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Damage to the intestinal epithelium can cause alterations in barrier permeability
and may lead to an inflammatory state. This alteration in permeability may lead to or be a
consequence of several disease states. Confocal endomicroscopy (CE) is an emerging
technology capable of assessing mucosal permeability and structure during endoscopy.
Chapter 2 assesses the alteration in rectal permeability in an ovine model induced by
introduction of the microbicidal agent benzalkonium chloride (BZK). The study utilizes
CE to demonstrate that BZK causes a significant increase in permeability on a 3-point
visual grading scale as assessed by three graders between untreated (1.19 £ 0.53) and
BZK treated (2.55 + 0.75) tissues. Increased permeability may result in increased
susceptibility to infections such as HIV. Chapter 3 expands on the permeability measures
performed in Chapter 2 by introducing a novel quantitative grading technique. This
method utilizes the grey level co-occurrence matrix (GLCM) texture analysis technique
to compute the correlation statistic for each image. ROC analysis produces an ideal cut-
off point for determining an increase in permeability with a resultant sensitivity and
specificity of 95.5%. Quantitative permeability measures expand the applications of CE

permeability assessment and strengthen its use in real time assessment of functional
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permeability in the clinic. Chapter 4 applies this newly developed technique to an ovine
model in which estrogen and progesterone levels are altered. Past studies indicate that
estrogen strengthens tight junctions and reduces permeability of the gut when present.
This study finds that sheep that have been hormonally suppressed with depot
medroxyprogesterone have a high permeability with 50% of sites showing increased
permeability via the GLCM method developed in Chapter 3. Estrous phase normally
cycling sheep have increased permeability in only 12.5% of sites. This study further finds
other differences between hormonal states in the form of inflammation and epithelial
gaps. The combination of quantitative permeability assessment with the structural
information gathered by CE makes it an emerging technique that may expand our ability

to diagnose and treat numerous gastrointestinal diseases during routine endoscopy.
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Chapter 1 Introduction

CONFOCAL ENDOMICROSCOPY

Gastrointestinal mucosal surfaces may be evaluated by a variety of means to
examine characteristics such as structure and function. Detection of alterations in these
characteristics aids in the diagnosis and determination of appropriate treatment for
various diseases. For example, the gold standard for diagnosis of colorectal cancer is
endoscopic evaluation accompanied by tissue biopsy specimens (1). The tissue biopsies
are examined with the assistance of traditional staining such as H&E, or with more
advanced and specific staining techniques such as immunohistochemistry (2). Qualitative
grading is used to evaluate the histologic images. These traditional methods provide
reliable means for assessing and diagnosing gastrointestinal diseases, but are invasive and
do not provide real time diagnosis. In addition, there is a risk of selecting a biopsy site
that does not provide sufficient tissue to provide a diagnosis. This situation necessitates
repeated biopsy and can lengthen the diagnosis process.

Advances in imaging techniques have allowed for the development of optical
biopsies instead of traditional tissue biopsy. Specifically, confocal microscopy of
mucosal surfaces can provide real time images without the need for biopsy and
subsequent lab analysis (3, 4). This process can be used in place of tissue biopsy or to
help guide site selection to allow for a biopsy to be taken from areas of highest suspicion
for pathology. Additionally, the confocal microscope is able to scan below the surface to
view structures at depths of up to 70 microns (5, 6). Confocal microscopy relies on the

use of a pinhole to eliminate out-of-focus light when imaging, allowing for optical



sectioning and reconstruction of images. The confocal microscope has been adapted to
integrate into flexible endoscopes, allowing real time confocal imaging during
endoscopic procedures such as EGD and colonoscopy. The Pentax EC3870K is an
endoscope with an integrated confocal endomicroscope with a rigid portion of only 5 cm
(6).

This imaging modality provides an alternative to traditional methods such as
tissue biopsy during colonoscopy in the case of colorectal cancer diagnosis above. The
use of contrast agents to enhance visibility of the imaged tissue has been used to delineate
nuclei and other structures (7). Fluorescein and acriflavine dyes represent the most
commonly used options. Fluorescein is often administered intravenously and allows for
imaging of vascular structures and can be used to determine functional permeability. On
the other hand, acriflavine is applied locally and stains the cell nuclei, allowing individual
cells to be seen more easily (7).

Along with the correct contrast agent, confocal endomicroscopy has been shown
to accurately diagnose intraepithelial neoplasia and colorectal cancer in humans (1).
Kiesslich et al examine confocal images graded on cellular and vascular changes in
comparison to traditional histology. The grading system provides a basis for grading of
colonic CE images similar to systems used in traditional H&E image analysis. In this
study, both acriflavine and fluorescein dyes were utilized. Ultimately, fluorescein is
recommended for screening due to its ability to delineate structures below the mucosal
surface and its ability to visualize vasculature (1).

In addition to screening for colorectal cancer, CE has also gained use as a

screening method for other cancers and has been used during operative procedures.
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Barret’s esophagus, a precursor metaplastic lesion to esophageal cancer, results in
transformation of normal stratified squamous epithelium of the esophagus to columnar
epithelium (3, 8). CE is able to image esophageal epithelium during EGD of patients who
are at risk of Barret’s esophagus. CE is also used during operative procedures as an
alternative to histological analysis by frozen sectioning. For example, confocal
microscopy can assess tumor borders during resection surgery for cancers. In
neurosurgical procedures for the resection of primary brain carcinomas such as
glioblastoma and meningioma, confocal microscopy can supplement fast
histopathological guidance for decision making in determining margins (9). The use of
CE and confocal microscopy to replace or augment histopathology may lead to hastened
and improved diagnoses in clinical settings. Real-time imaging can also guide biopsy site
selection in cases when histopathology is required.

While CE has been shown to be useful in screening for cancer, it also has
potential applications in other situations in which mucosal damage occurs. The disease
course of inflammatory bowel disease is variable, but it is often characterized by
intermittent flares of severe disease along with periods of mild disease (10, 11). Rapid
identification of flares is important to guide the treatment of disease. CE has been shown
to allow the prediction of relapse of IBD. In addition to evaluation of IBD, Kiesslich et al
also outline a grading system to evaluate confocal images for damage with the assistance
of intravenous fluorescein dye (10). This grading system can be modified and applied to

other inflammatory conditions and situations in which confocal imaging is used.
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IRRITABLE BOWEL SYNDROME

Irritable bowel syndrome (IBS) is a chronic gastrointestinal disease characterized
by abdominal pain with diarrhea or constipation. IBS represents a significant disease
burden on many people around the world, with the prevalence increasing in recent years.
In particular, studies have shown that IBS has a female predominance of around 4:1 over
males (12). Additional risk factors for the disease include age in the 2" or 3 decade of
life, comorbid chronic pain syndromes such as fiboromyalgia, physical and emotional
stress, and alcohol consumption (13). Clinically, IBS is defined by the Rome I11 criteria
as abdominal discomfort along with 2 of 3 of the following symptoms: relief of pain with
defecation, change in frequency of stool, or change in consistency of stool. These
changes must persist for at least 3 months to be considered as irritable bowel syndrome
(14). Patients often are described as having either diarrhea or constipation dominant IBS,
but usually have symptoms of both. There are no specific tests to diagnose IBS as the
pathogenesis of the disease remains unknown (15).

The pathogenesis of IBS is hypothesized to be a consequence of an increased
permeability in the gut mucosa which leads to increased uptake of potential toxins from
the gut lumen. Increased colonic permeability has been demonstrated in a portion of
humans with a diagnosis of IBS as measured by colonic biopsies (16). A chronic
inflammatory response is thought to develop due to this increased permeability and
patients develop IBS. The supernatant from the IBS patient’s colon results in an increase
in permeability of healthy cells (16). These findings suggest that permeability and gut
flora both have a role in the pathogenesis of IBS. However, there is also a subset of IBS

patients that do not have altered gut permeability. The lactulose/mannitol test, often
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referred to as the “leaky gut test,” shows that only half of patients with IBS have
increased permeability with this test (17). The lactulose mannitol test is performed by
dissolving lactulose and mannitol in water given orally as a bolus administration. Serum
or urine is collected every 2 hours after bolus administration (18). The serum or urine is
tested for the absolute value and ratio of lactulose:mannitol. Lactulose level represents
paracellular absorption and mannitol represents transcellular absorption. An increased
ratio indicates that paracellular permeability is increased. A ratio of 0.07 is used as a
standard cutoff to determine if paracellular transport is occurring (17). This test is much
less expensive and less invasive than obtaining a colonic biopsy as in Piche et al. It uses
the differential absorption of the sugars lactulose and mannitol through the paracellular
and transcellular path as measured in blood or urine to determine gut permeability.

However, the lactulose/mannitol test does not give a localized measure of permeability.

THE ROLE OF ESTROGEN IN IBS AND PERMEABILITY

The higher prevalence of IBS in females suggests that estrogen may play a role in
mucosal integrity and acts throughout the gut on Estrogen Receptor B (19). A recent
study in a murine model demonstrated that giving estrogen actually increases the
expression of proteins used to create the tight junctions between mucosal cells such as
occludin. This increased protein expression results in lower levels of gut permeability
(20). Another study has shown that soy based food products that are developed to be high
in estrogen content can similarly decrease the gut permeability and may be a potential
treatment for patients with IBS (21, 22). However, the low estrogen state in menopause
actually leads to decreased symptoms in patients with IBS instead of an increase as would

be expected (12). Estrogen replacement in menopause can lead to exacerbation of
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symptoms, but oral contraceptive use in pre-menopausal females can be protective (12,
23).

Despite the progress that has been made in characterizing the pathogenesis of
IBS, there is still a need for a more complete model. Changes in permeability and the
influence of hormones such as estrogen can only partially describe the pathogenesis of
IBS. The reality is that IBS is likely a multifaceted disease that may have several
different subtypes with similar but distinct mechanisms. The main challenges in the study
of IBS have been the lack of a widely accepted animal model for the disease and the lack

of a definitive diagnostic test.

HIV AND AIDS

HIV is a global epidemic, with more than 44,000 new cases in the United States
per year, and many more around the world (24, 25). HIV treatments have evolved to
better combat this infection, but prevention still represents a realistic and cost effective
approach in the fight against HIV and AIDS. Mucosal surfaces provide a physical and
chemical barrier to transmission of HIV and other infections. The rectal mucosal surface
is particularly vulnerable to HIV infection and maintenance of this mucosal surface is
essential to protecting against transmission of HIV and other pathogens (4, 26).
Disruption of the rectal mucosal may occur due to multiple causes: physical means such
as intercourse, chemical means such as lubricants or spermicides, or inflammatory
conditions such as irritable bowel syndrome (25, 27-29).

Spermicides, microbicides, and lubricating gels have recently caused concern for
an increased risk of transmission of HIV and other pathogens (30). They can result in

destruction of the upper layers of the mucosal epithelium and increased mucosal
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permeability. The gut mucosa has only a single layer of columnar epithelial cells above
the lamina propria to protect from incursion of toxins and pathogens. Maintaining this
layer is vital to preventing infection. These gels have been shown to denude and damage
the epithelium. In particular, the spermicidal gel nonoxynyl-9 has been shown to increase
susceptibility to infection by HIV and other sexually transmitted infections (31-35). Other
microbicidal gels and lubricants likely cause similar results (36, 37).

It is critical to develop models to better test products such as microbicidal gels
and lubricants to ensure the safety of users. In vitro models to test microbicidal gels such
as nonoxynyl-9 and benzalkonium chloride are necessary. CE has evolved as a method to
evaluate structural changes in real time after application of these agents. In addition to
alterations in structure, perturbation of mucosal permeability may also be evaluated with

the use of CE and an appropriate contrast agent.

AIMS OF STUDY

This study aims to characterize the permeability of gut mucosa, as well as
examine the mucosa for microstructural changes using confocal endomicroscopy.
Confocal endomicroscopy allows real-time imaging at a subcellular level during
endoscopic procedures. Intravenously administered fluorescein dye can be used to assess
paracellular permeability in real time. Locally applied acriflavine dye can enhance
visualization of subcellular structures such as nuclei. A female sheep model is utilized
due to similarity with human anatomy and physiology and to confirm findings from
murine models. An ovine model is ideal due to cost effectiveness and size of animal.
Murine models are not sufficiently large to allow assessment of confocal

endomicroscopes that are sized for humans.
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The role of estrogen in altering gut permeability may partially explain irritable
bowel syndrome, but further study is needed. Past studies have shown that estrogen alters
tight junction expression in a murine model. The next step is to test this in a large animal
model with additional techniques to examine microstructure. Confocal endomicroscopy
represents an ideal method to assess the hypothesized alterations in permeability due to
estrogen. In addition, other observable changes in structure and function may be
identified by confocal endomicroscopy at varying estrogen levels.

Aim 1 — Assess CE as a method for evaluating rectal mucosal structural and functional
changes due to treatment with microbicides, with application for HIV prevention.

Aim 2 — Develop an image analysis algorithm to quantitatively evaluate rectal
permeability by CE, with the goal to confirm findings in previous studies and use the
algorithm in future studies.

Aim 3 — Extend the CE method and algorithm developed to assess the permeability and
microstructure of the gut at varying estrogen levels, with the goal of better characterizing
the effects of estrogen on diseases such as irritable bowel syndrome and inflammatory

bowel disease.
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Chapter 2 The Use of Confocal Endomicroscopy in a BZK Damage

Model

SUMMARY

Confocal endomicroscopy was utilized to evaluate rectal mucosal barrier function
to provide in vivo structural and functional barrier assessment. This was done following
topical application of the microbicide BZK. The topical fluorescent probe acriflavine was
utilized to provide subcellular resolution along with intravenously administered
fluorescein dye to assess loss of barrier function and to assess functional permeability. A
3 point endoscopic grading system based on cellular integrity and leaking of fluorescein
dye was utilized to assess damage. Biopsies were taken at the time of imaging for use in
comparing the histopathology results with the endoscopic images.

370 images from six sheep were evaluated. These images were randomized into
100 images to be used as a training image set and 270 images to be used as a test set. 3
graders graded the 270 images after being trained. A grade of 1 indicated normal and
intact epithelium with no evidence of structural damage or fluorescein dye leakage.
Grade 2 represented a partially damaged epithelium with no evidence of overt structural
damage but may have some dye leakage. Grade 3 represented significant exfoliation of
the surface epithelium and loss of barrier function. Gross leakage of fluorescein dye was
seen on grade 3 images. The study resulted in a significant difference seen between the
BZK treated images and the untreated control images. The mean grade for untreated
images was 1.19 (SD 0.53) and mean for the BZK treated images was 2.55 (SD 0.75).

The kappa value was 0.797, indicating that the graders had good agreement on scoring.
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This study showed that confocal endomicroscopy is a reliable method for
assessing structural damage and alterations in permeability in colonic mucosal epithelium
cells. This study proved that the method is reliable for use in assessing local microbicidal
agents that perturb the mucosal epithelium. The next step is to further develop this
imaging modality for use in other applications such as irritable bowel syndrome and the
assessment of gut permeability when exposed to agents other than BZK. The damage
caused by BZK is significant. Further studies are necessary to determine if
endomicroscopy can detect more subtle alterations, and to validate CE as a measure of
permeability. The results demonstrated in this study were recently published in peer

reviewed publication (38).

INTRODUCTION

Increased permeability of the gut is an underlying mechanism in the
pathophysiology of several disease states, most notably irritable bowel syndrome and
leaky gut syndrome. Increased paracellular or transcellular permeability allows the
contents of the gut lumen to move through the normally protective epithelial mucosa and
into the tissue of the gut (16). Luminal contents can include bacteria and other pathogens
that may cause an inflammatory response in the lamina propria of the gut. Conditioning
of the gut to respond to normal gut flora in this way may lead to autoimmune
gastrointestinal diseases. In a clinical study of patients who meet diagnostic criteria for
irritable bowel syndrome, 50% of patients exhibited increased gut permeability (17). Due
to the potential cyclic nature of IBS, there is potential for more than 50% of patients to
actually have increased permeability. The surface mucosal permeability is of particular

interest, but the characterization of interstitial damage and permeability is also valuable.
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Sub-surface permeability and damage may assist in the characterization of inflammation
in the lamina propria.

Various measures of gut permeability exist that can be applied in the clinic and in
the laboratory setting. Some methods measure whole-gut permeability and others are
more localized measurements. The currently used clinical test for whole-gut permeability
is the lactulose/mannitol absorption study (39). Lactulose and mannitol are administered
orally in a mixture with water. Lactulose is absorbed paracellularly throughout the gut in
trace amounts in normal subjects (39). Inflammatory conditions such as inflammatory
bowel disease or celiac disease can damage the junctions between cells and increase the
quantity of lactulose that is absorbed during the test. The majority of mannitol absorption
occurs transcellularly, making it an ideal control comparison to lactulose absorption.
Lactulose and mannitol are each absorbed as they move through the gastrointestinal
system. Their absorption moves them into the vascular space, where they are filtered by
the kidneys and excreted without undergoing metabolism. Urine or blood collection is
performed frequently over a fixed amount of time after the initial administration of
lactulose and mannitol. Earlier collection times correspond to absorption that has
occurred more proximally in the gut. Later collection times are more distal sites, with 6-8
hour collection being due primarily to colonic absorption (18, 39). It is noted for study
purposes that this temporal sequence may shift in different species in which slower or
faster motility times are present. Even among human patients, there may be significant
variability in gut transit times. After collection is complete, the ratio and absolute amount

of lactulose and mannitol may be used to determine gut permeability. Increased lactulose
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absorption with relatively stable mannitol absorption may be indicative of inflammation
and destruction of tight junctions and other paracellular adhesions (39).

Alternatives to whole gut permeability testing exist but they typically utilize
similar principles. 51Cr-ethylenediaminetetraacetic acid (EDTA) can be used as an
alternative to lactulose for measuring paracellular permeability (39). Other alternatives
exist, but lactulose and mannitol are cost effective and easy to administer, and so they are
the most commonly used testing agents. Localized gut permeability is measured in a
different way than whole-gut permeability. Tissue specimens from specific sites can be
measured using a Ussing chamber. This is a well-tested method that can be used to study
the transport of nutrients and ions across epithelial surfaces by utilizing two chambers
with different ion concentrations (39). Flux is measured to determine permeability. While
this test measures permeability reliably and reproducibly, Ussing chambers require fresh
intestinal specimens, making sacrifice of the animal the most practical way to accomplish
this test. Using human material is very difficult, making it an impractical test for clinical
use.

Confocal endomicroscopy is a potential method to measure local gut permeability
in a minimally invasive way when compared to the Ussing chamber method. No biopsy
specimen is needed, and images can be analyzed real time during the procedure to assess
permeability. Intravenously administered fluorescein dye is given and allowed to
permeate throughout the body. CE is performed at the site of interest to assess for the
presence of fluorescein leakage through the tissue (38). Gut mucosal tissue that has been
damaged will allow fluorescein dye to leak into the luminal space, where it is easily

observable with CE. Fluorescein is not transported transcellularly, so any leakage seen is
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a result of paracellular or gross gaps in the epithelium, in a similar manner to lactulose
permeability in the lactulose/mannitol absorption study. In some studies, acriflavine or
other dyes are additionally administered. Acriflavine is applied locally to provide contrast
to the surface of the epithelium, aiding in the identification of sub-cellular structures.
However, when permeability is being tested, fluorescein is the only dye needed.

Damage to the colonic mucosal epithelium can lead to increased susceptibility to
infection, disease, and other sequelae. Mucosal damage with barrier disruption and
increased permeability is a theorized pathophysiological mechanism for gastrointestinal
diseases such as irritable bowel syndrome (40-42). In a clinical study of patients with
IBS, over 50% had increased permeability when undergoing the lactulose/mannitol
permeability test (17). Barrier disruption and the risk of chronic inflammation are also
concerns in inflammatory bowel disease (40, 43). Continued epithelial inflammation can
lead to dysplasia, increasing the risk of colorectal cancer in IBD. In particular, ulcerative
colitis causes chronic rectal inflammation of such severity that early screening
colonoscopy is required to provide surveillance for colorectal cancer (1, 3, 10). Mucosal
damage may additionally disrupt the microbiome that normally protects the colonic
epithelium (44, 45). Shifts in the microbiome can lead to increased susceptibility to
transient infections such as Clostridium difficile (44). These infections can be difficult to
treat and can cause chronic diarrhea.

In addition to causing transient infections, mucosal damage can increase
susceptibility to long-term infections such as HIV. HIV and other pathogen infections are
more likely to occur across the rectal mucosal barrier after injury to the mucosal surface

(28, 29, 33). Injury to the mucosal surface can occur due to various methods: disease
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states causing inflammatory changes, mechanical forces such as shearing, or topical
chemical agents such as microbicides and lubricants. Recent studies have shown that
damage to the rectal mucosa can increase the risk of transmission of HIV by facilitating
translocation of the virus from the rectal lumen into the tissue (35-37). However, there is
still a fundamental lack of understanding of the full effect that mucosal damage can have
in disease susceptibility.

Existing studies on chemical perturbation of the rectal mucosa, with a specific
focus on microbicide and lubrication agents, have included in vitro cell culture with
testing of agents, lavage collection of fluids for cellular analysis, and use of ex vivo rectal
tissue explants from humans (46, 47). These techniques have provided the groundwork
for testing microbicidal agents such as nonoxynol-9 and benzalkonium chloride. These
methods have studied the structural effects of these agents and shown that mucosal
structure is disrupted at varying concentrations of microbicidal agents (48-50). However,
structural integrity testing must be accompanied by functional testing to provide a
complete assessment of the effect of each test agent.

More recent studies have utilized advanced in vivo imaging techniques to work
towards simultaneous structural and functional testing. Optical coherence tomography
with accompanying colonoscopy performed in sheep utilizing 0.2% BZK solution and
control PBS revealed significant disruption of mucosal structure with BZK treatment (50-
52). This was assessed with a visual scoring system and confirmed by biopsy and
histological assessment. In addition, assessment by white light colonoscopy showed
similar results, with BZK causing visible damage to treated areas. Fuchs et al. provide a

model for testing function of the rectal mucosal tissue when exposed to nonoxynol-9 by
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utilizing Technetium labeled DPTA (37). This provides a measure of rectal permeability
as urine is collected over 24 hours and analyzed to determine concentration of DPTA.
This radioisotope method successfully identified a state of increased permeability in
subjects treated with nonoxynol-9.

Despite these recent advances in the assessment of structure and function of rectal
mucosa with exposure to microbicidal chemicals, there is still a need for a method to
combine both structural and functional assessment of mucosal surfaces. Confocal
endomicroscopy represents a potential solution. This imaging method has already been
utilized in the assessment of gastrointestinal diseases. It is an accepted clinical method to
assess epithelial metaplasia in the context of Barrett’s esophagus, providing a minimally
invasive method for rapid evaluation of potential lesions (6). CE is also used in
assessment of inflammatory bowel disease with a goal to predict potential flares (10). CE
can be extended for use in the evaluation of microbicidal agents to help prevent HIV
transmission. Better testing is required of microbicidal agents; despite microbicidal
effects that may aid in destruction of potential pathogens, care must be given to ensure
that these agents are not also destroying the mucosal epithelium to a degree which is
inherently less beneficial than not using a microbicidal agent. The structural image data
provided by confocal endomicroscopy may also provide additional insight into the
inflammatory process in several disease states. The visualization of leukocytes and
lymphocytes by CE could characterize the inflammatory response in pathogen infection,
wound healing, or gastrointestinal disease (53, 54).

This study aims to assess CE as a method to evaluate in vivo rectal tissue when

exposed to a microbicidal test agent, BZK. CE will provide both structural and functional
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information in real time with the aid of fluorescent markers to aid in tissue delineation
and permeability evaluation. In addition to evaluating agents that may alter HIV
susceptibility, this study provides information on CE as a method to evaluate structure
and functions such as leukocyte response to injury for application to other gastrointestinal

diseases (38).

MATERIALS AND METHODS

This study complied with all appropriate IACUC rules and regulations on animal
experimentation and was reviewed by the board at UTMB before implementation. 6
Merino sheep weighing 25-35kg were used. They were kept on a strict 12-h light and 12-
h dark cycle and fed twice daily. The sheep were fasted the night before experimentation.
Anesthesia for this procedure was 10 mg/kg of intramuscular ketamine, 10 mg/kg of
intravenous ketamine, and 0.1 to 0.2 mg/kg of diazepam. The sheep were positioned in
the dorsal supine position throughout the procedure.

Imaging was performed with an Optiscan FIVEL laser scanning confocal
endomicroscope. The probe is 5 mm in diameter and 30 mm in length. Light is provided
by a 488 nm argon ion laser with collector set to 505-750 nm. Frame size is 475 x 475
um and endoscopy is performed at 0.7 frames per second. Throughout the procedure,
different sites were assessed to provide diversity of test images. At each site, an average
of 25 images were taken to ensure quality of final chosen images. Two fluorescent
labeling probes were utilized. 0.05% acriflavine in saline solution provided local surface
barrier microarchitecture staining with subcellular delineation. 500mL intravenously
administered fluorescein dye was given along with 250 mL of saline at an infusion rate of

3 mL/min throughout the fluorescein imaging portion of the procedure. Fluorescein was
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given for functional assessment of barrier permeability. After initial administration of
fluorescein dye, imaging was delayed for 2 minutes to allow for systemic infusion.
Images were obtained in the sigmorectal region in multiple imaging regions
circumferentially. Biopsies were similarly obtained in multiple regions after completion
of imaging for histological assessment.

The imaging procedure was initiated by obtaining baseline background images
with no fluorescent probe. These images contained no detectable signal but are used for
background subtraction during analysis if necessary. After baseline imaging, acriflavine
was introduced topically and was allowed to permeate the rectal cavity for 5 minutes
before excess acriflavine was rinsed with PBS. Imaging was performed regionally in 4
regions. These were the anterior surface, posterior surface, and each of the lateral walls of
the rectum. Each imaged area was approximately 2 cm proximal to the anorectal verge. A
variety of sites were imaged in each region to fully assess rectal mucosal microstructure
before BZK. After acriflavine imaging, fluorescein infusion was begun. Each region and
site were again imaged after the fluorescein probe was introduced to assess baseline
functional permeability.

Injury to the mucosa was induced by introducing a sterile rectal swab soaked in
0.01% BZK solution 2 cm past the anorectal verge to the imaging region and kept in
contact with the mucosa for 5 minutes before removal. After application of the BZK
solution, the rectum was rinsed with PBS to remove excess agent. Imaging was then
performed regionally in the same manner as with the fluorophore-only imaging.

The images were scored based on a previously accepted confocal imaging grading

standard (10). This system was modified to include both the structural assessment
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provided by the acriflavine dye and the functional permeability assessment from the
fluorescein dye. This technique builds on Kiesslich et al’s grading system where only
fluorescein dye was utilized. 370 images obtained from the six sheep were randomized to
be graded. The first 100 randomized images were used as a training image set for each of
the 3 graders. The 3 point grading system modified from Kiesslich was used to identify
structural disruption as well as functional permeability. Features of the grading system
are provided in Table 2.1. A grade of 3 represents severe disruption of the epithelium
while a grade of 1 represents undamaged tissue. Each of the 3 graders evaluated the set of
270 test images and scored each image. Fleiss’s K was utilized to evaluate agreement
between the set of 3 graders. The images treated with BZK were compared to control,
undamaged fluorescein and acriflavine dye only images. Statistical analysis between
groups was evaluated by the Mann-Whitney U test with a P value of <0.05 considered to
be significant.

To confirm the findings of CE, biopsies were taken and stained with H&E and
graded for structural disruption and inflammation. The criteria by which the biopsy
specimens were graded were as follows: inflammation (0 or 1), edema of the lamina
propria (0 or 1), epithelial disruption or detachment (0 or 1), presence of microabcesses
(0 or 1), and hemorrhage (0 or 1). Scores were summed with a higher score representing
increased mucosal damage. This scoring system is consistent with previous studies (10).
For each sheep, 4 to 6 biopsy specimens were obtained, with 5 fields per section
examined for grading. In addition to grading, epithelial denuding was evaluated

quantitatively using image processing software (ImageJ, NIH Image) by using line
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segments to delineate areas of epithelial damage. The overall percent of epithelial

disruption was determined by the ratio of denuded length to total length.

Grade

Criteria

Ordered arrangement of the gland
Intact layer of columnar epithelium
No microstructural damage

Glands round or elongated

One, some, or all lumens of the crypts filled with fluorescein
No microstructural damage
Flooding of fluorescein (between the crypts) less than 25%

Exfoliation in the cellular structure
Disruption in crypts
Excessive flooding

Figure 2.1:

Grading criteria for CE scoring (38)

Images obtained using confocal endomicroscopy (38)
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RESULTS

Images obtained using CE are shown in Figure 2.1. Normal rectal mucosa stained
with acriflavine shows microstructural cellular organization with the nuclei of the cells
visible, and can be observed in Figure 2.1a. Columnar epithelial cells line the entire
mucosa, with occasional goblet cells seen in the region of the crypts. Goblet cells appear
slightly larger than other surrounding cells and are responsible for secretion of mucus
onto the epithelial surface to help maintain the epithelial barrier. As indicated by the
arrow in Figure 2.1b, crypts are typically visible as round dark regions with cells
appearing in a slightly different orientation due to differences in depth. Crypt architecture
can appear variable in CE images due to the angle at which the probe tip contacts the
mucosal surface. Folding or flattening of the crypts can occur with varied angles and with
varying pressure applied by the probe operator. Beyond the cell surface, the lamina
propria becomes easily visible only with the introduction of fluorescein staining. The
topically applied acriflavine does not permeate at depth to provide sub-surface imaging
contrast. Figure 2.1c shows the surface epithelium following fluorescein dye
administration, with the arrow again indicating a crypt. Fluorescein dye is visible within
the vasculature and appears as bright concentrated lines, as shown in Figure 2.1d. Blood
cells may become visible within the vasculature in some images.

The introduction of 0.01% BZK causes readily apparent damage to the mucosa.
Fluorescein can be seen leaking into the lumen, and will pool in the bottoms of the crypts.
The accumulation of fluorescein occurs both between the crypts and at the bottom of the
crypts, as is seen in Figure 2.1e after BZK application. This caused a loss of crypt

architecture as increased volumes of fluorescein leak through the epithelium. In addition
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to leakage, cellular debris may be seen as the columnar epithelium is denuded and these
cells were released, as shown in Figure 2.1f. Gaps may be seen in the epithelial surface
between crypts which represent epithelial cell gaps due to shedding. It is noted that gaps
may be visible normally, but that the introduction of a chemical agent such as BZK
increases the cell shedding. In severe damage, entire regions of the epithelium may be
lost. In pilot testing for this study, higher concentrations of BZK were utilized which
resulted in swift denuding of large regions of epithelium with little variability. A lower
concentration was utilized in this study to evaluate more realistic doses seen in
microbicidal products as well as to offer more variety in the degree of damage observed.
Different regions may be variably damaged, leading to the broad range of features seen in
BZK treated images in this study. As was shown in Table 2.1, moderately damaged
images received a score of 2 whereas severe damage received a score of 3. In addition to
the features highlighted in Table 2.1 and utilized in the grading system, there are other

observable effects of BZK treatment and mucosal damage.
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Figure 2.2: Leukocytes visible in vessels and lamina propria responding to injury

Leukocyte aggregation at BZK treated sites are often observed as dark gaps in
deeper sections of the mucosa. These leukocytes are quickly extravasating from the
vasculature to aggregate at points of damage to regulate the inflammatory response. The
presence of these leukocytes can be observed in Figure 2.2. It is important to differentiate
between epithelial cell gaps that occur as dark spaces in between stained epithelial cells,
and these leukocytes which occur in images taken at depth in the lamina propria. Figure
2.2a shows the intavascular leukocytes within larger and smaller vessels below the
surface in the lamina propria. The arrows in Figure 2.2b indicate the perivascular
leukocytes that have extravasated from the adjacent blood vessel. These cells are
responding to the inflammation and injury caused by the BZK damage. Leukocytes
responding to the injury will release inflammatory mediators to clear the damaged
epithelium and begin healing. However, it is challenging to identify the specific type of

leukocytes visible on CE. The well vascularized gut mucosa allows a fast immune
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response. The images in Figure 2.2 were taken only minutes after BZK damage was
induced. Preliminary image analysis performed on images from BZK treated and
untreated tissues revealed a wide variation in the number of leukocytes present. Images
from both groups ranged from having few to no leukocytes to having large leukocytes
aggregations noted. It proved difficult to accurately count the number of leukocytes and
compare between each group. Additional data may be required to more fully characterize
the role of leukocytes in response to BZK treatment and wound healing as visualized by
CE.

Figure 2.2 also provides a view of another effect that BZK treatment has on the
structure of the epithelium. Normal epithelium has readily visible goblet cells in each
crypt. These cells appear to be oblong and are larger than surrounding cells. However, as
noted in the crypts in Figure 2.2b, BZK damage is associated with significantly less
goblet cells visible within the crypts. The crypts in the center of Figure 2.2b show scant
goblet cells, while some of the more peripheral crypts show some goblet cells. Goblet
cells may be particularly vulnerable to shedding with mucosal injury such as that

provided by BZK treatment.
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Figure 2.3: Variations in vessel architecture and fluorescein concentration after BZK

Fluorescein dye is administered intravenously and distributes throughout the
vascular system in the body. The fluorescent nature of the dye causes blood vessels to
appear as brightly contrasting areas in the tissue. An example of the typical appearance of
blood vessels is seen in Figure 2.1d. This appearance is typical in both untreated images
and in images in which BZK has been applied. However, BZK treated samples can also
have a variant in the apparent appearance of the vasculature. As is shown above in Figure
2.3, vessels may take on a darker appearance with fluorescein dense areas alternatively
appearing as concentrated bright segments. The arrows in Figure 2.3 indicate blood
vessels. The stark transition from darkened vessels to brightly concentrated vessels is not
typically seen. The revelation of these darker vessels in BZK treated areas has several
potential explanations. The aggregation of lymphocytes to the perivascular space may be
responsible for some part of this mechanism, as the lymphocytes appear dark when in the

vasculature and after extravasating into the surrounding tissue. Another contributing
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factor may be damage to superficial capillary vessels with concentrated leakage of
fluorescein dye that is seen leaking out onto the surface of the epithelium. The relative
depth difference between this superficial dye and the other undamaged and deeper vessels
results in a difference in intensity seen between vessels. Finally, the presence of
lymphatic system must be considered. Lymphatic vessels are responsible for the transport
of fats from the intestines to the systemic circulation. Lymphatic vessels have their origin
in the intestines and fluorescein dye may be taken up by the lymphatic system. The lower
concentration of fluorescein in these vessels when compared to the vasculature may
account for the findings shown in Figure 2.3. These vessels are indicated by stars in
Figure 2.3.

Figure 2.4 shows example images of the confocal and histologic grading system
used, with the criteria described in Table 2.1 and above. Panels a and d correspond with a
grade of 1, indicating minimal or no damage. Panels b and e indicate a grade of 2, with
partial damage noted. There is fluorescein visible in the confocal image but it is limited.
A portion of the epithelium has been denuded and is visible on the histological image in
panel e, but portions of the epithelium remain intact. Panels ¢ and f correspond with a
grade of 3, and show extensive damage. Epithelial cells that have been shed from the
surface are seen aggregating. Fluorescein is visible over the majority of the image,
indicating a large increase in mucosal permeability. The histological section in panel f
shows complete denuding of the epithelium. Crypt architecture and goblet cells are easily

seen in panel d, but are not easily recognizable in panel f.
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Figure 2.4: Representative confocal and histological grading images (38)

The results of the CE and H&E grading are shown in Figure 2.5. The mean CE
grade for untreated images was 1.19 (SD 0.53) and the mean grade for BZK treated
images was 2.55 (SD 0.75). Fleiss’ Kapppa value for the agreement between the three
individual graders was 0.797, indicating excellent agreement between each of the graders.
The mean grades are significantly different with a P value of < 0.05. Histological grading
results are shown as well in Figure 2.5. Untreated sites had a mean grade of 1.75 (SD
0.35) and BZK treated sites had a mean grade of 2.68 (SD 0.39). The difference in mean

grade for H&E is also significant.
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Figure 2.5: CE and H&E grading results (38)

DiscussION

The need for a method that has the capability to evaluate epithelial surfaces and
combines structural evaluation with functional assessment is apparent. Disruption of
epithelial mucosal surfaces is linked to increased risk of infection by various pathogens
as well as susceptibility to other gastrointestinal diseases. In particular, methods are
needed that can potentially provide structural and functional measures in real time in
clinical patients in the future. This study evaluates confocal endomicroscopy as a method
for evaluating rectal mucosal damage in an ovine model. CE provides subcellular
structural imaging with the assistance of appropriate dyes as well as a real time functional
permeability measure to evaluate mucosal leakage.

CE scoring using a two dye combined approach corresponded well with
histological grading. Both histological and confocal scoring systems indicated significant

structural damage to the mucosa with BZK treatment. CE was also able to indicate an
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increased permeability with BZK treatment. Permeability assessment by this scoring
system provided a basic method of assessment but there exists a need for more
quantitative methods of permeability assessment when utilizing CE and fluorescein dye.
It is noted that there are untreated images in which trace fluorescein leakage can be seen.
Natural epithelial cell shedding occurs regularly, with the entire epithelium being
replaced approximately every 3 to 5 days. Due to this natural shedding, there are often
cellular gaps in the epithelium. These gaps may be responsible for the trace leakage that
can be seen in untreated images. In addition to cellular gaps, there may be paracellular
disruptions that allow for fluorescein leakage. Tight junctions and adherens junctions
may be allowing trace leakage. Further testing is needed to assess the tight junctions of
the epithelium and to correlate CE observed leakage with tight junction expression in the
mucosa.

Leukocytes and lymphocytes are observed in many of the CE images gathered in
this study, but no apparent trend emerged. There were images where leukocytes were
easily identifiable but many others where none could be observed. These cells may be
temporally observed, with an increased aggregation of immune cells likely occurring as
time from BZK damage increases. Further testing is needed to ascertain the role of CE in
evaluating immune cell aggregation and response to mucosal injuries. As immune
response and other observable aspects in CE are more thoroughly investigated, additional
information will become available that may be included in more advanced scoring
systems. In particular, the use of an additional fluorophore that selectively highlights
leukocytes such as rhodamine 6-G may allow for direct visualization in real time of

leukocytes rolling and extravasating in response to injury. In the assessment of HIV
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susceptibility, CE is only beginning to be used to its full potential. Future directions for
study should include varying the concentration of BZK used, as well as evaluation of
alternative microbicidal agents. These variations may be combined with immune
measurements to gather a more complete understanding of the altered pathogenesis and
transmission of HIV in damaged rectal mucosa. Ultimately, lubricants and microbicidal
agents should be designed to prevent transmission rather than aid it.

Another area of potential future study is the further characterization of the role of
lymphatic vessels in permeability and on fluorescein dye leakage in the gut mucosa.
Figure 2.3 identified potential lymphatic vessels in the current study. The lymphatics
likely play a part in transporting fluorescein that has moved out of the vasculature. As the
lymphatics absorb nutrients that have been transported across the gut mucosa such as fats
and cholesterols, fluorescein may also move into the lymphatic vessels. It may be of use
to attempt to inject fluorescein or another dye into the lymphatic system selectively to
attempt to further characterize the role of these vessels in permeability models of the gut.

CE may also be further developed for use in the evaluation of gastrointestinal
diseases such as inflammatory bowel disease, irritable bowel syndrome, and cancer. The
use of a two dye system of acriflavine plus fluorescein allowed increased capability in
this study that may be extended to other applications. The addition of acriflavine to
fluorescein for the prediction of flares in Crohn’s disease may improve outcomes if
implemented. Irritable bowel syndrome is currently diagnosed solely on clinical criteria,
without a corresponding empirical for diagnosis. CE may be a potential diagnostic tool

that could aid in identifying microstructural damage and alterations in local permeability
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to aid in IBS diagnosis. Further study is necessary to ascertain CE’s role in diagnosis and
to better understand the underlying pathophysiology of IBS in general.

This study utilized confocal endomicroscopy as a method for assessing both
structure and functional permeability of damaged mucosal surfaces. CE reliably
demonstrated that BZK significantly disrupts both structure and function of the rectal
mucosa. This ovine model is anatomically and physiologically similar to humans and this
study is applicable to humans. CE provided a minimally invasive method of assessment
that may be utilized in the clinic. Further studies are required to more accurately assess
the immune response to localized injury in the colon, to provide a quantitative measure of

functional permeability, and to validate CE as a method for measuring permeability.
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Chapter 3 Quantitative analysis of confocal endomicroscopic images to

assess colorectal epithelial permeability by texture analysis

SUMMARY

Various methods exist for the measure of permeability of mucosal epithelial
surfaces, such as the lactulose/mannitol absorption test and the Ussing chamber method.
These methods are reliable, but there is a need for a localized permeability measure that
can be applied cheaply and ideally in conjunction with procedures such as colonoscopy.
As discussed in the previous chapter, confocal endomicroscopic imaging of mucosal
surfaces after the administration of intravenous fluorescein dye is a potential method for
assessing local permeability.

This study improves on existing grading scales by adding a quantitative method of
analysis based on the grey level co-occurrence matrix (GLCM) texture analysis method.
Using this method, the correlation statistic was determined to provide a quantitative
measure of permeability. Application of this test statistic to a set of 44 test images
resulted in correct identification of increased permeability in BZK treated tissues with a
sensitivity of 95.5% and a specificity of 95.5% as well. Further studies are needed to
compare this method against other permeability measures and to expand this quantitative

analysis for use in a ordinal scale of variable permeability measures.

INTRODUCTION
Current methods for evaluating mucosal permeability based on fluorescein
administration and CE imaging rely on a visual grading system (10, 38). This grading

system has been modified several times to allow for various applications. Most recently,
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it was adopted to measure altered rectal permeability with application of chemical
microbicides with the goal of characterizing microbicide effects on pathogen
transmissibility. Fluorescein was administered intravenously and allowed to fully
permeate the vascular space. CE was used at the area of interest to capture images of
leaking fluorescein. Images were graded on a scale from 1 to 3, with 1 being undamaged
tissue and 3 showing severe damage. A grade of 2 indicated pooling of fluorescein in the
rectal crypts, but less than 25% of the space in between crypts covered in fluorescein.
Fluorescein preferentially pools in crypts due to the depression below the surface. It is
not clear if crypts are more easily damaged and are preferentially damaged over areas in
between crypts. A grade of 3 on this scale indicates severe damage with fluorescein
covering potentially the entire field of view.

Despite the reliability of this current grading system, there is a need for a more
quantitative method to measure mucosal permeability when utilizing the fluorescein and
confocal endomicroscopy method. Quantitative image analysis methods exist for various
grading of confocal images and have been used in various applications. It has been used
to evaluate cervical neoplasia by analyzing features such as cell density, the morphology
of the nuclei, and other features of tissue architecture (55). In addition, quantitative
analysis of CE images has been used intraoperatively in neurosurgical applications for
better determination of surgical margins (9). However, these methods are focused on
cellular features and were not designed for use with fluorescein dye for a quantitative
method of permeability.

Texture analysis via grey level co-occurrence matrix analysis is a well-known

technique of image analysis that has been applied widely. Analysis is based on building a
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matrix of statistical features of the various grey levels over the entire image (56). These
statistics are used to calculate summary statistics such as entropy, contrast, and
correlation for the image. These measures can be compared and used to develop an
algorithm for determination of pathology for a particular image (56).

The purpose of this study was to develop a method for quantitatively analyzing
confocal endomicroscopic images of the rectum in an ovine model to determine whether
images were from areas treated with BZK to induce damage, which corresponds to an
area of increased permeability. Images of tissue treated with BZK with increased
permeability were compared to undamaged images with unaltered permeability. Grey
level co-occurrence matrix analysis was performed on a set of test images to develop a

method for determining permeability of mucosal surfaces.

Category Criteria

BZK treated, BZK treated tissue

increased Fluorescein pooling in crypts or on surface of epithelium
permeability No cellular debris or dye on the probe tip

Image must be in focus
Image must be from the surface
One image per site

Non-treated, non- No fluorescein visible in the image
permeable No cellular debris or dye on the probe tip
Image must be in focus

Image must be from the surface

One image per site

Table 3.1:  Image inclusion criteria
MATERIALS AND METHODS

This study complies with all appropriate IACUC rules and regulations on animal
experimentation and was reviewed by the board at UTMB before implementation. Images

obtained for this study were from Merino sheep weighing 25-35 kg. They were kept on a
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strict 12-h light and 12-h dark cycle and fed twice daily. Imaging was performed with an
Optiscan FIVEL1 laser scanning confocal endomicroscope. The probe is 5 mm in diameter
and 30 mm in length. Light is provided by a 488 nm argon ion laser with collector set to
505-750 nm. Frame size is 475 x 475 um and endoscopy is performed at 0.7 frames per
second, with a resolution of 1024 x 1024 pixels. Throughout the procedure, different sites
are assessed to provide diversity of test images.

Sheep were anesthetized and underwent imaging. 500mL intravenously
administered fluorescein dye is given along with 250 mL of saline at an infusion rate of 3
mL/min throughout the procedure. Animals were first imaged after fluorescein
administration to provide undamaged, low permeability images. 0.01-0.1% BZK solution
was applied locally to the rectum to induce injury and increase permeability. Imaging was
again performed after BZK application.

44 images were selected for analysis. The inclusion criteria for image selection
are included in Table 3.1. Images were not selected if the probe was not correctly focused
on the epithelial surface, or if the probe itself was covered in debris or dye which
obscured the underlying image. Imaging is done regionally to obtain multiple images at
the same site. Only one image from each site was included in this set of 44 test images.

Images were imported into ImageJ (NIH Image) and converted from 16 bit TIFF
images to 8 bit TIFF images. An artifact of the probe used produced dark areas of no
signal at the bottom of each image. A ROI was chosen that included only the upper 860
pixels of the 1024 x 1024 image to eliminate this artifact. Figure 3.1 shows an example of
this ROI on a sample image. The GLCM plug-in for ImageJ was run for each image to

provide values for angular second moment, contrast, correlation, inverse difference
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moment, and entropy. The pixel step size was 1 and the angle 0 degrees. These features
were analyzed and compared between the non-permeable and permeable images to
determine which feature would be most predictive. Means were compared using the
Student’s t-test with a P value of < 0.05 as significant. After a feature was chosen, a
cutoff value was chosen utilizing an ROC curve to choose the value with the best

sensitivity and specificity for determining permeable images.

Figure 3.1: Untreated non-permeable and BZK treated permeable representative
confocal images
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Angular Second . Inverse Difference
Moment Contrast Correlation Moment Entropy

Mean SD Mean SD Mean SD Mean SD Mean SD
Untreated
perr:r?gz;ble 0.00046 | 0.00014 | 88.31589 | 48.24899 | 0.00134 | 0.00048 | 0.14559 | 0.03282 | 8.10284 | 0.31232
(n=22)
BZK treated
permeable | 0.00031 | 0.00008 | 84.68970 | 25.54170 | 0.00072 | 0.00024 | 0.15235 | 0.03016 | 8.42737 | 0.19995
(n=22)

Table 3.2:  Mean results and SD for BZK treated permeable and untreated non-
permeable images

RESULTS

Typical features of a BZK treated permeable and untreated non-permeable images
can be seen in Figure 3.1. For image analysis, an ROI of 860 pixels in height and 1024
pixels in width was used to eliminate the areas of image attenuation at the bottom of each
image. In Figure 3.1a, an untreated non-permeable, undamaged image is seen. Crypt
architecture is readily visible, with dark spaces representing the crypts and lighter spaces
between crypts representing the columnar epithelial surface. Goblet cells may be
occasionally seen but are difficult to visualize with fluorescein dye alone. The visibility
of the crypts may also change depending on the pressure of the probe being applied to the
surface. Some images may contain crypts that have been flattened. Imaging at depth
reveals the lamina propria with fluorescein visible in the vasculature. A more broad range
of representative images can be viewed in Figure 2.1, but note that acriflavine was not
utilized in this particular study, unlike the study performed in Chapter 2. In Figure 3.1B,
an example of a damaged image with increased permeability is shown. Fluorescein can

be seen pooling in the crypts as well as gathering on the surface. Large patches of white

48




represent these fluorescein regions. Some images may also have cellular shedding with
free floating cells noted as well.

GLCM analysis revealed that the correlation feature proved to be the best for
determining damage with corresponding increased permeability in the image set. Table
3.2 shows the mean of the results of each of the computed features in both the BZK
treated permeable and untreated non-permeable group. Angular second moment did show
a significant difference as well but as the obtained confocal images do not have a specific
orientation, an angular measure is likely not reliable for differentiating images. The mean
correlation value for the BZK treated permeable images was 0.00072 (SD 0.00024) and
the mean correlation value for the untreated non-permeable images was 0.001335 (SD
0.000481). Using an ROC curve, the ideal cutoff point for differentiating the groups was
determined to be 0.001005. Images with a correlation value higher than this value are
classified as untreated non-permeable and images with a lower correlation value are
classified as treated with increased permeability. The ROC curve is shown in Figure 3.2.
This results in a sensitivity of 0.955 and a specificity of 0.955 as well. Choosing this cut-
off point resulted in 1 permeable and 1 non-permeable image being misclassified by the

algorithm.
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Figure 3.2: ROC curve of treated and increased permeability cut-off result

Fluorescein dye given continuously through an intravenous route provided good
contrast and was easily visible. It should also be noted that preliminary analysis of
another image set that included the topically applied dye acriflavine showed very
different results. After initial testing, it was determined that the acriflavine signal hinders
the ability to properly assess fluorescein leakage. Surface acriflavine can mask
underlying fluorescein and interfere with the ability of the GLCM plugin to differentiate

treated permeable from untreated non-permeable images. After initial analysis, further
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pilot testing was performed to determine the feasibility of performing GLCM analysis on
sub-surface image stacks for potential differences in tissue features that may be present
beyond leakage. CE is capable of imaging at depths of up to 70 um but at the cost of
image quality. Figure 3.3 demonstrates the appearance of the epithelium as the image
depth is increased. It is of value to extend the capability of the currently developed
algorithm to sub-surface images in order to better assess tissue features that may differ
between groups such as inflammation that occurs in the lamina propria. In Figure 3.3a, it
is easily determined that there is increased permeability with fluorescein accumulation
both on the surface and in the crypts. The correlation value for this image was easily
below the cut-off value at 0.00049, making the image fall into the permeable category by
the algorithm. However, as the confocal microscope images deeper into the tissue, the
correlation value returned by GLCM increases and approaches the cutoff value between
permeable and non-permeable. In Figure 3.3, the value rises steadily between panels a to
d, with the correlation value of panel d right at the cutoff value at 0.001. Figure 3.3d is
not easy to correctly identify. The fluorescein leakage is not abundant, and there is no
pooling seen in the crypts. In addition, the ability to differentiate individual cells is
mostly lost. Moving to even deeper images further decreases image quality and does not
allow the GLCM analysis to accurately differentiate BZK treated permeable images from
untreated non-permeable images. Additionally, deeper image slices may contain
increased vasculature, which is not seen on the surface images. As a result of these
several confounding factors, the sensitivity and specificity of this analysis begins to fall
when imaging at depths below the surface. However, the use of GLCM may still be of

use at depth, as further analysis may reveal other texture features resulting from damage
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due to BZK treatment, such as an increase in inflammatory response cells that may create

specific patterns.

Figure 3.3: Infusion of fluorescein dye seen at depth in BZK treated permeable and
untreated non-permeable images
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DISCUSSION

There is a need for a method of quantitatively assessing the permeability of
mucosal surfaces by utilizing fluorescein dye and confocal endomicroscopic imaging.
Existing methods of assessing localized permeability are invasive. The current grading
system for CE permeability relies solely on visual assessment by a grader. While the
Kappa value achieved in Chapter 2 between graders of 0.797 represents good inter-grader
agreement, this value still signifies a significant error rate in relying on qualitative
scoring systems for image evaluation. Ultimately, the quantitative assessment of
permeability developed in this study may have extensive applications in diagnosis of
diseases such as irritable bowel syndrome, leaky gut, and even guiding biopsy of
suspicious polyps on screening colonoscopy.

A method of analysis using GLCM texture features was developed to assess
images of varying permeability in the rectum in an ovine model. The correlation measure
was determined to be significantly different between the two groups and was chosen as
the best predictive statistic. The GLCM plugin calculates correlation by utilizing the

formula:

N-1

P [(i — 1) — .“j)]

(=0 'j[ o)) J

Where P;j is the entry into the normalized grey level spatial matrix, and p and ¢ are the

means and standard deviations of P; and P; (56). This measure calculates the linear
dependency of each pixel on neighboring pixels. 0 is a perfectly uncorrelated image and a
measure of 1 would be a perfectly correlated image. Images with areas of homogeneity

will naturally have a larger correlation value as pixels in these regions will be correlated
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with surrounding pixels. Images with significant homogeneity have high correlation
statistics. In contrast to other methods, intensity measures are not utilized by this analysis
method. In the CE images utilized in this study, non-permeable images had significantly
higher correlation values when compared to permeable images. The non-permeable
images appear more ordered with the crypts providing a pattern of homogeneity
throughout the image. The black spaces of the crypts are areas that can be read with a
high correlation value as each black pixel is predictive of surrounding similar black
pixels. In contrast, the BZK treated permeable images are generally more disordered,
with the standard crypt architecture disrupted. Fluorescein leakage is seen regionally in
the image as well as pooling in the crypts. The disruption of the normal orderliness of the
image creates significant heterogeneity. This corresponds to much lower correlation
values than are seen with the untreated non-permeable images.

The ROC analysis provides the ideal cutoff value for applying the correlation of a
test image to predict permeability. A cutoff value of 0.001005 provides a 95.5%
sensitivity and a 95.5% specificity as well, indicating that the correlation statistic may be
a promising method for assessing for permeability. It is important to note that the sample
set was relatively small and that a larger set is needed to more rigorously test this
parameter for predicting increased leakage. An increase in sensitivity with a correlated
loss in specificity may be of interest when utilizing CE permeability as a screening
method. This would further minimize the false negative rate at the expense of allowing
more false positive tests. In the application of using CE permeability at suspicious lesion
sites during colonoscopy, a highly sensitive screening is desirable. Any lesion that has

increased permeability would then be subject to biopsy for further pathological
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evaluation. Coupling of permeability measures with structural evaluation by a trained
endoscopist may result in a significant reduction in the number of biopsy specimens
required during routine colonoscopy. Previous studies already indicate that CE is a useful
method of assessing structural features of colonic polyps and may assist in diagnosis (1,
2).

This application of the GLCM program to assess permeability currently functions
only under a specific set of inclusion criteria as indicated in Table 3.1. Confocal
endomicroscopy is capable of assessing tissue at depths extending into the lamina
propria. However, as indicated in Figure 3.3, the GLCM correlation statistic provides
decreasing sensitivity and specificity at greater depths. The image quality is decreased at
depth and the plugin is not capable of distinguishing fluorescein that is contained
intravascularly from fluorescein leakage at these depths. The heterogeneity of the
vascular structure decreases correlation statistics of non-permeable images that are
sampled at depth. This limitation may be addressed in future study by creating a more
complex algorithm. While the vascular structures are inherently heterogeneous, they are
arranged in linear patterns. Additionally, images which contain vasculature may have a
higher contrast value than images without vasculature. Future study will be required to
perfect the application of the GLCM and other analysis to images taken below the
surface. Layers of z-stacked images analyzed as a group are another potential method for
addressing the challenge of determining fluorescein permeability at depth. Moving from
surface images that the current algorithm can accurately assess along z-stacks may allow

for identification of confounding features which can then be worked around or addressed.
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Utilizing z-stacked images may even prove to be a method to improve on the sensitivity
and specificity of the current test.

The other major challenge of the method utilized in this study is the lack of an
ordinal ranking system or a continuous scale that can be applied from the GLCM
measures. This study is limited to a nominal system which determines simply whether the
mucosa being imaged has an increased permeability or normal permeability. Future study
will focus on adapting this current technique to an ordinal ranking system of multiple
levels. An ordinal approach can then be compared to the more simplistic nominal
approach to determine which system is best suited for clinical and research applications.
Even with a working ordinal system, it may be advantageous to keep a more simplistic
system in use for ease of clinical use. A future study will examine selecting multiple cut-
off points to determine 3-5 distinct levels of permeability. These permeability levels may
be compared against a visual grading system or compared to other quantitative means
such as the Ussing chamber permeability measure or the lactulose/mannitol absorption
method.

Retrospective analysis has examined previously obtained images to determine an
ideal system for quantification of permeability. Future study will attempt to apply the
system prospectively in conjunction with other permeability measures to further validate
this approach. A focus will be placed on expanding the imaging region to include images
obtained at increased depths such as in the lamina propria and on converting the current
nominal rating scale to an ordinal measure. Prospective analysis will further develop this
technique for eventual application in the clinic in real time diagnosis of gastrointestinal

disease.
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This study utilized fluorescein dye infusion during confocal endomicroscopy to
obtain rectal epithelial images in an ovine model and analyzed these images using GLCM
texture analysis. The correlation statistic from this approach was determined to be
significantly different between untreated non-permeable images and images with an
increased permeability due to BZK treatement. A cut-off value for the correlation statistic
was obtained to examine a test set of images with a 95.5% sensitivity rating. Future
prospective analysis utilizing a ranked scale for various permeability levels in
conjunction with a comparison to another permeability measure will further develop and

validate this approach for future clinical use.
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Chapter 4 Comparison of confocal endomicroscopy permeability and

microstructure at variable estrogen levels

SUMMARY

Gastrointestinal diseases such as irritable bowel syndrome have been
demonstrated to occur at a higher rate in females. This phenomenon has been suggested
to be due to the effects of estrogen in previous studies. Estrogen has been shown to
strengthen tight junctions when present in a murine model. Confocal endomicroscopy is a
newly emerging technique that can be combined with traditional endoscopy to provide
information of epithelial permeability, structure, and the presence of inflammation. This
study utilizes confocal endomicroscopy in a murine model at varying estrogen levels to
assess the role of estrogen in functional membrane permeability and structural changes.
Permeability is found to be increased in sheep with lower estrogen values, which is
consistent with previous findings. The number of epithelial gaps due to cell shedding is
additionally noted to potentially be higher in sheep with low estrogen values. These
results indicate that estrogen has a protective effect on gut mucosa and results in

decreased levels of inflammation and permeability.

INTRODUCTION

There are various disease states that have a significantly different gender
distribution. In particular, autoimmune diseases often have an increased prevalence in
females, with irritable bowel syndrome having a 4:1 predominance among women (15).
Estrogen has been shown to alter gut permeability, with increased expression of tight

junction proteins noted in rats when serum estrogen levels are high (20). This finding
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suggests that it is paracellular permeability in particular that is modulated by systemic
estrogen levels. Estrogen has additionally been noted to reduce permeability in rats using
the Cr-labeled EDTA clearance method and the Ussing chamber method (20). Studies
also show that blocking the effects of estradiol at the estrogen receptor 3 site reverses
these alterations in permeability (19). Estrogen receptor 3 is found abundantly in the gut
tissues. Each of these separate measures indicates that high serum estrogen levels
produce a decrease in colonic permeability in a murine model. These findings can be
correlated to clinical observations in observational studies of women with irritable bowel
syndrome (57, 58). These studies demonstrate that IBS worsens in the days before
menses. This corresponds to the diestrus phase of the hormonal cycle when estrogen
levels are at their lowest. It is additionally found that a subset of female patients with IBS
only have perimenstrual symptoms. In cycling females, the use of oral contraceptive
agents has shown some success in treating a subset of patients with IBS (12, 14, 59).
Despite these findings, post-menopausal women typically have decreased symptoms of
IBS with lower levels of estrogen (12). In light of these apparent contradictions, the role
of sex hormones in irritable bowel syndrome has not yet been fully characterized.

In addition to increased permeability to fluorescein, inflammatory conditions have
been associated with other disruptions in the mucosal epithelial barrier, such as increased
epithelial cell shedding. Intestinal epithelial cells are normally shed every 3 to 5 days as
part of normal gut function (60). Microscopic imaging, such as by using confocal
microscopy, of normal intestinal epithelium in a variety of species will show gaps in the
epithelium that represent cells that have been shed. Inflammatory conditions such as IL-

10 knockout mice cause an increase in cell shedding that can be quantified by counting
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the number of cellular gaps per 1000 cells present (60). This work has been extended into
the clinic in patients who have inflammatory bowel disease. Patients with IBD similarly
have an increased number of cellular gaps per 1000 cells (60). Inflammation and
disruption of the cellular epithelium is therefore associated with an increase in
permeability via regulation of tight junctions, and also through an increase in epithelial
cell shedding (10, 60). Small increases in the number of epithelial gaps may not
significantly affect permeability, but in frank inflammatory states such as IBD, these gaps
may contribute to changes in permeability. In summary, cell shedding and epithelial gaps
noted on confocal images represent another method in addition to fluorescein leakage to
assess disruption of the gut epithelium and underlying inflammation.

Confocal endomicroscopy imaging along with the systemic administration of
fluorescein dye is an innovative method for assessing mucosal epithelial permeability.
This technique has significant advantages over current methods in that it can assess
functional permeability as well as structural integrity simultaneously in real time (6, 8).
Additionally, this technique is minimally invasive when compared to techniques such as
the Ussing chamber permeability measure. Confocal endomicroscopy can also be
performed concurrently with endoscopic procedures, making it of particular interest for
future clinical applications. It is already applied in upper endoscopic imaging to aid in the
diagnosis of the metaplastic condition Barret’s esophagus (6). Future applications may
include helping to assess permeability in conditions such as leaky gut and irritable bowel
syndrome, or in screening for neoplastic polyps during routine colonoscopy.

Permeability is assessed during CE by examining the quantity of fluorescein dye

that leaks through the mucosal epithelium. Tight junctions, adherens junctions, and other
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mechanisms normally keep this barrier relatively impermeable to fluorescein dye leaking
from the interstitial tissue out into the gut lumen. However, when damage is induced by a
variety of mechanisms, mucosal permeability can be increased as the barrier function is
compromised (29, 44). Increased permeability is implicated in a variety of diseases and
conditions, and is even suggested to increase susceptibility to contracting the HIV
infection. A clinical visual grading scale exists to assess structural damage and functional
permeability of these tissues (10, 38).

This study aims to assess fluorescein infusion and CE imaging assessment of the
sigmorectal colon in an ovine model at varying estrogen levels. It is hypothesized that
higher estrogen levels cause a decrease in permeability through the strengthening of tight
junctions. Permeability as measured by the CE test is analyzed by the currently used
visual grading system and by computer analysis. Other structural tissue observations are
made such as lymphocyte distribution. In addition, cellular gaps per 1000 cells are

examined as an additional measure of inflammation in the model.

MATERIALS AND METHODS

This study complies with all appropriate IACUC rules and regulations on animal
experimentation and was reviewed by the board at UTMB before implementation. 4
Merino sheep weighing 35-45 kg were utilized in this study. They were kept on a strict
12-h light and 12-h dark cycle and fed twice daily, and were not fed on the morning of
procedure days. Imaging was performed with an Optiscan FIVEL laser scanning confocal
endomicroscope. The rigid portion of the probe is 30 mm in length and the probe
diameter is 5 mm. Light is provided by a 488 nm argon ion laser with collector set to

505-750 nm. Frame size is 475 x 475 um and endoscopy is performed at 0.7 frames per
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second. Resultant images are 1024 by 1024 pixels and are saved as TIFF files. Images
may be obtained at depths of up to 70 um. Image quality decreases at greater depths, so
imaging is not typically performed at maximum depth. Throughout the procedure,
different sites were assessed to provide diversity of test images.

Anesthesia for this procedure was 10 mg/kg of intramuscular ketamine, 10 mg/kg
of intravenous ketamine, and 0.1 to 0.2 mg/kg of diazepam. Anesthesia was maintained
during the procedure with 2-5% isoflurane gas. The sheep were positioned in the dorsal
supine position throughout the procedure. Image contrast was provided by administering
systemic fluorescein dye after baseline background images were obtained at the
beginning of a new procedure. 25% fluorescein was injected as a bolus of 5 mL to begin
the imaging procedure followed by an infusion rate of 1-3 mL/min throughout the
remainder of the procedure. Fluorescein dye provides a measure of functional
permeability and also provides contrast for sub-surface imaging into the lamina propria.
After each imaging region was examined under fluorescein contrast, locally applied
acriflavine dye was administered. 0.05% acriflavine in saline solution was administered
directly into the rectal space and allowed to stain surface epithelium cells for sub-cellular
contrast for 5 minutes before imaging was performed. Each imaging region was repeated
after the acriflavine dye had been administered.

Imaging was performed at two different depths inside the rectum, with initial
imaging performed 20 mm from the anus and the rest performed at 40 mm. In addition to
surface images obtained at each site, images at depth were taken at several sites to
evaluate the structure of the lamina propria and the visible vasculature. At each imaging

site, an average of 5 images were taken to ensure quality images are obtained.
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Lactulose and mannitol absorption testing was performed along with imaging to
compare CE permeability assessment to a gold standard. After anesthesia was induced, a
flexible gastroscope was passed down the esophagus and into the first stomach. 10 g of
lactulose and 5 g of mannitol in 85 mL of sterile water was introduced through the scope
and into the stomach. Serum was drawn at time points 0 hours, 1 hour, 3 hours, 6 hours,
and 24 hours after introduction of the lactulose and mannitol solution. Analysis of
lactulose and mannitol concentration in the serum was performed using the EnzyChrom
Kits (BioAssay Systems EMNT-100 and ELTL-100).

The permeability of the rectal mucosa is altered by systemic estrogen levels. 2
sheep were treated with 100mg of depot medroxyprogesterone acetate (Depo-Provera) 4
weeks prior to imaging. Treatment with Depo-Provera causes an anestrous effect, with
the levels of progesterone and estrogen being suppressed during the effect of the
treatment. After 4 weeks, the hormone levels are fully suppressed and these two sheep
could be said to be in anestrous. 2 other sheep were allowed to cycle naturally, and
cycling was confirmed via ELISA testing for estradiol and progesterone (Abnova kKits).
Imaging on the cycling sheep was timed to fall early in the cycle, at a time of high
estrogen levels. Estrous phase was further confirmed on the cycling sheep via trans-rectal
ultrasound.

Images were analyzed in ImageJ (NIH Image) to quantitatively determine the
number of permeable sites and to determine if there was an overall increase in
permeability in each image set. The GLCM plug-in for ImageJ was run for each image to
provide a correlation value, as was described in Chapter 3. The pixel step size was 1 and

the angle 0 degrees. The percentage of sites that show increased permeability was
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compared between the suppressed sheep and the normally cycling sheep using a Z test to
compare two proportions with a p value of < 0.05 as significant. Qualitative observational
methods were further recorded between the two groups for guidance of future study.

4 representative acriflavine stained images were chosen to perform a gaps per
1000 cells count on. 2 images were selected from the hormonally suppressed sheep group
and 2 images were selected from the estrous phase cycling sheep, representing thousands
of cells. Tiff format images were imported into ImageJ and cell counting was performed
using the cell counter plug-in. Gaps were identified as dark areas in the epithelium
around which cells could be visualized. Areas that were out of focus or in which cells
were not visualized were not included in the count, and any dark spaces in these areas
were not counted as gaps. The number of gaps per 1000 cells counted was calculated and
compared between the two groups. Mean number of gaps per 1000 counted cells is
computed along with standard deviation and difference is determined using the Student’s

t-test with a p value of <0.05 given as significant.

RESULTS

Representative confocal endomicroscopic images obtained from a suppressed
sheep and a cycling estrous phase sheep are shown in Figure 4.1. Figure 4.1a shows a
typical image from a site where increased permeability is noted. Instead of the marked
increase in permeability that is easily observed in BZK treated images as in Chapter 2,
the increase in permeability noted here is more subtle. The cellular definition seen on the
surface of these images is usually easily seen, as in Figure 4.1b and in previously shown
undamaged sites. However, Figure 4.1a shows a slight loss of cellular definition on the
surface. In other, deeper images taken from the lamina propria in which the bottoms of

the crypts are still visible show some pooling of dye in the suppressed sheep, which also
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supports the finding of a slight increase in permeability. In Figure 4.1b, a typical estrus
phase naturally cycling sheep image is seen, and no evidence of increased permeability is
noted. Fluorescein may be seen in deeper slices of the image, but is limited to the
capillaries and lamina propria, and did not leak into the lumen. Quantitative analysis
utilizing the GLCM plugin and the produced correlation values as described in Chapter 3
yielded results for percentage of sites with increased permeability for both the suppressed
and the cycling sheep. The suppressed sheep had 50% sites with increased permeability
and the cycling sheep had 12.5% sites with increased permeability. The difference
between these percentages is significant with a p value of <0.05. This was determined
using the same ROC cut-off value that was calculated in Chapter 3 during previous
analysis. The mean correlation value for suppressed sheep was 0.00111 (SD 0.000507)
and the mean correlation value for cycling sheep was 0.00133 (SD 0.000567). These
values are also significantly different, with the lower correlation value indicating a higher
permeability in the suppressed, low hormone state sheep. Similar to the previous analysis
performed on BZK treated sheep, the other GLCM computed values of angular second
moment, contrast, inverse difference moment, and entropy did not significantly differ

between groups.
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Figure 4.1: Representative hormonally suppressed image and normal cycling image

In addition to the functional measures of barrier disruption indicated by an
increase in permeability, the suppressed sheep show a subtle underlying inflammatory
response. Images taken at depth in the lamina propria show a large number of
extravasated leukocytes which are visible as dark cells that have gathered perivascularly
in response to the decreased estrogen and progesterone state. Images in which these
findings are noted are seen in Figure 4.2. Figure 4.2a shows a view of the lamina propria
in a suppressed sheep where abundant leukocytes can be seen. The arrows in the image
show several areas where leukocytes appear to be aggregating. Figure 4.2b shows a large
lymphoid follicle of lymphocytes in the same sheep. Figure 4.2¢ includes a view of the
capillary vasculature in the lamina propria of a hormonally suppressed sheep. The
leukocytes can be seen throughout the image in the capillaries as well as immediately
next to the capillaries as they extravasate. Figure 4.2d shows an image from an estrous
phase cycling sheep in which leukocytes can be seen but in lesser numbers when
compared to the suppressed images. The arrow in the image indicates an area where some
leukocytes have gathered, but the numbers are significantly less than those seen gathered

in Figure 4.2a or b.
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Figure 4.2: Leukocytes aggregation seen in hormonally suppressed sheep (A-C) and in
naturally cycling estrus phase sheep (D)

Epithelial gaps are normally found in colonic mucosa but an increased number of
gaps is associated with inflammation and could cause an increase in permeability. Gaps
may be noted in Figure 4.3. Figure 4.3a is an image from a hormonally suppressed sheep
and Figure 4.3b is from the estrous phase normally cycling sheep. An epithelial gap is

counted if a dark space is noted that is surrounded by epithelial cells, indicating a gap in
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the epithelium. Dark areas that were more cellular in appearance are likely leukocytes
and were not counted as gaps. There are some areas of leukocytes visible in Figure 4.3b,
which can be contrasted with the gap indicated by the arrow. Utilizing the Cell Counter
plugin in ImageJ (NIH Image) to manually count the gaps and epithelial cells, the number
of epithelial gaps counted in the hormonally suppressed sheep was 10.8/1000 cells and
the number of gaps counted in the estrous phase cycling sheep was 6.4/1000 cells. These
results indicate that hormonally suppressed, low estrogen sheep may have more cell gaps

in the epithelium, which is correlated with a corresponding increase in inflammation.

Figure 4.3: Epithelial gaps noted due to cell shedding may be quantified

While CE imaging indicates an increase in permeability in hormonally suppressed
sheep, preliminary lactulose/mannitol absorption testing did not detect changes, and may
have been below the detection threshold of the kits that were used. In particular, mannitol
testing revealed very little absorption of mannitol. The absorption of lactulose did
produce an expected trend of increased serum lactulose up to a peak level at 6 hours of

9.6 ng/mL. However, the test did not produce a similar trend in all of the sheep tested.
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Further testing with a revised protocol will be necessary to more definitively compare the

CE permeability measure to the gold standard lactulose/mannitol assay.
DiscussIiON

Confocal endomicroscopy has gained clinical acceptance in the recent past and
continues to be developed as a method for enhancing the ability of clinicians to better
diagnose and treat a variety of conditions in real time. The ability for CE to assess both
the functional status of epithelial tissues by measuring permeability and the structure of
tissues by allowing for real time imaging make CE a unique tool. CE may have a role in
the future in assisting in diagnosing and treating conditions such as irritable bowel
syndrome and inflammatory bowel disease. However, CE is also used in translational
studies to assess underlying pathophysiology behind clinical conditions. This study
compared fluorescein dye infusion CE in an ovine model at varying estrogen level to
determine the effects of estrogen on CE assessed permeability and microstructure. As has
been shown previously, estrogen provides a protective effect to the intestinal epithelium
and decreases permeability in a murine model as determined by other methods. CE
confirms this finding as can be seen in Figure 4.1, where no increase in permeability is
noted on estrous phase naturally cycling sheep images but a slight increase in
permeability is noted on hormonally suppressed, low estrogen sheep. These results were
confirmed quantitatively utilizing the algorithm developed in Chapter 3. These results
confirm the feasibility of utilizing CE as a method for evaluating permeability and
microstructure by confirming a previous finding in a new model. The increased
permeability of the colonic epithelium at low estrogen levels corresponds to the reduced

expression of tight junction proteins found previously (20). A decrease in permeability in
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a high estrogen state in this study also correlates well with previous measures of reduced
permeability via other methods in a murine model (20). In addition, CE provides other
information beyond assessment of permeability.

The unique advantages of confocal endomicroscopy are further illustrated by the
other data provided in a single imaging session. The ability to assess inflammation via the
aggregation of leukocytes in the lamina propria of the colonic epithelium allows
inflammation to be monitored that is otherwise invisible in white light imaging. The
positions of these leukocytes as they move through the vasculature and extravasate into
the lamina propria can be monitored in real time via CE. In this way, both acute and
chronic inflammatory responses can be assessed. The number of leukocytes present may
influence a number of factors in determining epithelial barrier integrity via the
inflammatory cascade. Alterations in permeability, along with evidence of an increased
inflammatory response have applications in a wide variety of diseases where early
inflammation may predict further development of disease. Ulcerative colitis and Crohn’s
disease are excellent examples of this disease process. The ability for a clinician to
evaluate inflammation via CE during endoscopy may allow for better treatment and
prophylactic control of these diseases.

CE also provides additional structural information by allowing the number of
epithelial gaps per area to be counted. While this metric is not available in real time
during the procedure, it still provides an excellent indication of inflammation and a
potential increase in permeability. Previous evidence has shown that inflammatory
conditions cause a significant increase in the number of epithelial gaps per 1000 cells

counted in the intestine. The results in this study are supportive of those findings and
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indicate that Depo-Provera treatment to suppress the hormonal cycle in the sheep may
cause an inflammatory response that increases the number of gaps that occur per 1000
cells. While this increase is not as significant as that noted in a disease such as
inflammatory bowel disease, it still represents a significant inflammatory finding (57,
60).

The quantification of leukocytes as well as the identification of the type of
leukocytes seen is an important topic for future study. A counting technique similar to
that used for the epithelial gaps may be utilized to determine the number of leukocytes
present per unit of area or per number of intestinal cells visible. Specifically, the
identification of perivascular leukocytes and leukocytes that are actively extravasating
may identify acute and active inflammation. This may be contrasted to aggregation of
lymphoid follicles which may represent a more chronic inflammation. Biopsy specimens
with staining or other methods for cell identification would assist in learning the type of
leukocytes that are being observed. Identification of the types of cells may allow for
better visual identification of the type of response noted. Along with better quantification
of the leukocytes observed, it will be important to examine different test situations in
which an increase in leukocytes may be observed. It would be of use to perform repeated
BZK treatment or treatment with an alternative microbe to examine the response of tissue
on a longer time course.

CE with fluorescein infusion represents a novel method for assessment of
permeability, but has not been compared directly to other permeability measures.
Lactulose/mannitol absorption with serum or urine collection allows for determination of

permeability at various locations throughout the gut. The lactulose molecules are
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absorbed paracellularly and the mannitol levels serve as a control as they are absorbed
transcellurly. The lactulose to mannitol ratio is calculated to assess for alterations in
permeability. An increase in this ratio would be noted when inflammation has occurred
and paracellular permeability has been increased without a corresponding increase in
transcellular mannitol permeability. The literature varies as to what qualifies as a normal
lactulose/mannitol ratio, but the cutoff value is usually given as 0.05 to 0.07. Ratios
below this value are considered to be normal and ratios above are considered to be
abnormal. 1t may also be of value to examine the absolute lactulose and mannitol values
that are present in serum at specific time points after administration. A revised protocol
for a more complete comparison of CE assessment of permeability to a gold standard
measurement such as the lactulose/mannitol absorption test may be of use in further
validating CE as a permeability measure. Performing the test separately from imaging
and increasing the doses of lactulose and mannitol that are administered may improve the
results of this test.

Other topics of future study include the continuation of this current study to
include luteal phase measurements on naturally cycling sheep as well as administration of
added estrogen to the hormonally suppressed sheep to raise the estrogen level for
comparison. This will allow for a wider variety of data for comparison to confirm the
findings from this current study. Additionally, biopsy specimens can be acquired for
histological analysis as well as immunohistochemistry staining for specific tight junction
proteins implicated in alterations in permeability. This will allow this ovine model to be
directly compared with similar previous studies in which expression of tight junction

proteins was shown to be altered at varying estrogen level.
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Confocal endomicroscopy is an emerging technology capable of combining real
time subcellular level structural visualization with functional measures of permeability in
the clinic during endoscopy procedure. The further development of this unique tool to
adapt its use for the diagnosis and treatment of additional diseases represents an
important step forward in the treatment of gastrointestinal diseases. This study provides
interesting data and supports earlier studies that illustrate the influence of estrogen on gut
permeability, as well as providing additional information on inflammatory features such
as leukocyte aggregation and the presence of epithelial gaps. Further study is still
required to continue to elicit the full role of estrogen on gastrointestinal diseases and

chronic inflammatory states.
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Chapter 5 Conclusions

Perturbations to the gastrointestinal mucosal surface epithelium have been
associated with a number of disease states. The exposure of submucosal surfaces to
normal gut flora as well as any material, toxins, or pathogens that may be in the intestinal
lumen may be detrimental to the underlying tissue and cause infection or inflammation.
Maintenance of the intestinal barrier is important in preventing a number of diseases. The
assessment of barrier function has traditionally been performed via endoscopy and white
light imaging or by histological assessment of biopsy specimens by a pathologist.
Confocal endomicroscopy is an emerging method for augmenting and expanding the
current capabilities of traditional endoscopy. CE is capable of assessing functional
measures such as permeability while also providing subcellular resolution images of
structural features in tissue. In addition, CE provides images below the mucosal surface
without the need for a biopsy. CE is currently utilized clinically in several ways such as
assessment of metaplasia in the esophagus and guidance of biopsy in potential cases of
colorectal cancer. However, there are many further applications for CE.

Chapter 2 examines the use of CE as a method to evaluate topical drug agents
such as the microbicidal gel BZK. BZK is demonstrated to increase the permeability and
destroy the structural integrity of the rectal mucosal barrier. As BZK is employed as a
microbicidal gel, this finding has implications in transmission of sexually transmitted
diseases such as HIV. Loss of the mucosal barrier in the rectum can increase the
susceptibility to infection. Chapter 2 demonstrates that CE is a practical method to assess
agents such as BZK in an in vivo ovine model that may be expanded to other similar
applications.

While CE has been used previously in conjunction with a qualitative grading
system to assess permeability, Chapter 3 expands on this concept and introduces an

algorithm that is capable of quantitatively determining whether a test image is permeable
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or not. The quantification of CE permeability measures expands its potential uses. Real
time quantitative permeability measures during endoscopy without the need for biopsy or
other tests may be possible utilizing a similar method. While further work is needed to
expand the algorithm method to a permeability ranking system, this method lays the
foundation for quantitative permeability assessment using confocal methods.

Chapter 4 applies the method developed in Chapter 3 to an interesting clinical
correlation between estrogen level and GI diseases such as irritable bowel syndrome. IBS
has a strong female predominance. Chapter 4 applies CE to an ovine variable estrogen
level model to assess the changes in permeability and structure in the gut. An increase in
permeability is noted in sheep who have suppressed hormone levels, while no increase is
noted in estrous phase normally cycling sheep. These results confirm previous results
from murine studies that indicate estrogen strengthens tight junctions and lowers
permeability. CE may be a future method to help diagnose IBS, as there is currently no
empirical test available for it. In addition, this study helps confirm the findings in Chapter
3 and tests the quantitative permeability method. Future study will expand on these
findings and will work to correlate confocal findings in this ovine model with other
accepted measures of permeability such as the lactulose/mannitol absorption test. This
will further validate CE as a reliable measure of permeability that is more easily
implemented than alternative methods.

Confocal endomicroscopy was used to assess rectal susceptibility to HIV and to
assess the role of estrogen in gastrointestinal diseases. A quantitative method was
developed for permeability measurement using the CE plus fluorescein infusion method.
These studies expand on the potential uses for CE in the clinical and laboratory setting in

the future and provide many avenues for expanded future work.
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