in some areas. Additionally, fluorescence confocal microscopy has the potential to
image biochemical changes in the tissue using endogenous fluorophores such as
collagen, elastin, flavin adenine dinucleotide (FAD) and nicotinamide adenine

dinucleotide (NADH) [28-29].
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3. DESIGN, CONSTRUCTION, AND CHARACTERIZATION OF THE DUAL-

MODE CONFOCAL MICROSCOPE

3.1 Design Requirements
I have designed and constructed a bench top combined fluorescence and
reflectance confocal microscope to compare the imaging capability of these two
techniques to detect changes in tissue architecture and cellular structure of colon tissue.
The design requirements were chosen based on the application of the microscope

and are listed in Table 1 below.

Table 1 Confocal microscope design requirements

Parameter

Reflectance

Fluorescence

[Ilumination Wavelength

Lateral Resolution
Axial Resolution
Field of View
Penetration Depth

Acquisition Rate

800 — 850 nm
<1 um
<3 pum
>250x 250 pm
>300 um

5 —30 fps, variable

350 - 600 nm
<1 um
<2 um
> 250 x 250 pm
>150 um

5 — 30 fps, variable
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The illumination wavelengths were chosen based on tissue optical properties and
the types of fluorescent stains chosen for imaging. For confocal fluorescence imaging,
an illumination wavelength of 488 nm was chosen for use with Acridine Orange (AO).
Acridine Orange is excited at 488 nm and emits fluorescent signal at 530 nm. For
confocal reflectance imaging, an illumination wavelength of 811 nm was chosen to
reveal morphological features of the tissue. This near-infrared (NIR) wavelength is
common for reflectance imaging because the light will penetrate deeper into the tissue
and there is less absorption and scattering than visible wavelengths. If a longer
illumination wavelength was chosen in the NIR range, the light may be able to travel
further within the tissue, but resolution is sacrificed.

The lateral and axial resolutions were selected so that nuclei may be resolved and
thin optical sectioning is achieved in the axial plane. It is desirable to image at least
several colon crypts within a single frame; therefore, a field of view greater than 250 x
250 pm is ideal. The imaging penetration depth will vary depending on the light source
used and the type of sample imaged.

Acquisition of images in near-real time and near video rate will allow the
operator to view and scan the sample almost instantaneously on a computer monitor.

3.2 System Design

Figure 6 depicts a schematic of the constructed confocal microscope.
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Fig. 6. Reflectance and fluorescence confocal microscope schematic showing the light
path for the 811 nm and 488 nm illumination sources.

The bench top system currently has two illumination lasers: a 40 mW, 488 nm
(PC14717, Newport, Santa Clara, CA) diode-pumped solid-state (DPSS) laser for
fluorescence imaging and a 120 mW, 811 nm (DL808-120-0O, CrystaLaser, Reno, NV)
DPSS laser for reflectance imaging. They are continuous wave lasers that pass through
variable absorptive neutral density filters to control the amount of power incident on the
sample imaged. Then they pass through spatial filters to remove any high spatial
frequencies and expand the beams. The 488 nm source reflects off of a dichroic mirror
(z488rdc, Chroma Technology Corporation, Rockingham, VT) for fluorescence imaging,
and the 811 nm source reflects off of a 50/50 beamsplitter (BSW11, Thorlabs, Newton,
NJ) for reflectance imaging.

A custom-designed polygon scanner (Lincoln Laser, Phoenix, AZ) serves as the

horizontal fast scan or line scan in the x dimension. The mirror has 14 facets, a scan
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angle of 24°, and a maximum speed of 37,500 rotations per minute (RPM).The polygon
scanner provides line scan rates from 2.5 kHz to 8.75 kHz. A Keplerian telescope system
with 75 mm effective focal length (EFL) (49-389, Edmund Optics, Barrington, NJ)
images the illumination source onto the galvanometer scanner (6220HM40B, Cambridge
Technologies, Lexington, MA). The galvanometer scanner is the vertical slow scan or
frame scan in the y dimension and provides a scan rate up to 15 frames per second (fps).
Both scanning mirrors are driven by a data acquisition (DAQ) board (NI PCI-6251,
National Instruments, Austin, TX) controlled by LabVIEW software.

Another Keplerian telescope system with 75 mm and 100 mm EFL (49-389, 49-
390, Edmund Optics, Barrington, NJ) expands the beam to fill the back aperture of the
40x 0.8NA water immersion microscope objective (MRD07420, Nikon) with 3.5 mm
working distance. The beam is focused to a point on the sample. The sample rests on a
XYZ motorized stage with 0.05 micron resolution, 100 mm of travel in any axis, and 7
mm/sec maximum speed (KT-LSM100A, Zaber Technologies Inc, Vancouver, British
Columbia, Canada).

The fluorescence or reflectance signal is collected by the objective and passes
back through the telescope system and is descanned by the scanning mirror combination.
If imaging in reflectance mode the signal will pass through the 50/50 beam splitter and
the dichroic before approaching the detection arm. When imaging in fluorescence mode,
the beam splitter is rotated out of the light path so the fluorescence signal only passes
through the dichroic mirror, reducing loss. A removable emission filter (HHQ495LP,

Chroma Technology Corporation, Rockingham, VT) is placed after the dichroic to
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prevent any unwanted laser light from reaching the detector. The signal is focused onto
the pinhole using a lens with 50 mm EFL (NT49-792, Edmund Optics, Barrington, NJ).
Various pinhole sizes can be used to optimize signal throughput and resolution. Then
another lens with 50 mm EFL (NT49-792, Edmund Optics, Barrington, NJ) refocuses
the signal onto a photomultiplier tube (PMT) detector (H9433-03MOD, Hamamatsu,

Bridgewater, NJ). Figure 7 shows pictures of the constructed benchtop dual-mode

confocal microscope.

Fig. 7. Images of the constructed bench top confocal reflectance and fluorescence
microscope.
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33 Image Formation

To form a 2D image using a point-scanning confocal microscope, the beam must
be scanned in two dimensions using scanning mirrors. The PMT records a voltage signal
from each point which is assigned to a certain intensity value. A framegrabber (NI PCI
1410, National Instruments, Austin, TX) digitizes the voltage signal and a collection of
these points creates a 2D image of the focal plane within the sample so that it may be
displayed on a computer monitor in near-real time.

The framegrabber requires three inputs: the signal from the PMT, a horizontal
synchronization (HSYNC) input, and a vertical synchronization (VSYNC) input. The
HSYNC and VSYNC are synchronization signal that correspond to the polygon and
galvanometer scanning mirror positions. The synchronization signals are currently
generated in LabVIEW using counter signals.

Confocal mosaicing has recently been used to acquire a large field of view image
by capturing individual small field images using scanning mirrors, stepping the sample
using a translation stage to scan a larger area, and post-processing the images to
reconstruct the large field image [30]. With advancing technology, motorized stages are
able to move at faster speeds with high precision and accuracy. A faster way of
acquiring an extended image is to use the motorized stage as the frame scan instead of
the galvanometer scanning mirror. Combining this imaging method with an automated
program to acquire multiple images will help achieve reconstruction of the entire mouse

colon much faster than current methods as well as provide a high resolution confocal



21

image with an extended wide-field of view. Images longer than 2 ¢cm can be acquired,
but are currently limited by our framegrabber.

Spectrally encoded confocal microscopy has the potential to acquire in vivo
confocal images of the esophagus on the order of 16 cm? in approximately 1 minute
[31]. Using a broad bandwidth light source with a spectrometer relinquishes the need for
fast scanning mechanisms like a polygon mirror. Instead, a rotational fiber scanner is
used for scanning. This technique shows promise for transitioning to a fiber-based
method for in vivo confocal imaging of the colon.

3.4  Measured Performance

The theoretical lateral resolution, calculated using Eq. (1), for the 488 nm source
is 0.37 um and 0.6 um for the 811 nm source. Both of these values can be improved or
worsened depending on the size of the pinhole used. The theoretical axial resolution,
calculated using Eq. (2), for the system is 1.42 pm in fluorescence mode and 2.36 pm in
reflectance mode.

Based on the previously mentioned normalized pinhole radius, for v, < 2.5, the
theoretical pinhole radius should be 2.5 pm for the 488 nm source, and 4 um for the 811
nm source. The numerical aperture was calculated for the lens in front of the pinhole
using the beam diameter and the effective focal length of the lens. The numerical
aperture value is 0.078. For my system, based on a 25 um pinhole diameter, the
normalized pinhole radius is 12.6 for the 488 nm source and 7.56 for the 811 nm source.

Lateral resolution was measured by taking an image of a reflective Ronchi

grating with 40 line pairs per mm, as seen in Figure 8, then plotting a line profile across
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the grating edge shown in Figure 9. The distance between the 10% and 90% intensity
values gives the lateral resolution. This method was used to measure the lateral

resolution in fluorescence mode and reflectance mode.

Fig. 8. Ronchi grating with 40 line pairs per mm with 750 x 750 FOV acquired at 8 fps.
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Fig. 9. Line profile across a grating edge showing lateral resolution.

Axial resolution was measured using a reflective silver mirror as the sample and
moving it in and out of the focal plane while measuring and recording intensity values
passing through the pinhole. A program was written in LabVIEW to automate this
process by controlling the motorized stage and recording intensity values from the PMT.
The full width half maximum (FWHM) of Figure 10 gives the axial resolution. This was

done for both the 488 nm and the 811 nm illumination sources for various pinhole sizes.
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Fig. 10. Normalized intensity as a function of axial distance from the focus of the
microscope objective for the 811 nm laser using a 25 micron pinhole. The FWHM is 6
pm.

Table 2 shows a summary of the plotted data for lateral and axial resolution as a

function of wavelength and pinhole diameter.
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Table 2 Measured lateral and axial resolutions

Measured Lateral Resolution [um] Measured Axial Resolution [um]
Pinhole Diameter [um] 488 nm 811 nm 488 nm 811 nm
25 <2 2 4 6
50 <2 3 8 13
100 <4 5 16 19

Acquired image sizes are on the order of Imm x Imm. Field of view is measured
by imaging a Ronchi grating under the same parameters that an image is acquired. Using
Imagel] software, the number of pixels is noted per a 25 micron line pair. This
conversion is used to estimate the FOV for acquired images.

Figure 11 shows an image of a fluorescent 1951 Air Force Target taken at 8 fps
using the 488 nm laser with a 25um pinhole. The galvonometer amplitude was fixed at
2.4 volts and the polygon was running at a frequency of 8333.33 Hz. In this image, 1
pixel is equal to 25 pm.

The smallest feature exhibited on the fluorescent 1951 US Air Force target is

group 7, element 6 with 228 line pairs per mm.
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Fig. 11. Fluorescent 1951 US Air Force Target with 865um x 990 um FOV using a 25
um pinhole. Image was acquired at 8fps.

Figure 12 shows another image of an Air Force Target imaged at 15 fps with the

galvanometer amplitude fixed at 3.4 volts and the polygon running at a frequency of

8333.33 Hz.
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Fig. 12. Fluorescent 1951 US Air Force Target with 400 pm x 900 pum FOV and
acquired at 15 fps using a 50 micron pinhole.

The FOV is variable depending on the amplitude provided to the galvanometer.
A smaller amplitude for the galvanometer provides an image with similar width in the y-

axis as seen in Figure 12. The height is approximately half the size because we are

currently limited to a 8333.33 Hz line scan from the polygon scanning mirror.



28

4. COLON IMAGING

4.1 Mouse Model of Inflammatory Disease

Dextran sodium sulfate (DSS) induces inflammation in mice to model colitis in
humans. When used in conjunction with azoxymethane, the mice can develop colon
cancer [2]. The DSS solution is added to their drinking water.

Confocal microscopy is commonly used in biology to image cells and tissue
slices stained with fluorescent dyes. Imaging bulk colon tissue using confocal
reflectance and fluorescence microscopy may provide a better understanding of changes
in overall tissue structure without adding distortion due to fixation and slicing of tissue.
4.2 Tissue Preparation and Imaging

Figures 13 and 14 show fluorescence confocal images of normal mouse colon
tissue stained with 1 mg/ml AO. These images were taken as preliminary data before
doing a comparative study of normal tissue to acute inflammation. All imaging
parameters were fixed at a line scan of 8333.33 Hz, a galvanometer amplitude of 3.4

volts, and images were acquired at 15 fps.
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Fig. 13. Fluorescence confocal image of normal mouse colon tissue after application of
Img/mL of acridine orange with 200 x 800 microns FOV. Acquired at 15 fps. The crypts
appear uniform in size with bright nuclei surrounding the crypt openings.

Fig. 14. Fluorescence confocal image of normal mouse colon tissue after application of 1
mg/mL of acridine orange with 250 x 425 microns FOV. Acquired at 15 fps. This is an
image near the surface of the mouse colon tissue. Crypt sizes are uniform in size and
surrounded by bright nuclei.

For the inflammation study, four mice were used to evaluate the confocal
microscope’s capability to image normal colon tissue and DSS-induced inflammation.
Two mice were used as controls for fluorescence and reflectance imaging. The other two
mice are expected to exhibit an onset of inflammation after being treated with 2.5% DSS
for five days with a one day recovery period. The mice were approximately 10 weeks

old and were fed a regular chow diet. They were all female C57B1/6.
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As soon as the mouse colon tissue was acquired for imaging, I opened up the
colons by cutting them along a fatty tissue line that travels from the proximal end to the
distal end of the colon. The colons are rinsed in two phosphate buffered solution (PBS)
washes to remove any fecal matter.

For reflectance imaging, one normal and one inflamed mouse colon are soaked in
5% acetic acid for 30 seconds [18, 32] and then rinsed with PBS for one minute before
imaging. For fluorescence imaging, the other two colons are soaked in 1 mg/mL AO for
two minutes and rinsed in PBS for one minute. The colons are placed in petri dishes with
PBS solution and are imaged individually using the confocal microscope. Figures 15-21
were acquired at 15 fps and are approximately 500 um x 925 pm in size. Scale bars in all
images are 100 um.

Normal tissue imaged in fluorescence mode is seen in Figures 15, 16, and 17.

Fig. 15. Fluorescence confocal image of normal mouse colon tissue showing colon
crypts uniform in size and surrounded by bright nuclei. Tissue was stained with
application of 1 mg/mL of acridine orange for 2 minutes.
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Fig. 16. Fluorescence confocal image of normal mouse colon tissue exhibiting evenly
distributed colon crypts. Crypt structures are uniform is size and shape. Tissue was
stained with 1 mg/mL of acridine orange.

Fig. 17. Fluorescence confocal image of normal mouse colon tissue after application of 1
mg/mL of acridine orange. Crypt structures appear uniform in size and similar in shape.

All of the figures showing normal mouse colon tissue imaged using fluorescence
mode exhibit uniform crypt size of 40 - 50 microns and lumen size of 32 microns. The
colon crypts are evenly distributed throughout the tissue. As the tissue becomes inflamed
as in Figures 18 and 19, the colon crypt lumens no longer appear uniform in size. They

are on the order of 17 microns.
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Fig. 18. Fluorescence confocal image of inflamed mouse colon. Tissue was stained with
1 mg/mL of acridine orange. Crypts are not easily identifiable.

100 pum

Fig. 19. Fluorescence confocal image near the surface of inflamed mouse colon tissue
showing enlarged crypt lumen. Tissue was stained with 1 mg/mL of acridine orange.

Figure 20 shows a reflectance confocal image near the surface of normal mouse
colon tissue soaked in 5% acetic acid for 30 seconds. Again, the colon crypts appear

uniform in size and distribution throughout the tissue.
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Fig. 20. Reflectance confocal image of normal mouse colon tissue. Image was taken near
the surface after application of 5% acetic acid for 30 seconds. Crypts are on the order of
40 — 50 microns.

Inflamed tissue imaged in reflectance mode is seen in Figure 21. This image is
also near the surface and the crypts do not appear uniform in size as compared to the

normal tissue.
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Fig. 21. Reflectance confocal image of inflamed mouse colon tissue. Image was acquired
after application of 5% acetic acid for 30 seconds.

By fixing the galvanometer and using the motorized translation stage as the
frame scan, we are able to acquire images approximatelyl mm x 2 c¢cm in 2 seconds at
various depths within the tissue. The acquired images are single frames that do not
require any form of mosaic tiling or post-processing. The confocal resolution is also
maintained throughout the image providing a high-resolution, wide-field extended
image. Figure 22 exhibits extended images of a reflective Ronchi grating (left-middle)
and normal mouse colon tissue (right-middle) acquired near the surface. The magnified

images along the sides indicate that there is not a loss in resolution.
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Fig. 22. Magnified views along the sides show the ability to resolve nuclei and colon
crypts within the extended confocal image. The images are approximately 1 mm by 2 cm
FOV. The left-middle image is an image of a reflective Ronchi grating, 1000 x 29000
pixels. The right-middle image is a fluorescence confocal image of normal mouse colon
tissue, 1500 x 29000 pixels.
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4.3 Comparison to Histology

After the imaging process is completed, the samples are prepared for histology.
The samples are individually rolled from proximal to distal end using a special histology
paper that does not disintegrate in ethanol (EtOH). This technique is known as a Swiss
roll [33]. Performing histology in this manner provides histology information along the
length of the whole colon rather than a section.

The tissue is stored in 70% EtOH overnight at 4° C to dehydrate the tissue. Then
the histology paper is removed the next day and the tissue is rolled again before
returning to 70% EtOH until histology preparation. After dehydration, the tissue is
embedded into a mold which is hardened before sectioning the tissue. The tissue is
stained with hematoxylin and eosin to provide contrast. Hematoxylin stains the nuclei
blue and eosin stains the surrounding cytoplasm pink. All images were taken with a 20x
microscope objective and are approximately 440 pm x 330 pm FOV.

In Figure 23, the colon crypts appear to have uniform spacing throughout the
tissue and are of similar depth. This corresponds well with the acquired fluorescence

confocal image of the normal mouse colon.
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Fig. 23. Transverse histology image of normal mouse colon tissue used for fluorescence
imaging. The colon crypts appear to be uniform in size and evenly spaced throughout the
tissue.

The inflamed tissue shown in Figure 24 appears distorted with a loss of tissue
architecture. Correlating with the previously shown confocal image, the colon crypts do

not appear to be uniform in size at the surface of the tissue.

Fig. 24. Transverse histology image of inflamed mouse colon tissue used for
fluorescence imaging. The colon crypts no longer appear to have a uniform distribution
throughout the tissue. There is a loss of architecture in the colon tissue.
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The normal tissue shown in Figure 25 shows a uniform crypt size and
distribution along the colon as seen in the corresponding reflectance confocal image of

normal mouse colon tissue.

100 pm

Fig. 25. Transverse histology image of normal mouse colon tissue used for reflectance
imaging. The colon crypts appear uniform in size and spacing.

The inflamed tissue seen in Figure 26 does not clearly show the crypt openings at
the surface of the tissue correlating once again correlating with the acquired reflectance

confocal image of the inflamed mouse colon.
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Fig. 26. Transverse histology image of inflamed mouse colon tissue used for reflectance
imaging. There is a distinct loss of structure and architecture in this image. The colon
crypts do not appear uniform in size.



40

5. SUMMARY AND CONCLUSIONS

5.1 Summary

The objective of this research is to evaluate the ability of a dual-mode confocal
microscope to characterize structural and molecular changes in mouse colon tissue as
inflammation and cancer develop. I have completed the first specific aim by designing
and constructing a reflectance and fluorescence confocal microscope for imaging of the
mouse colon. The second specific aim was to image colon tissue of healthy mice and
mice with induced inflammatory bowel disease then compare these images to
corresponding histology images. The confocal images correlate well with the histology
images revealing comparable characteristic features such as colon crypt size and
distribution throughout the tissue.

The system specifications meet the design requirements and in some cases, such
as the field of view, exceed original expectations. The lateral resolution of the system is
3 um for the 488 nm laser source and for the 811 nm laser source. The axial resolution is
4 um for the 488 nm laser source and 6 um for the 811 nm laser source. Field of view is
approximately Imm x Imm with an acquisition of 8fps. When imaging in fluorescence
mode the penetration depth in mouse colon tissue is approximately 150 pm.

This reflectance and fluorescence confocal microscope is capable of resolving
nuclei and colon crypts in normal and inflamed mouse colon tissue. Clear differences are
seen between the two by observing colon crypt size and distribution throughout the

tissue. In normal tissue the colon crypts are uniform in size and distribution along the
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colon. As the tissue becomes inflamed, the colon crypts are no longer uniform in size
and tissue architecture is lost.
5.2 Conclusions

The confocal system we built and will continue to modify has the ability to help
those who are already diagnosed with colon cancer and can also screen people who may
be at risk of developing this disease. An optical biopsy of thick specimens does not
require tissue to be fixed or sliced for imaging and therefore provides a means for a
much faster diagnosis of tissue. A correlation is seen between confocal and histology
images indicating potential for immediate diagnostic evaluation. When performed in
vivo, the number of random biopsies needed would be greatly reduced and be less
stressful on the patient. This instrument shows the capability for imaging inflammation
in the mouse colon and exhibits potential for future use as a diagnostic tool in optical
biopsy.
53 Future Work

Future plans for this system include the addition of another laser source. The
system currently has a single wavelength for fluorescence imaging. I would like to add
another wavelength so I can utilize other exogenous fluorophores like cresyl violet for
colon tissue imaging. The bench top system will also be condensed to a cart so it is
portable throughout departments and labs on campus.

Additionally, I plan to perform mosaicing of the entire mouse colon for a more
complete study of the effects of inflammation. I would like to image chronic

inflammation on my system and compare it to images of acute inflammation that I will
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acquire for this thesis proposal. Acute inflammation is induced over a period of 5 days
with 2.5% DSS treatment. There is a one day recovery before I get the colon tissue for
imaging. Chronic inflammation is more of a long term study that is done over 2 months.
The mice are treated with 2.5% DSS for 4-5 days. They are treated 3 times with a
recovery period between treatments.

In order to characterize image features of normal, inflamed, precancerous, and
cancerous tissue, I plan to develop a method to quantitatively analyze image features
observed in my confocal images of mouse colon tissue. This process may include
developing an algorithm for counting colon crypts observed in the tissue and then
comparing values along different parts of the colon as well as between different
classifications of the state of the tissue.

Finally, the system will be modified to a fiber-based reflectance confocal system
for in vivo imaging. The system will be completely noninvasive, therefore exogenous
stains will not be used and tissue will not have to be excised, so treatment could be
monitored over time. My current system has to be modified to have a flexible
endoscope, utilizing a fiber bundle raster scanned at the proximal tip. The optical fibers
are placed in a conjugate image plane to the focal plane of the confocal microscope. I
will modify the scan lens to couple light into the fibers and design a custom miniature
objective lens. The miniature objective will transmit the illumination from the distal end
of the fiber to the colon tissue, and it will also collect the reflectance signal from within
the tissue and image it back onto the distal end of the fiber bundle [34]. The illumination

source will be coupled into one fiber at a time and will serve as both the point source
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illumination fiber and pinhole collection fiber. The other fibers in the bundle may collect
some of the out of focus light, but a pinhole located in front of the PMT detector will

reject this unwanted signal [35].
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