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ABSTRACT 

Cancer is now the leading cause of death in developed countries.  Despite 

advances in strategies aimed at the prevention and treatment of the disease, early 

detection of precancerous growths remains the most effective method of reducing 

associated morbidity and mortality.  Pathological examination of physical tissues that 

are collected via systematic biopsy is the current “gold standard” in this pursuit.  

Despite widespread acceptance of this methodology and high confidence in its 

performance, it is not without limitations.  Recently, much attention has been given to 

the development of optical biopsy techniques that can be used clinically and are able to 

overcome these limitations.  This dissertation describes one such optical biopsy 

technique, angle-resolved low coherence interferometry (a/LCI), its adaptation to a 

clinical technology, and its evaluation in clinical studies. 

The dissertation presents the theory that underlies the operation of the a/LCI 

technique, the design and validation of the clinical instrument, and its evaluation by 

means of two clinical trials.  First, an account of the manner in which the depth-resolved 

angular scattering profiles that are collected by a/LCI can be used to determine nuclear 

characteristics of the investigated tissues is given.  The design of the clinical system that 

is able to collect these scattering profiles through an optical fiber probe that can be 

passed through the accessory channel of an endoscope for in vivo use is presented.   To 
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demonstrate the ability of this system to accurately determine the size of cell nuclei, a set 

of validation experiments are described. 

In order to evaluate the clinical utility of this a/LCI system, two clinical trials 

intended to assess the ability of a/LCI to detect the presence of early, pre-cancerous 

dysplasias in human tissues are presented.  The first of these, an in vivo study of Barrett’s 

esophagus (BE) patients undergoing routine surveillance for the early signs of 

esophageal adenocarcinoma, is described.  This study represents the first use of the 

a/LCI technique in vivo, and confirms its ability to provide clinically useful information 

regarding the disease state of the tissue that it examines, with performance that 

compares favorably to other optical biopsy techniques.  Next, an ex vivo study of 

resected intestinal tissue is presented.  The results of this study demonstrate the ability 

of a/LCI to provide information that can be used to detect dysplasia in the lower 

gastrointestinal tract with high accuracy.  This study will enable future development of 

the technology to allow conduction of in vivo trials of intestinal tissue.  The results of 

these two clinical studies demonstrate the clinical utility a/LCI, illustrating its potential 

as an optical biopsy technique that has great potential to provide diagnostically relevant 

information during surveillance procedures.  This is particularly relevant in the case of 

BE, where its successful use has been demonstrated in vivo. 
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1. INTRODUCTION 

1.1. MOTIVATION 

In their 2008 Global Burden of Disease report, the World Health Organization 

identified cancer as the leading cause of death in economically developed countries and 

the second leading cause of death in economically developing countries.[1]  Worldwide, 

there were an estimated 12.7 million new cases of cancer and 7.6 million cancer deaths in 

that year.[2]  In 2010 in the United States alone, there were 1.6 million new cancer cases 

and almost 570,000 (1 in every 4) deaths caused by the disease.[3]  While overall cancer 

incidence rates have decreased slightly since 2006 in this country (by 1.3% per year in 

men and 0.5% per year in women), an alarming number of individuals continue to be 

diagnosed with or succumb to the disease each day.  The cost burden of such a prevalent 

disease is enormous, estimated at $124.57 billion in this country in 2010.[4]  These costs 

are projected to march skywards, reaching $173 billion in 2020, a 39% increase.[4]  Given 

these sobering figures, it is clear that advances and solutions in the field of cancer 

diagnostics and care are needed. 

Cancers are typically slow to develop, starting with a small, localized group of 

abnormal cells that grow and proliferate in an uncontrolled manner.[4]  When left 

unchecked, these neoplasms grow in size and spread, first as pre-cancerous dysplastic 

lesions, then as local malignancies, invasive carcinomas, and finally as metastases to 

remote locations.  Epithelial tissues harbor the great majority of precancerous growths, 
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due to their increased likelihood of exposure to carcinogens as the primary barrier 

between the body and the environment, with 85% of cancers originating there.  While 

the types of cancer are even more numerous than the types of tissues in the body, the 

associated survival rates for each drops significantly as the cancer develops and spreads.  

For this reason, early detection procedures aimed at identifying cancers and pre-cancers 

before they reach the malignant or metastatic stage figure prominently in prevention 

strategies. 

Currently, the most accepted methodology for surveying epithelial tissues for the 

presence of pre-cancerous growths or cancer itself is the use of pathological analysis of 

tissues, typically collected through physical biopsy.  These tissue samples are fixed and 

stained with dyes that preferentially color specific compounds in the tissue before being 

examined by a trained pathologist under a microscope for hallmarks of cancer, either on 

the cellular or tissue level.  While use of this methodology is widespread and has been 

the accepted method for over 100 years, it is not without its limitations.  The preparation 

of tissue samples for examination via light microscope is time-consuming, meaning that 

pathologic interpretation occurs well after the surgical or outpatient procedure in which 

they were collected in most cases.  This time delay makes it difficult to precisely locate 

small malignancies upon re-examination, and prevents any treatment protocols from 

being used in the same visit as the surveillance procedure itself.  It is difficult at best to 

re-locate small dysplasias that are known to be present in follow-up procedures, with 
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cited miss rates in these cases being as high as 25% in the esophagus.[5]  Furthermore, 

any pathological interpretation is subjective in nature, and while expert pathologists are 

highly proficient, it is difficult to reach consensus on early-stage, borderline, or 

questionable cases, often requiring expensive second opinions.  Indeed, many studies 

have demonstrated a lack of agreement between pathologists when evaluating identical 

tissues.[6]  Finally, the reliance of these techniques on the removal of the actual tissue 

under surveillance limits the amount of surface area that can actually be investigated to 

approximately 2% of that in question.  In the case of some of the earliest, smallest 

malignancies, it is unlikely that this type of procedure will randomly sample the correct 

tissue location.  It is clear that techniques that are able to streamline the procedure, 

improve the ability to extent of examined tissue, and reduce the subjectivity of these 

procedures would be of great value clinically. 

The interaction between light and tissues coupled with the high sensitivity of the 

human eye to the visible spectrum of light combines to make optical observation a 

natural choice for the investigation of biomedical phenomena.  Indeed, light has long 

been used as a tool for medical diagnosis and investigation.  Observation of skin color to 

detect conditions such as infection and swelling (reddish) or jaundice (yellow) are the 

most basic forms of spectroscopic analysis.  The development of the microscope allowed 

for the first observations of small structures, and was responsible for significant 

advances in medicine, including the first characterizations of the cell in Hooke’s 
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Micrographia.[7-9]  As optical techniques have advanced, their use in medicine has 

become increasingly prevalent.  From the use of sophisticated microscopes in 

pathological analysis to the imaging optics used in otoscopes, ophthalmoscopes, 

laparoscopes, and endoscopes, optical imaging and analysis is pervasive in modern 

medicine. 

In recent years, light scattering techniques have become a topic of great interest 

in the field of early cancer detection in the form of the optical biopsy.  With the ability to 

investigate the morphology of the cells that comprise tissue and, in turn, the organelles 

that comprise these cells, it is possible to recognize cancer in its early developmental 

stages without the use of exogenous contrast agents.  The non-ionizing nature of light in 

the visible and infrared spectrums makes these techniques harmless, allowing them to 

be used on patients as much as the temporal dynamics of a surveillance procedure 

might allow.  These techniques, while still in the early stages of development, show the 

potential to act in a complementary manner to physical biopsy, improving its coverage, 

speed, and accuracy in identifying dysplasia.  While optical techniques have been 

investigated for almost as long as endoscopes have included imaging optics, the 

explosion of available optical components that accompanied the telecom boom of the 

1990’s has caused significant growth in the field. 

In particular, modalities that probe the elastic scattering of light from tissue has 

allowed for development of a number of techniques that do not require exogenous 
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contrast agents, which can be difficult to administer and may be toxic in nature.  A 

number of these are summarized in Section 2.5.  One such technique, angle-resolved low 

coherence interferometry (a/LCI), has shown particular utility in the recognition of early 

stage dysplasias, particularly in models of esophageal cancer.[10]  Using low-coherence 

interferometry as its basis, a/LCI simultaneously allows for the analysis of the entire 

thickness of the epithelial layer while independently measuring the scattering signature 

from individual layers within this depth field.[11, 12]  Instead of relying on direct 

resolution of scattering structures as in optical imaging, a/LCI measures angular 

scattering signatures of cell nuclei to provide aggregate measurements of populations of 

cell nuclei with subwavelength precision and accuracy.   

Previous developments of the a/LCI technique have demonstrated its utility in in 

vitro cell studies [13, 14], animal studies [15], and ex vivo human tissue studies in a 

laboratory [11, 16, 17] and hospital [18] setting.  The demonstrated ability to provide 

objective, and label-free measurements of nuclear morphology of individual tissue 

layers points to a significant potential clinical utility for this technology.  The research 

presented in this dissertation describes the design and validation of a clinical a/LCI 

system that can be used in endoscopic surveillance procedures and presents pilot 

studies using this system to detect disease in human epithelial tissues, including a first-

in-man in vivo test.  
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1.2. DISSERTATION OVERVIEW 

The goal of the work described herein was to complete the development of a/LCI 

as a clinical tool that can distinguish dysplastic epithelial tissue from healthy tissue in 

vivo and is compatible with common surveillance procedures.  To achieve this, three 

major milestones were reached. 

The first milestone was the development and validation of the clinical a/LCI 

system itself.  To accomplish this, the sample arm was modified to incorporate a fiber 

probe that is compatible with the accessory channel of a standard endoscope and the 

data analysis procedure was extended and streamlined to process and analyze in a 

straightforward manner the large amounts of data collected in clinical trials.  The second 

milestone was to demonstrate the utility of the clinical system in vivo.  To demonstrate 

this, a first-in-man clinical trial of 46 BE patients was performed.  This study provides a 

validation of the technique in its intended application, use in endoscopic surveillance 

techniques for early cancer detection.  The final milestone in this goal was to 

demonstrate potential clinical utility in disease models other than BE and esophageal 

adenocarcinoma.  To this end, a pilot ex vivo study of 27 patients undergoing partial 

colonic resection was conducted to demonstrate the ability of the clinical a/LCI system to 

identify intestinal dysplasia. 
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1.3. DOCUMENT ORGANIZATION 

The document is organized as follows.  Chapter 2 provides background 

information regarding the diseases in which a/LCI has been used in human studies, both 

in vivo and ex vivo.  Background regarding the pathologies of both BE and 

adenocarcinomas (both esophageal and intestinal), the diseases in which a/LCI has 

shown utility in clinical trials to date, is given.  In addition, a description of the current 

standard of care surveillance procedures for these diseases is provided, as the intended 

clinical use of a/LCI is as a complement to these procedures.  In addition to background 

regarding these diseases, a review of various optical biopsy techniques that have been 

previously developed is also given, including brief technical descriptions and the results 

of clinical or pre-clinical studies of note for each.  Finally, the chapter concludes with a 

summary of the development of a/LCI to date, including an account of all pre-clinical 

studies that were completed in order to enable the first in vivo studies presented herein. 

Chapter 3 provides an in-depth description of the methodology used to correlate 

the angular scattering distributions that are recovered for individual depths by the a/LCI 

system with morphological measurements of nuclear size and density.  Section 3.1 

provides a description of the model that is used to simulate light scattering from cell 

nuclei, along with an account of the tools that are used to provide data from this model 

to the a/LCI processing algorithm.  Section 3.2 summarizes the manner in which 

experimentally collected angular scans are processed to isolate nuclear scattering, and 
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then compared to theoretical solutions in order to determine the size characteristics of 

the nuclei responsible for the scattering. 

Prior to this work, all pre-clinical a/LCI trials had involved relatively small 

numbers of subjects and associated scans.  Data processing was straightforward in these 

studies, since in-depth, manual analysis of each data scan was possible in order to 

determine which tissue measures given by a/LCI correlated with disease.  In clinical 

trials, however, the number of sampled points and associated data scans increases by 

multiple orders of magnitude.  In order to manage this dataset to produce information 

that could be used diagnostically by a clinician using the a/LCI tool, a standardized 

processing technique was developed.  This clinical data processing procedure is 

presented in Section 3.3.  The manner in which scans are aligned, segmented, compared 

to theory, and combined into groups is given.  This process was critical in the data 

analysis portions of the clinical trials presented in Chapter 5, and provides a starting 

point for computer-assisted automated analysis routines that would need to be 

developed prior to wide-scale deployment of the technology. 

Chapter 4 presents the design, development, and validation of the clinical a/LCI 

system itself.  The design of the system is presented, focusing on the modification of the 

sample arm fiber probe to allow compatibility with the accessory channel of standard 

endoscopes.  Next, calibration routines are presented that allow for recalibration of the 

system should the fiber probe need to be replaced due to damage incurred during a 
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procedure.  A set of studies that were conducted to validate the performance of the 

clinical a/LCI system are presented in section 4.4.  These studies analyze scattering by a 

number of liquid phantoms containing monosized polystyrene microspheres.  The 

ability of the system to accurately determine the size of scatterers within single-layer 

phantoms and dual-layer phantoms is demonstrated.  In addition, the ability to 

consistently provide accurate size measurements as a function of depth is validated. 

The clinical a/LCI system provides a point-scanning optical biopsy technique, not 

dissimilar to physical biopsy techniques in which each point must be investigated 

independently.  While the non-destructive nature of the optical biopsies taken by a/LCI 

does not limit the total number of measurements that may be taken, as is the case with 

physical biopsy, any point scanning technique is time consuming and may be tedious to 

implement in the clinic.  To alleviate this, a prototype wide-area scanning variant of the 

a/LCI system is presented in Section 4.5.  This system incorporates relay scanning optics 

that allows for multiple tissue points to be scanned without repositioning of the fiber 

probe.  This prototype provides the proof-of-concept experiment that should enable 

development of a scanning geometry for a/LCI. 

Chapter 5 provides accounts of the clinical studies, the completion of which are 

the major goals of this research.  Section 5.2 details a pilot study of 46 BE patients 

undergoing routine surveillance endoscopy for dysplasia.  This study validates the 

performance of a/LCI in vivo, and provides justification for further large-cohort studies 
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to evaluate the diagnostic power of the technique.  In addition, a comparison of the 

performance of a/LCI and other optical biopsy techniques is given in Section 5.2.4.  This 

analysis provides a basis for comparing both the objective performance of the 

techniques, benchmarked by sensitivity and specificity, which are measures of the 

ability to correctly identify dysplastic and healthy tissues, respectively, along with a 

qualitative comparison of the resolving power of each technique.  The in vivo BE trial 

represents the culmination of a number of pre-clinical trials in that organ, both in animal 

and human tissues.[19]  To justify in vivo use in human subjects, it is preferable to first 

validate the technique in ex vivo trials.  Section 5.3 presents the results of a study of ex 

vivo intestinal tissue using the clinical a/LCI system.  This study was conducted to enable 

future in vivo studies in surveillance procedures for early detection of colorectal cancers. 

Chapter 6 concludes the dissertation with a summary of the presented work and 

a discussion of future directions in the clinical development and validation of the a/LCI 

technique. 
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2. BACKGROUND 

2.1. INTRODUCTION 

Angle-resolved low coherence interferometry seeks to identify the presence of 

dysplasia in epithelial tissue through morphological characterization of cell nuclei.  It is 

helpful to understand the nature of the underlying diseases to appreciate the manner in 

which a/LCI is able to identify these pathologic states.  A large amount of the 

development of a/LCI has focused on detection of dysplasia in Barrett’s esophagus (BE), 

a metaplastic condition that predisposes those affected to the development of 

esophageal adenocarcinoma.  A brief summary of the background of BE is presented in 

Section 2.2.  Section 2.3 provides a brief overview of both esophageal and intestinal 

adenocarcinoma, including a description of the progression of dysplasia through which 

the disease develops.   

As with any cancer, associated mortality for esophageal and intestinal 

adenocarcinomas decreases precipitously with early detection of the disease.[11, 16, 18, 

19]  For this reason, routine surveillance protocols are used to monitor for the early signs 

of these diseases.  Unfortunately, these standard-of-care procedures continue to suffer 

from a number of noted weaknesses.  Section 2.4 provides a summary of these 

techniques, along with a discussion of their strengths and weaknesses.  One area of 

recent development in the clinical detection of dysplasias has been the use of a number 

of advanced optical imaging techniques such as a/LCI.  Section 2.5 provides a review of 
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a number of these optical detection technologies, along with a description of selected 

pre-clinical and clinical research results for each. 

The chapter concludes with a discussion of the a/LCI technique itself.  A review 

of the development of the technique is presented, along with a summary of all prior 

animal model and pre-clinical a/LCI studies is provided.  

2.2. BARRETT’S ESOPHAGUS 

Barrett’s esophagus (BE) is a premalignant, metaplastic transformation of the 

esophageal lining in which the normal squamous epithelium is replaced with a 

specialized columnar epithelium.[3]  The condition is known to be associated with the 

presence of chronic gastro-esophageal reflux disease (GERD), and is recognized as a 

precursor the development of esophageal adenocarcinoma, a type of esophageal 

cancer.[20]   

The overall prevalence of BE in the United States is difficult to measure, as the 

majority of investigatory endosocopies are conducted upon referral for GERD.  A recent 

randomized Swedish study of 3,000 adults showed that the overall prevalence of BE in 

the general population is 1.6%.[21]  A study of 961 individuals undergoing screening 

colonoscopy in a US population demonstrated that the prevalence of BE in that 

population was 5.6% among patients with no history of heartburn, although this study 

was biased towards male subjects undergoing colonoscopy for GI symptoms.[22]  If the 
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former of these incidence rates is projected to the United States, it suggests that 3.4 

million American adults may suffer from this condition. 

BE is thought to progress through stages of dysplasia prior to developing into 

esophageal adenocarcinoma.  This progression, from non-dysplastic BE to low-grade 

dysplasia and then to high-grade dysplasia, while gradual, is not regressive in nature 

with respect to stage.  While the risk for the development of esophageal adenocarcinoma 

among BE patients without signs of dysplasia is relatively low, at 0.5% per year [23], this 

represents a 30- to 120-fold increase in the rate seen in the general population.[21] 

Because of this increased cancer risk, all four major gastroenterology societies 

recommend periodic screening with random biopsy as described in Section 2.4.1. 

2.3. CARCINOMAS 

Carcinomas are cancers that develop as malignant neoplasms in epithelial 

tissues.[3, 24]  These malignancies can arise in any of the epithelial tissues of the body, 

including the skin, the lining epithelium of the gastrointestinal (GI) tract, the renal 

tubular epithelium of the kidney, and any of the many other epithelial sites found in the 

body. 

Carcinomas can be further identified by the type of epithelial tissues from which 

they develop.  Adenocarcinomas are lesions that originate from glandular tissue, while 

tumor cells in squamous cell carcinomas resemble and originate from stratified 

squamous epithelium.  In cases where the tumor grows in an undifferentiated pattern, it 
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is referred to as being poorly differentiated.  Adenocarcinomas are commonly found in 

organs throughout the GI tract such as the esophagus, stomach, and colon, as well as in 

other organs such as the lung and cervix. 

Given the wide variety of epithelial tissues in the body, it is not surprising that 

the majority of all malignancies originate from the epithelial lining.  The rate of 

development of these cancers varies by tissue type, but all transition through a 

precancerous phase characterized by intraepithelial neoplasia (IEN), which progresses in 

severity with time.[5]  There are many characteristic changes in epithelial tissue growth 

that are associated with increasingly severe levels of dysplasia an IEN, such as loss of 

cellular polarity and increased nuclear size. 

The characteristic changes of the stages preceding cancer can potentially serve as 

useful biomarkers to signal increased cancer risk, providing a greater opportunity for 

interventional preventative therapies.  Classifications of dysplasias are stratified into 

low-grade and high-grade, and guidelines for care are typically reliant on these 

distinctions.  Low-grade dysplasia is characterized by modest changes such as cell nuclei 

enlargement and hyperchromaticity typically focused in the basal layer of the 

epithelium.  High-grade dysplasia, by contrast, is characterized by major nuclear 

abnormalities, decreased mucin production, loss of nuclear polarization, and increased 

hyperchromatism present throughout the full thickness of the epithelium.[25] 
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2.3.1. Esophageal adenocarcinoma 

Globally, there were 482,000 new cases of esophageal cancer and 406,800 

associated deaths in 2008.[5]  Esophageal cancers are split between squamous cell 

carcinomas of the upper esophagus and adenocarcinomas of the lower esophagus, 

which are largely associated with BE.  There is a large international dichotomy in the 

relative prevalence of esophageal cancer, as rates in Southern and Eastern Africa and 

Eastern Asia are as much as 3-4 times as high as they are in Western Europe and North 

America; developing countries account for 80% of all new cancers of this type.   

The prevalent type of esophageal cancer varies by geographical region.  In high-

risk areas, 90% of esophageal cancers are squamous cell carcinomas.  While the 

underlying causes for this are not well understood, a number of nutritional factors are 

largely suspected.  Esophageal adenocarcinoma (EAC), by contrast, is a much more 

pressing problem in the West, accounting for 50%-80% of all cases of esophageal cancer.  

Smoking, obesity, and chronic gastroesophageal reflux disease (GERD), which in turn 

can lead to BE, are risk factors for EAC.  According to the American Cancer society, 

there were approximately 16,640 new cases of esophageal cancer in the United States in 

2010, coupled with 14,500 deaths.[2] 

The prognosis for patients that develop esophageal cancer is particularly dismal, 

with an overall five-year survival rate in the United States of 17%.[3]  For this reason, 

early detection of the development of the disease is critical for survival, as there are a 
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number of interventional therapies that can be used, such as radiofrequency ablation [3], 

photodynamic therapy [26], and cryotherapy [27] among others which are more likely to 

be effective when applied to early stage cancers.  Additionally, the time window in 

which pre-cancerous dysplasias are detectable is large, often spanning up to 10 

years.[28]  

2.3.2. Intestinal adenocarcinoma 

Colorectal cancer (CRC) ranks 3rd and 2nd in prevalence worldwide among males 

and females, respectively.  In 2008, there were over 1.2 million new cases of the disease, 

with 608,700 deaths.[25]  In contrast to esophageal cancers, the highest rates of 

occurrence of this type of cancer are found in western countries, as the major risk 

patterns include trends that are elevated in those areas, such as physical inactivity, 

obesity, red meat consumption, and excessive alcohol consumption.  In the United States 

alone, there were 154,790 new cases of CRC in 2010, along with 53,190 deaths, according 

to the American Cancer Society.[2]   

It is worth noting that the United States is one of the only countries with 

significantly decreasing incidence rates of CRC over the last two decades in both males 

and females [3], attributed to the increased rate of universal screening and removal of 

precancerous lesions through colonoscopy as one of the most important factors.[29]  

More commonly, increasing incidence rates of CRC are seen throughout the world, 
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particularly among the members of the developing world, where adoption of a 

westernized lifestyle is becomingly increasingly commonplace. 

Five-year survival rates for CRC in the United States, reported as 65% by the 

American Cancer Society in 2008, are much better than those associated with esophageal 

cancer.[29, 30]  When the high prevalence of this disease is taken into consideration, 

however, the need for more effective screening techniques is apparent.      

2.4. SURVEILLANCE TECHNIQUES 

With low 5-year survival rates, particularly in the case of EAC, the need for early 

detection of dysplasia or early-stage cancers in these diseases is clear.  If diagnosed 

while the cancer is still localized, the 5-year survival rates increases from 65% to 91% 

and 17% to 37% for colorectal and esophageal cancers, respectively.  Thus, strategies that 

are aimed at early detection and prevention figure prominently in guidelines for care 

and screening in the cases of CRC and BE.[3]  Currently, the accepted methodologies for 

screening revolve around the use of periodic surveillance endoscopy combined with the 

use of physical biopsy and pathological assessment of biopsied tissue samples. 

The example of widespread screening is widely cited as a contributing factor to 

the reduction in the incidence of the prevalence of the CRC in countries that have 

adopted such routines, as in the United States. 
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2.4.1. Barrett’s esophagus 

Due to the increased prevalence of esophageal adenocarcinoma in BE patients, all 

major gastrointestinal societies recommend periodic endoscopic surveillance with 

systematic biopsies.  Generally, four-quadrant biopsies are taken at 1-2 centimeter 

intervals along the entire segment of affected esophageal tissue, referred to as the 

“Seattle Protocol”.[30, 31]  These guidelines call for periodic examinations, with the 

follow-up dictated by the degree of dysplasia observed.  The frequency of these 

procedures range from one every 3-5 years for patients without dysplasia to yearly 

examinations for patients in whom dysplasia is identified.  This approach has inherent 

limitations.  Due to the need for sample processing, there is a time delay between 

endoscopy and diagnosis, requiring separate procedures for detection of dysplasia and 

treatment.  In addition, diagnostic uncertainty often results due to the difficulties in 

analyzing the small, often histologically ambiguous tissue samples obtained during a 

standard biopsy, limiting inter-observer agreement between pathologists.[21, 32]  There 

is also a risk of misdiagnosis due to sampling error in the affected tissue because of the 

small surface area that can be examined using four-quadrant biopsy techniques, 

estimated to be between four and six percent of the metaplastic epithelium.[9, 33]  The 

associated problems with this type of surveillance and its large associated cost burden 

has caused the value of endoscopic monitoring to be called into question.[24]  Despite 
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any shortcomings, however, this standard of care procedure currently offers the best 

option for esophageal surveillance. 

2.4.2. Intestinal dysplasia 

The screening techniques for the presence of colon cancers are split into two 

general categories, those of a noninvasive nature such as fecal occult blood tests, and 

invasive techniques such as flexible sigmoidoscopy and colonoscopy.  While 

noninvasive options are more widely-available and less expensive than alternatives, 

these tests primarily seek to identify colorectal cancer, are not sensitive to the majority of 

premalignant lesions, and lack the sensitivity and specificity of invasive procedures.[34] 

The detection of premalignant lesions, which include both dysplasias and benign 

adenomas, is accomplished clinically through the use of flexible sigmoidoscopy, 

colonosocopy, contrast barium enema, or virtual colonoscopy.  Of these options, the first 

two are recommended by the American Cancer Society in patients at increased risk of 

developing CRC due to risk factors that can include family history or a history of polyps 

at prior colonoscopy.[35]  In these procedures, which differ only in the length of 

endoscope used (60-cm sigmoidoscopes can image the sigmoid, or left, colon only), all 

visible polyps are removed with biopsy forceps through the endoscope accessory 

channel, and later analyzed by a pathologist.  Despite recent advances in these 

techniques, however, adenoma miss rates as high as 30% have been reported in routine 

colonoscopy.[35]  This problem is largely due to the small size and profile of early 
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dysplasias, which are difficult to identify with white-light endoscopic tools, combined 

with the limited field of view of the imaging optics in colonoscopes.  Furthermore, flat 

dysplasias such as those associated with colitis, are not visible under gross examination 

via colonoscopy, and therefore go untreated in these procedures. 

There are several difficulties associated with the reliance of physical biopsy for 

the identification and evaluation of potential dysplasias during endoscopic surveillance 

techniques in the colon and intestine, many of which mirror those seen in the esophagus.  

These include the time delay to diagnosis and the subjective nature of histopathologic 

analysis.  In fact, it has been shown that interobserver agreement when evaluating 

colorectal tissue for signs of dysplasia is moderate.[36]  The low coverage area possible 

is a greater issue in the lower GI tract than in the esophagus, given the larger total area 

of the organ and the fact that flat dysplasias or those that are not easily visualized as 

large polyps are often missed.  

2.5. OPTICAL DETECTION TECHNIQUES 

The fact that early detection of cancer and premalignant lesions has such a large 

impact on patient outcome has made development of optical biopsy technologies a 

major topic of recent research.  Scattered light is used by many of these technologies as 

the probe by which a tissue’s cancerous or dysplastic state is interrogated.  Others, such 

as fluorescence spectroscopy, probe the molecular components of tissue structures.  

Many of these optical techniques are well-suited to overcome a large number of the 
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obstacles faced by the currently accepted surveillance techniques presented in Section 

2.4.  This section provides a summary of a selection of these. 

2.5.1. Fluorescence spectroscopy 

Fluorescence spectroscopy techniques aim to measure intensity and spectral 

variations in the fluorescent emission of light from interrogated tissues. This 

fluorescence can originate from exogenous staining agents introduced to the tissue or 

from endogenous fluorophores such as connective tissue in a process known as 

autofluorescence. In these processes, fluorophores typically emit light at a lower energy 

(and longer wavelength) than the incident light used for illumination. Using chromatic 

filters that selectively block the illumination wavelength, it is possible to isolate the 

fluorescent light and analyze its spectrum or highlight tissues of interest in imagery. 

Fluorescence spectra are analyzed using processes such as linear discriminant analysis 

or principal component analysis to extract relevant and useful diagnostic information for 

the detection of abnormal tissues.[8] 

A laser-induced fluorescence (LIF) optical biopsy system was used in an early 

optical biopsy study reported by Panjehpour et al. for the identification of malignancies 

in 32 esophageal cancer patients.[37]  In this study, malignancies were identified by 

using linear discriminant analysis on the fluorescent spectra with a sensitivity of 100% 

and a specificity of 98%.  In a follow-up study examining BE patients for dysplasia, this 

approach was less successful, identifying HGD with 90% sensitivity but all premalignant 
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tissues (including focal HGD) with 97% specificity but only 39% sensitivity.[38]  In a 

study using intrinsic fluorescence, a measure of naturally occurring fluorescence that is 

corrected using a reflectance signal, Georgakoudi et al. used was able to detect HGD in 

16 BE patients with 100% sensitivity and 97% specificity.[39]  In the same study, high- 

and low-grade dysplasias were differentiated from NDB tissue with 79% sensitivity and 

88% specificity.  Recently, Curvers et al. reported an endoscopic tri-modal imaging 

study for the early identification of neoplasia in 84 BE patients using autofluorescence as 

an imaging modality.[40]  In this study, autofluorescence imaging significantly 

improved the ability to identify dysplasia when compared to high-resolution endoscopic 

imaging only, although sensitivity and specificity figures were not reported.  

2.5.2. Light scattering spectroscopy 

Light scattering spectroscopy (LSS) is an elastic light scattering technique 

introduced by Perelman et al. and further developed by Backman et al.[41]  In this 

technique, cell nuclei are approximated as Mie scatterers and elastically backscattered 

light is analyzed using Mie theory in order to determine the size and density of the cell 

nuclei in the interrogated volume.  The scattering cross section of a Mie scatterer 

demonstrates a periodic structure as a function of wavelength.  By delivering broadband 

light to tissue, collecting the reflected light, and comparing it to a baseline reflectance 

signal, LSS can isolate the periodic portion of the reflectance spectrum.  This signal is 
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analyzed and its periodicity and amplitude are then used respectively to determine the 

size and density of the scattering nuclei in question. 

Multiple studies have used this technique to detect neoplastic metaplasias in vivo.  

Wallace et al. used LSS to detect dysplasia in 13 BE patients undergoing routine 

surveillance.[42, 43]  By comparing LSS sizing results with a pathological evaluation of 

co-located physical biopsies and using nuclear enlargement as a surrogate biomarker, 

dysplasia was detected with 90% sensitivity and 90% specificity.  A further study 

conducted by Georgakoudi et al. examined 16 BE patients using a tri-modal device that 

combined LSS with fluorescence and reflectance spectroscopy.[33]  In this study, LSS 

was able to distinguish HGD and LGD from non-dysplastic Barrett’s esophagus (NDB) 

tissue with 100% sensitivity and 91% specificity.  When grouped together, all dysplasia 

(LGD and HGD) was distinguished from NDB with 93% sensitivity and 96% specificity. 

LSS has also been used to detect dysplasias in colonic tissue.  Gurjar et al. first 

demonstrated measurements indicating the feasibility of differentiating normal mucosa 

from adenomas in ex vivo human colon tissue samples using a wide-area imaging 

modality, although no subsequent studies have been reported.[40] 

An extension of LSS, four-dimensional elastic light scattering fingerprinting (4D-

ELF) examines the spectral, angular, azimuthal, and polarizational dependence of light 

scattering.[44]  This technique analyzes a multi-dimensional scattering signature that 

includes number density of red blood cells immediately below the epithelium, fractal 
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dimension of the organization of tissue substructure, and the degree of roundness of 

subcellular structures.  Analysis of this signature can identify a ‘field-effect’ of colon 

carcinogenesis that can identify precancerous tissues at their earliest stages. 

4D-ELF was used to identify the development of aberrant crypt foci in a rat colon 

model at a statistically significant level by Roy et al.[45]  In a later study, the technique 

was used to measure the increase in the development of pre-dysplastic epithelial 

microvascular blood content in 222 patients undergoing colonoscopy.[46]  In this study, 

this early increase in blood supply was shown to be an effective biomarker of field 

carcinogenesis.  Subsequently, Roy et al. used 4D-ELF to analyze histologically normal 

intestinal epithelium in vivo and was able to recognize a carcinogenic field-effect in 

patients harboring adenomas elsewhere.[47] 

2.5.3. Elastic scattering spectroscopy 

Elastic scattering spectroscopy (ESS) is a technique that analyzes elastically 

scattered light and is sensitive to scattering and absorption properties of the tissue in 

question.[48]  In this technique, light is delivered to tissue using an optical fiber placed 

in contact with the tissue and light that is elastically scattered is collected by a separate 

collection fiber and analyzed.  Here, collected light exhibits a wavelength dependence 

on the size and shape of the scattering centers of the tissue in question.  Additionally, 

specific placement of the fibers with respect to each other allows scattering from specific 
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depths to be selected preferentially, although it does not afford true depth resolution.[49, 

50] 

ESS has been used to differentiate pathologies in the gastrointestinal (GI) tract in 

a pilot study published by Mourant et al.[51]  In this study, optical biopsies that were co-

located with physical biopsies were collected in the lower GI tract of 32 patients and the 

elastically scattered light signatures were compared to pathological analysis of the 

corresponding physical biopsies.  By comparing the relative amount of scattered light 

collected in the 400-440 nm band with that in the 540-580 nm band, good separation 

between biopsies corresponding to malignant or dysplastic tissue and those 

corresponding to non-dysplastic tissue was achieved.  In a later study, ESS was used by 

Lovat et al. to detect HGD in 81 BE patients.[49]  Here, non-focal high grade dysplasia 

was detected in biopsies with a sensitivity of 92% and a specificity of 60%.  In another 

study, ESS was used to diagnose colonic lesions in 45 patients undergoing 

colonoscopy.[52]  Here, cancerous lesions were differentiated from normal mucosa with 

a sensitivity of 80% and a specificity of 86%.  In addition, this study was able to 

differentiate all pathological diagnoses (hyperplasia, adenoma, chronic colitis, and 

cancer) from normal mucosa with a sensitivity of 92% and a specificity of 82%. 

2.5.4. Confocal laser endomicroscopy 

Confocal laser endomicroscopy (CLE) is a light scattering technique often 

combined with fluorescence imaging that has been used for the detection of dysplasia 
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and cancer in epithelial tissues.  This technique is capable of generating high-resolution 

images of the mucoscal surface, often using an intravenously administered, exogenous 

contrast agent such as fluorescein.  The images obtained can be evaluated histologically, 

but require the interpretation by an expert observer in order to detect disease. 

There have been multiple studies of note that have evaluated the ability of 

endoscopic confocal microscopy to assess the presence of dysplasia in vivo.  A 2004 

study published by Kiesslich et al. evaluated the ability of a CLE system to identify 

neoplasia in 42 patients at 390 locations.[53]  Here, the presence of neoplastic change 

was predicted with a sensitivity of 97.4% and a specificity of 99.4%.  In 2006, the same 

group presented the results of a study of 63 patients with BE.[54]  In analysis of 156 sites, 

the technique was able to identify dysplasia and cancer with a sensitivity of 92.9% and a 

specificity of 98.4%.  A later study published by Pohl et al. described the use of CLE in 23 

consecutively enrolled BE patients.[55]  In this study, dysplasia was identified at 179 

biopsy sites with a sensitivity of 80% and a specificity of 94.1%. 

2.5.5. Optical coherence tomography 

Optical coherence tomography (OCT) is a low coherence interferometry imaging 

technique first described by Huang et al. which allows the formation of depth-resolved 

reflectance and scattering images.[56]  In OCT, light from a low coherence source is split 

into reference and sample arms.  Scattered light from the sample is collected and mixed 

with the reference light at a detector in order to produce an interferometric signal.  Due 
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to the low temporal coherence of the light source, only light that is pathlength-matched 

between the two arms will interfere, allowing specific depths to be probed 

independently.  Early OCT systems operated in the time domain by varying the length 

of the reference arm to scan through multiple depths and achieve depth resolution. 

In compariosn to time-domain methods, it has been shown that Fourier-domain 

and swept-source OCT (FD-OCT and SS-OCT, respectively) techniques provide a 

sensitivity advantage in addition to their inherent speed advantages.[57]  In FD-OCT, 

light is collected as a function of wavelength and analyzed to produce a depth-resolved 

image.  Because each oscillatory frequency component in the detected interferometric 

signal corresponds to the contributions of photons from different sample depths, 

Fourier-transforming the collected wavenumber spectra produces an amplitude scan (A-

scan) in the axial direction.  Sweeping the detection spot across the sample allows a 

tomographic line or volume scan to be constructed, and an image to be produced.  This 

image can subsequently be analyzed in order to detect the presence of dysplasia, but 

these analyses typically require an expert observer and the images generally do not 

provide the resolution to observe individual cellular structures. 

Endoscopic imaging of the upper GI tract with an OCT system has been 

demonstrated by Bouma et al. [58] and by Sivak et al. [59] through the use of novel, 

endoscopically compatible probes.  The ability of endoscopic OCT to detect dysplasia in 

33 BE patients was evaluated in a study reported by Isenberg et al.[60]  Endoscopic OCT 
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images were collected at locations co-located with physical biopsies, evaluated by the 

endoscopists for the presence of dysplasia, and compared to pathological diagnosis.  In 

this study, dysplasia was identified with a sensitivity of 68% and a specificity of 82%.  In 

a further study of a 13 patient subset of these data, Qi et al. were able to detect dysplasia 

with a sensitivity of 82% and a specificity of 74% using a computer-aided diagnostic 

algorithm.  A study by Evans et al. identified dysplasia in 55 BE patients using OCT with 

a sensitivity of 83% and a specificity of 75%.  Additionally, in 2008, Zagaynova et al. 

reported the results of a study that used a forward-looking OCT probe to identify the 

presence of HGD and adenocarcinoma with a sensitivity of 78% and a specificity of 71%. 

2.5.6. Fourier domain low-coherence interferometry 

Fourier-domain low coherence interferometry (fLCI) is a technique first 

introduced by Wax et al. that combines light scattering spectroscopy with the depth 

resolution capability of low coherence interferometry.[61]  In this technique, 

wavelength-dependent variations in scattered light are measured as a function of depth, 

allowing morphological information regarding specific subsurface layers of tissue to be 

probed.  This approach is unique in its ability to fully depth-resolve the wavelength 

contributions from individual sub-surface depths. 

fLCI has been used to diagnose dysplasia in a hamster cheek pouch 

carcinogenesis model in a study reported by Graf et al.[62, 63]  In this study, the cheek 

pouches of 21 animals were scanned and the spectral scattering contribution from the 
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basal layer of tissue was analyzed to distinguish dysplasia from non-dysplastic mucosa 

with 100% sensitivity and 100% specificity.  The technique was later used by Robles et al. 

to detect nuclear enlargement in colon tissue in an azoxymethane rat carcinogenesis 

model in a statistically significant manner.[64]  In addition, this study demonstrated the 

ability to detect the field effect of colon carcinogenesis. 

2.6. ANGLE-RESOLVED LOW COHERENCE INTERFEROMETRY 

Angle-resolved low coherence interferometry (a/LCI) is a light scattering 

technique that combines the ability of light scattering spectroscopy to resolve 

morphological features of cellular substructure with the depth-resolving abilities of 

OCT.  First introduced by Wax et al., a/LCI uses low coherence interferometry to 

separate the angularly-resolved backscattered light contributions from multiple depth 

slices of a sample in question.[65]  Similar to LSS, a/LCI compares characteristics of 

backscattered light to those predicted by Mie theory in order to estimate the size 

distributions of scatterers, such as cell nuclei.  While LSS analyzes variations in the 

scattered light as a function of wavelength, a/LCI compares angular oscillations in the 

scattered light at a single wavelength with those predicted by theory. 

2.6.1. Time domain a/LCI 

The earliest a/LCI system, based on a Michelson interferometer geometry, was 

presented by Wax et al.[13]  In this system, depth gating was achieved by physically 

varying the axial position of the scattering sample such that light scattered by a depth 
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segment of interest in the sample fell within one coherence length of the pathelength of 

light in the interferometerreference arm.  In order to separate the detected 

interferometric signal from the DC background and low-frequency noise, a Doppler shift 

of 9.5 kHz was imparted to the interferometric signal by translating the sample at a 

constant velocity, enabling heterodyne detection.  By adding an imaging lens on each 

arm of the interferometer in order to create a 4f imaging system and laterally translating 

the location of the lens in the reference arm, the scattering angle of the light collected 

sample was varied.[13]  A slightly modified version of this system allowing for greater 

angular collection range and scanning the reference mirror axially rather than the 

sample arm was later presented by Wax et al.[13]  A simplified diagram of this system 

appears in Figure 2.1(a).  Scanning both the lens and mirror in the reference arm of this 

system independently allowed a two-dimensional light scattering map to be built with 

axes corresponding to sample depth and scattering angle.  Subsequently, selected depth 

regions of this map were analyzed and compared with scattering distribution predicted 

by Mie theory in order to determine the size distribution of the scattering centers. 

An early validation study analyzed scattering from polystyrene microsopheres, 

and was able to accurately determine the size of the scatterers with subwavelength 

accuracy and sensitivity.[66]  This system was also used to recover morphological 

characteristics of the highly-scattering cell nuclei of in vitro HT29 epithelial cells, by 

providing cell nucleus measurements that were in good agreement with an analysis of 
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microscopic images of the same cells.[66]  In a retrospective quantitative study of the 

nuclear morphology of in situ epithelial cells in a rat model of esophageal 

carcinogenesis, light scattered from the basal cell nuclei was isolated, analyzed, and the 

resultant nuclear size distributions were compared to histopathological analysis of the 

same tissue samples.[67]  This study was the first demonstration that a/LCI was able to 

identify the presence of dysplasia, both low- and high-grade (LGD + HGD), and did so 

with 80% sensitivity and 100% specificity (n = 42). 
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Figure 2.1: Time-domain a/LCI system schematics.  (a) First-generation time-domain 
a/LCI system based on Michelson interferometer geometry.  Mechanical movement of 
a mirror (M) and a Lens (L) in the reference arm is necessary for scanning over the full 
angular and depth range.  (b) Second-generation time-domain a/LCI system based on 
Mach-Zehnder interferometry geometry.  The moveable mirror (M) and lens (L) are 
located separately but perform the same depth/angular scanning function as in (a).[11] 

An improved a/LCI system based on a Mach-Zehnder interferometer geometry 

was introduced by Pythila et al. and appears in Figure 2.1(b).[68]  Use of a Mach-Zender 

geometry allowed for placement of acousto-optic modulators (AOMs) in the sample and 

reference arm, allowing the fields to be offset in frequency from each other by 10 MHz.   

This modification allowed for an increase in the frequency of the heterodyne signal by 
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three orders of magnitude, greatly improving data acquisition speed and allowing the 

scattering profile from a single point to be collected in approximately 5 minutes rather 

than the 35 minutes required by the first-generation system.  The increase in heterodyne 

frequency also reduced the contribution of 1/f noise, improving the fidelity of the 

detected signal.  Additionally, the improved a/LCI system utilized a balanced detector in 

order to suppress common mode noise and demodulated the detected signal using a 

spectrum analyzer. 

The improved a/LCI system was used by Wax et al. to measure average diameter 

and texture of nuclei in the basal layer of epithelial tissue in a rat model of esophageal 

carcinogenesis.[14]  In this study, the neoplastic progression of the tissue was 

prospectively graded using the mean diameter of the cell nuclei in the basal epithelial 

layer as a biomarker, and the results of the previous study described above as the 

grading criteria.[16]  Here, the second-generation system was able to detect dysplasia 

with a sensitivity of 82% and a specificity of 100% at 43 sites.  When combined with the 

results of the first-generation study, these results show that a/LCI is able to detect 

dysplasia prospectively with 97% specificity and 91% sensitivity.  The improved a/LCI 

system was also used to assess intraepithelial neoplasia in a hamster tracheal model of 

carcinogenesis.[11]  In this study, a/LCI was able to detect dysplasia (LGD + HGD) in 20 

animal tissues with a sensitivity of 87% and a specificity of 91%. 
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2.6.2. Fourier-domain a/LCI 

Time-domain a/LCI is able to provide depth-resolved measurements of cellular 

morphology with sub-wavelength accuracy and precision, but suffers from multiple 

drawbacks that preclude its use as a clinical tool for in vivo use.  While the ability of the 

second-generation time-domain a/LCI system to take a measurement from a single point 

in 5 minutes represented a large improvement over early versions, that acquisition time 

is two to three orders of magnitude too slow to be useful in an operating room and 

overcome patient motion.  In addition, the free-space geometry of the system 

(particularly the sample arm) made it impossible to access many tissue locations in vivo 

and required the sample to be placed on the instrument rather than vice-versa, as would 

be required for endoscopically compatible imaging tools. 

A modified Fourier-domain version of the a/LCI technique was introduced by 

Pyhtila et al. which alleviated the first of these problems.[17]  This approach employed 

an interferometric technique similar to that used in Fourier-domain OCT to depth 

resolve the scattered light without the need to physically scan a sample arm.  By 

spectrally resolving the detected light, Fourier-domain a/LCI is able to separate 

contributions from various sample depths, which appear as oscillatory contributions 

with frequencies that are proportional to the depths from which they originate.  In 

addition to a significant decrease in the detection time due to the removal of the axial 

scanning of the reference arm, Fourier-domain detection methods for low-coherence 
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interferometry have been shown to achieve higher signal-to-noise ratios than their time-

domain counterparts.[69]  The approach uses an imaging spectrometer for detection, 

which resolves detected light not only spectrally but also spatially, allowing Fourier-

domain a/LCI to collect an entire range of scattering angles simultaneously.  This 

eliminates the need to physically scan an optical element to collect the scattering across 

an angular range.  In this system, it is possible to collect the entire a/LCI scattering map 

with a single integration of the CCD (40 msec), which represents a 104 reduction in 

acquisition time.  Proof of concept of this technique was demonstrated by Pyhtila et al. 

through the measurement of polystyrene microsphere phantoms with demonstrated 

accuracy and precision in assessing structure that is comparable with previous a/LCI 

techniques.[58] 

To allow for flexibility of the sample arm, as required for compatibility with 

endoscopic procedures, a further modification of the Fourier-domain a/LCI system 

based on a coherent imaging fiber bundle was introduced by Pyhtila et al.[69]  In this 

system, the Mach-Zehnder interferometer was modified such that collimated light was 

delivered to the sample using a single mode fiber and scattered light was collected 

across the face of an imaging fiber bundle.  This fiber-based Fourier-domain a/LCI 

system was used to detect dysplasia in situ in resected human esophagus by Pyhtila et 

al.[70]  Multiple points on a tissue sample were scanned using the a/LCI device and the 

nuclear size distributions and indices of refraction were compared to histopathological 
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analysis.  In this study, BE tissue positive for dysplasia was differentiated from 

columnar gastric epithelium with 100% sensitivity and 100% specificity (n = 18). 
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Figure 2.2: Portable Fourier-domain a/LCI system schematic.[71] 

An additional modification, enabling portability of the a/LCI system and 

modifying the sample arm into a hand-held probe, was reported by Brown et al.[68]  A 

schematic of this system appears in Figure 2.2.  This modified system was used in a 

clinical setting to scan esophageal tissue immediately following surgical removal and 

was shown to be able to detect LGD by analyzing the size distributions reported for the 

basal layer of tissue with a sensitivity of 100% and a specificity of 78% (n = 15). 

2.7. SUMMARY 

Chapter 2 presents the background information necessary to understand the 

foundations of the clinical a/LCI system including the diseases it targets, their current 

surveillance methods, and other optical techniques in the field. 
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First, the pathological basis for the various diseases targeted by a/LCI are 

presented.  Barrett’s Esophagus (BE), a disease that has received a significant amount of 

focus in the development of a/LCI is described in detail because of the predilection of 

those who have BE to develop esophageal adenocarcinoma.  The prevalence and basis of 

this type of cancer, along with colorectal cancer, another a/LCI target, are presented in 

detail in Section 2.3. 

In addition to a discussion of these diseases, surveillance techniques that enable 

the monitoring of their progression are also presented.  This includes, in Section 2.4, a 

description of the physical biopsy techniques that are currently considered to be the 

standard of care for patients at risk of developing these types of cancer. 

Finally, a summary of various optical biopsy techniques that might provide 

complimentary information or alternatives to physical biopsy are presented in Section 

2.5.  The chapter concludes with an in-depth summary of the development of a/LCI 

prior to the development of the clinical a/LCI system. 
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3. THEORY 

In this chapter, the theoretical basis for the comparison of experimentally collected 

angle-resolved scattering data to theoretically modeled data is presented.  The clinical 

a/LCI system presented in Chapter 4 provides scattering data that are resolved in depth 

and angle.  In order to correlate this information with morphological measurements 

regarding the cellular substructure of the tissue under examination, this data must be 

segmented and fit to theoretical scattering distributions. 

In section 3.1, the theoretical basis behind the modeling of the light scattering by 

tissue structures is discussed.  The Mie solution to Maxwell’s equations, which provides 

the basis for the theoretical database used to analyze clinical a/LCI data is presented, as 

is a description of the software package designed to generate these databases.   

In section 3.2, a description of the methodology that is used to fit a single angular 

profile from the experimental data to theoretical scattering profiles is presented.  This 

fitting procedure is used to determine average nuclear diameter and nuclear density, a 

measurement of the relative index of refraction of the nucleus to the surrounding 

cytoplasm.  

In the case of the optical biopsies collected during the trials described in Chapter 

5, it is necessary to acquire multiple images per optical biopsy.  The morphological 

information provided by these multiple images must then be combined to form a single 

set of measurements, from which structural information from specific tissue locations 
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must be selected in order to provide sensitivity to the disease state of the tissue at the 

biopsy site.  Section 3.3 provides a complete description of this process. 

3.1. ANALYSIS OF TISSUE SCATTERING 

In a/LCI, cell nuclei are modeled as single dielectric scatterers.  Scattering from 

tissue, then, is modeled as a population of these scatterers.  Various numerical methods 

have been used to calculate the angular scattering pattern from dielectric particles of 

varied geometry.  These geometries range from simple spherical scatterers whose 

scattering patterns can be predicted by the closed form Mie solution to the wave 

equation to more complex spheroids that require strategies such as the T-matrix method 

to model.[19] 

3.1.1. Mie theory 

The clinical a/LCI system utilizes a simple sphere geometry as its model of 

scattering by cell nuclei.  As a spherical object is symmetric in all rotation directions, the 

orientation of the scatterer with respect to the illumination beam can be ignored, 

allowing for a reduction in the computational complexity of the modeling and fitting 

problems compared to other models. 

Accurate models exist for special cases of scattering of EM radiation by spherical 

particles that are either much larger or smaller than the wavelength of radiation being 

scattered, such as in the case of Rayleigh scattering.[66, 72-74]  Because the size of 

structures on the cellular level are approximately equal to the wavelengths of light in the 
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visible and near-IR bands that are used in biophotonics, these generalizations are not 

applicable, as they typically describe a slowly-varying function with angle.  Gustav Mie 

described the analytical solution to Maxwell’s equations for scattering of 

electromagnetic (EM) radiation by spherical particles.[75, 76]  It is this Mie solution to 

the scattering of light from dielectric particles that provides the theoretical basis for 

clinical a/LCI. 

The Mie solution describes an oscillatory scattering pattern in angle whose 

frequency is generally proportional to the spherical particle’s size, with large particles 

having higher frequency oscillations than those of small particles.  A unique scattering 

pattern exists for each combination of size parameter (the ratio of the diameter of the 

scattering sphere to the scattered wavelength) and relative index of refraction (ratio of 

the dielectric index of refraction of the scatterer to its surrounding medium).  In order to 

produce a theoretical basis against which to compare collected angular scattering 

patterns, a database of potential scattering solutions was generated. 

FORTRAN code provided by Bohren & Huffman (BHMIE) that calculates the 

angular scattering from a spherical particle of arbitrary size using Mie theory was used 

as the basis for the code used to create the a/LCI Mie database.[77]  This program was 

translated to the C++ programming language and was implemented inside a GUI 

frontend program named ‘Visual Mie’ that allows for easy configuration and creation of 

databases with desired specifications for the following degrees of freedom: EM radiation 
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wavelength, spherical diameter, scatterer index of refraction, medium index of 

refraction, size distribution, and desired angular range.  A screenshot of the tool appears 

in Figure 3.1. 

 

Figure 3.1: Visual Mie database generation tool. 

The Mie scattering solution describes the angular scattering distribution for a 

single scatterer which can be extended to a homogeneous solution of scatterers for a 

single wavelength of incident EM radiation.  Neither of these situations, however, is 

accurate in the case of analysis of a/LCI signal.  The reliance of the technique on the use 

of broadband light to obtain depth resolution means that the resultant scattering pattern 

will be a superposition of scattering from multiple size parameters, all of whom are 
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distributed around the size parameter defined by the center wavelength of the light 

source used in the system.  Similarly, it is unrealistic to expect any population of 

scatterers to be completely homogeneous in nature.  Rather, it is more likely that 

populations of biological scatterers will be distributed in size about a mean value.  As 

uncertainty in both the size of the scatters in the population that comprise the sample in 

question and the wavelength of light used to interrogate that sample contribute to 

uncertainty in the size parameter, they can be modeled together as a single size 

distribution whose contributions add as squares.[75]  During calculation, individual 

scattering solutions with size parameter normally distributed about the mean size are 

scaled by a Gaussian weighting function and incoherently summed to create a scattering 

solution that is representative of a population of spherical scatterers with a size 

distribution that is described by its standard deviation. 

In order to model an appropriate scattering solution it is also important to correct 

for the fact that the medium in which the scatterers lie and the free space in which the 

detection takes place do not necessarily have the same refractive index.  Light will 

refract when it leaves the higher index of refraction scattering medium (cytoplasm in the 

case of tissue) and enters the surrounding air.  This propagation effect can be simply 

corrected by applying Snell’s law to the angular scattering pattern, and an option is 

provided in the database generation tool to apply this correction. 
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3.2. FITTING OF EXPERIMENTAL DATA 

To perform light scattering analysis, an angular scattering profile ( )I θ  is 

recovered from a depth range of interest by summing as described in (3.1) where ( )I θ  

represents the scattering intensity map and az  and bz  represent the boundaries of the 

depth slice of interest.  Here, az  and bz are discrete depths provided by the Fourier 

transform in Section 4.3 whose resolution is set by (4.8). 

 ( ) ( ),
b

a

z

z z
I I zθ θ

=

= ∑  (3.1) 

Angle-resolved low coherence interferometry seeks to analyze light 

backscattered from scattering centers; the technique is particularly interested in the 

angular scattering contributions from cell nuclei.  Multiple studies have pointed to the 

average size distribution of cell nuclei as a useful biomarker for early neoplastic growth, 

making the scattering contribution from this particular organelle highly desirable for 

analysis.[78]  The angular distribution of the scattered intensity is related to the two-

point spatial correlation function of the optical field through the Fourier transform 

relationship give in (3.2), where r  is the length scale of the spatial correlations along the 

transverse direction given by the angle θ .[11, 14, 17-19] 

 ( ) ( ) ( )
2

EE I rθ θ   ℑ = ℑ = Γ    
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Because of this relationship, it is possible to use a low-pass filter to remove 

scattering contributions from large scale features (e.g., inter-cell correlations).[67]  While 

these scattering contributions contain information regarding organization on the cellular 

level, it is the contributions from features on the length scale of cell nulcei that are of 

interest in this analysis.  To filter the data, the angular scattering profile obtained from 

(3.1) is Fourier-transformed and all frequency contributions from correlation lengths 

greater than the size of typical cell nuclei (> 16 μm) are suppressed.  By inverse Fourier-

transforming the resultant filtered correlation function, the angular scattering profile 

from subcellular features is obtained. 

The nucleus is the largest of subcellular organelles, typically having a diameter of 

7-15 μm.  Roughly 1 μm in size, mitochondria represent the next-largest cellular 

organelles.  Because the frequency of oscillations in the angular scattering pattern is 

proportional to scatterer size, the angular scattering contribution of all organelles 

smaller than the cell nuclei can be approximated by a second-order polynomial.  In 

order to remove these contributions from the detected scattering profile, a second-order 

polynomial is fit to the filtered data and then subtracted in order to leave only the 

scattering components from cell nuclei. 

Once the oscillatory component of the light scattering profile corresponding to 

cell nuclei from the depth range of interest has been isolated, it is compared with the 

predictions of Mie theory.  For this purpose, a numerical database of scattering 
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distributions representing the angular scattering signatures from a range of diameters 

(5-25 μm at 0.1 μm steps) at various size distributions (typically 2.5%, 5%, 7.5%, and 

10%) and a range of relative refractive indices (18 discrete values between 1.03 and 1.08) 

is generated using the program described in section 3.1.1.  To match the processing 

performed on the detected scattering signal, the scattering solutions contained in the 

database are also fit to a second-order polynomial which is then subtracted from the 

angular spectra. 

To perform the fitting, a 2χ  test is performed between the detected scattering 

signal and each of the candidate scattering solutions DB 1 2( , , , , )I d n nθ σ  provided by the 

database, using diameter, size distribution, and relative refractive index between the 

scatterer ( 1n ) and surrounding media ( 2n ) as degrees of freedom.  Each 2χ  value is 

scaled by the null chi-squared value to assess the strength of the correlation.  The 

mathematical model for the chi-squared test used by the a/LCI fitting algorithm is given 

by (3.3). 

 ( ) ( ) ( )( )
( )( )

2
DB 1 22

1 2 2

, , , ,
, , ,

I I d n n
d n n

Iθ

θ θ σ
χ σ

θ

 −
 =
 
 

∑  (3.3) 

Once fitting is performed, the 2χ  distribution is sorted to find the theoretical 

solution that best fits the detected signal.  After the best-fit solution is found, the nuclear 

diameter, size distribution, and relative index of refraction ratio used to create the 

scattering profile are extracted to give the nuclear size characteristics of the probed 
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depth segment.  In situations where there is not a unique fit (i.e., there are two 

equivalent minima in the 2χ  distribution representing disparate nuclear diameters), the 

information from the investigated depth is discarded as being “unfittable”.  For two 2χ  

fits to be considered equivalent, the higher of the two 2χ  values must be less than 110% 

of the lower.  For two fits to represent disparate nuclear sizes, the diameters used to 

create the scattering solutions must be separated by at least one half wavelength of the 

light source used by the system. 

In the case that a unique optimal fit is found for a depth of interest, the average 

diameter and index of refraction ratio of the scatterers in question returned.  In the case 

of clinical tissue data, this information is fed into the clinical data processing procedure 

described in section 3.3 to provide information that yields insight into the disease state 

of the tissue location under examination. 

3.3. CLINICAL DATA PROCESSING 

For a typical a/LCI optical biopsy, inadvertent patient and probe motion can 

serve to reduce the quality of any individual scan.  The current a/LCI device does not 

provide the ability to evaluate each collected image in real time during clinical 

endoscopy procedures.  For this reason, multiple consecutive acquisitions are made at 

each tissue site for later analysis.  The 15-30 acquisitions collected for a single biopsy 

point contain scattering data for a depth segment that corresponds to the entire 

epithelium of tissue as well as part of the underlying mucosa.  Since the a/LCI device 
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provides the ability to independently determine nuclear size and density for each depth 

and for all scans, each biopsy provides hundreds of nuclear morphology measurements 

that are characteristic of the tissue in question.  While the data from the epithelium 

provides diagnostic capacity, data from other layers do not.  Further, scans that are of 

low signal strength do not provide accurate analysis results and must be ignored.  This 

section presents the clinical data analysis process by which the individual scans from an 

optical biopsy are evaluated for quality and segmented by depth into the tissue to 

provide nuclear morphology data via the procedure outlined in section 3.2.  In addition, 

the methodology used to analyze the nuclear morphology information from these 

multiple accepted scans is described. 

3.3.1. Depth scan evaluation 

Each a/LCI data scan provides a scattering map resolved in angle and depth for 

the first few hundred microns of depth of the mucosa including the epithelium and 

portions of the underlying lamina propria.  It has been shown that a/LCI is able to 

accurately size scatterers throughout the top 500 μm of the interrogated sample,[15]  

corresponding to various layers of the epithelium. 

In the case of the detection of dysplasia, the ability to isolate information from 

diagnostically relevant layers of the epithelium has been demonstrated to be one of the 

major strengths of the a/LCI technique.[79]  Thus, when merging data from multiple 

independent scans it is critical to create a common frame of reference so that common 
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tissue layers are aligned between images.  In the a/LCI clinical processing procedure, the 

creation of a depth resolved intensity scan for each acquisition is a valuable step in scan 

alignment, as it is difficult to recognize features in the two-dimensional scattering maps.  

In order to create a depth scan, the collected raw data are processed and corrected in the 

manner described in Section 4.3 to produce the two-dimensional scattering map that is 

resolved both in angle and depth.  This scattering map is summed across angle, creating 

a single curve that represents total scattering intensity (across the collected angles) as a 

function of depth in the sample.  An example of a scattering map and its corresponding 

depth scan appears in Figure 3.2.   

 
Figure 3.2: (A) Example scattering map from an esophageal a/LCI optical biopsy.  (B)  
Depth plot created by summing scattering map across angle.  Layers that correspond 
to epithelium and lamina propria are indicated.  Coverglass, tissue surface, and basal 
layer landmarks are also identified.  

Examining the depth scan in Figure 3.2 (b), it is possible to recognize some clear 

features that are difficult to identify in Figure 3.2 (a).  First, the scattering from the 

protective coverglass probe surface (labeled) appears as a strong peak to the left of the 
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depth plot, peaking here at a depth of approximately 70 μm and falling back to the noise 

floor 100 μm into the sample.  This feature should be theoretically found at a fixed in 

location in all scans, as it is geometrically fixed in relation to the probe face.  Use in 

clinical environments, however, can cause the a/LCI system to be exposed to a variety of 

temperatures between operating suites and staging areas.  Temperature drift produces a 

small change in refractive indices of the fiber optics in the reference and sample arms, 

resulting in a variation of the exact position of this constant peak of up to 50 microns 

between patients.  The high visibility of this feature in a/LCI depth plots provides a 

landmark to mark the relative outer surface of the probe itself, from which referencing 

of depth segments can begin. 

In order to obtain a baseline reading of the coverglass peak location and intensity 

of 2-3 acquisitions are taken with the probe held stationary prior to scanning any subject.  

The intensity of light returned by the coverglass in these scans provides a standard level 

of scattering that is a reference for individual scans from that patient to assess signal 

strength.  Because movement of the probe during an acquisition, due to either 

inadvertent patient or operator motion, can cause the signal to noise ratio of that image 

to vary significantly, each scan is compared to this expected scattering standard in order 

to pass a quality check during processing.  Typically, tissue scattering with a peak 

intensity that is at least 50% of that seen from the coverslip baseline is required for a scan 

to be considered strong enough to process. Analysis has shown that attempting to fit 
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data from poor quality data produces randomly distributed sizes which do not reflect 

tissue structures. 

Once the coverglass peak has been identified, it is possible to identify the tissue 

surface, which appears as a strong peak due to the strong scattering from the change of 

refractive index from the glass of the coverslip to epithelial tissue.  Because the clinical 

a/LCI system has a depth resolution of approximately 25 μm, all peaks and transitions in 

the scattering medium will be broadened.  For this reason, the “surface” of the epithelial 

tissue for the purposes of processing is identified as the point approximately 50% of the 

way up the initial slope of the peak associated with the tissue surface.  Typically, the 

scattering from the tissue itself will rise to an initial peak, roughly 50 to 70 μm into the 

tissue from this surface point, at which point it will slowly decrease through the 

remainder of the epithelium until it reaches the relatively acellular connective tissue of 

the lamina propria (labeled in Figure 3.2(B)).  In esophageal tissue, the thickness of the 

epithelium is typically on the order of 300 μm.  One notable feature in this depth scan is 

the basal layer of the epithelium (labeled), which is approximately 200-300 μm below the 

surface and the location where new epithelial cell growth occurs in healthy tissue.  The 

basal layer typically appears as a small peak on an otherwise decreasing scattering 

trend.  In Figure 3.2 (b), the basal layer can be seen as a shelf that appears at 

approximately 400 μm in depth, or roughly 200 μm beneath the epithelial surface 

(labeled). 
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3.3.2. Binning 

Each scattering map typically provides an angular scattering distribution for 

500+ μm of the epithelium and underlying tissue at the interrogated point.  Processing 

each depth scan at the maximum resolution of the a/LCI system (~25 μm) provides 20 

nuclear sizes and 20 nuclear densities per scan.  While this level of resolution can 

provide interesting insight to the progression of nuclear sizes through a single scan, the 

amount of information makes it difficult to interpret.  For a single patient in which 6 

biopsies are taken, each of which consists of 20 individual acquisitions, this corresponds 

to 2400 nuclear sizes and nuclear densities each.  In addition, it is difficult to interpret 

tissue structures and identify tissue layers such as the basal layer at such a fine 

resolution using only the intensity information contained in the depth scan.  In order to 

compact the information gathered and to provide a larger margin of error in assessing 

the site of the basal layer, the topmost 500 μm of the data is binned into ten 50-μm 

segments.  Figure 3.3 shows the example depth plot found in Figure 3.2 (b) with these 

processing bins numbered and overlaid.  The binning typically is set to begin at or 

before the expected start of the tissue, in order to capture the entire 300-μm thick 

epithelium in the 500 μm of binned data. 
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Figure 3.3: Example depth plot with 50-μm bins indicated by gray lines.  Grayed box 
indicates basal layer. 

In order to generate angular scans that can be fit to theoretical angular 

distributions using the methodology described in section 3.2, an intensity distribution is 

created as a function of angle by summing across all the depths in each of the bins 

according to (3.1) where ( )NI θ  is the angular intensity distribution of the tissue that falls 

in bin N , for which [ ],a bz z  are the depth bounds.  

By analyzing the angular intensity scan for each of the bins using the chi-squared 

fitting algorithm described in (3.3) , up to ten unique nuclear diameter and density pairs 

(some bins may not return a unique fit) will be correlated with these depth bins.  Each 

depth bin can be correlated with landmarks in the tissue such as the top of the 
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epithelium and the basal layer (indicated as grayed box in Figure 3.3), providing the 

ability to identify nuclear sizes with these tissue layers.  In our analysis, six consecutive 

bins are selected as the epithelial layer, starting with the bin in which the tissue surface 

falls.  Occasionally, the tissue surface can be difficult to identify clearly.  In these cases, it 

is often useful to identify the basal layer in the depth scan, as it is among the most 

visible feature in the intensity profile along with the tissue surface.  Once these six 

segments are selected, they are grouped by two in order to produce three 100-μm 

sections of the epithelium that correspond to sections of tissue 0-100 μm, 100-200 μm, 

and 200-300 μm below the epithelial surface.  The average morphological measurements 

(nuclear diameter and density) returned by the a/LCI fitting algorithm for the two bins 

that comprise each 100-μm section are combined as a simple average.  Bins that do not 

return a unique size do not contribute to the average measurements of the section in 

which they fall.  This process reduces the scattering map from each acquisition to six 

measurements: average nuclear diameter and density for the cells in the sections of 

tissue 0-100 μm, 100-200 μm, and 200-300 μm below the epithelial surface. 

The identification of tissue segments can benefit not only on the information 

contained in the individual scan, but also upon cues from previous or subsequent 

acquisitions at the same point.  Consecutive scans taken at the same point are expected 

to be very similar and typically are seen to be as well.  Figure 3.4 shows three 

consecutively acquired esophageal a/LCI depth scans overlaid on each other.  It is 
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readily apparent that while the three scans are not identical, they show essentially the 

same tissue structures and tissue layers.  In the case of these scans, and indeed in the 

case of the majority of scans from similar biopsies, the locations of the depth bins of 

interest between scans do not change.  For this reason, scans that are difficult to segment 

in depth can often be interpreted by looking at neighboring scans.  In addition, 

examination of neighboring scans can assist in the identification of confounding deep 

tissue structures in the lamina propria that may resemble tissue layers of interest, such 

as blood vessels or muscle layers, whose appearance is transient between scans. 

 

Figure 3.4: Comparison between consecutive epithelial 
a/LCI depth scans (overlaid). 

3.3.3. Scan rejection 

Aside from low overall signal intensity, there are additional reasons that an 

acquisition may be discarded.  While the a/LCI probe application guideline calls for firm 
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contact between the probe and tissue in order to create a well-defined tissue surface with 

the coverglass, it is not uncommon for blood or acellular material such as mucous to 

form a layer between the epithelial surface and the probe window.  This phenomenon 

occurs at higher rates in the case of surveillance protocols where standard physical 

biopsies are being taken, as there is a moderate amount of bleeding associated with the 

gathering of these biopsies.  This intermediate layer can be of varying thickness and acts 

in the same manner as an index matching fluid between the probe and tissue.  The effect 

of this is to significantly elongate the initial rise from the tissue surface, often times by 

100+ μm, and to reduce the intensity of the scattering peak due to the tissue surface as 

there is no longer as sharp a change in refractive index.  An example of this type of scan 

is show in Figure 3.5.  Here, the shaded area of the depth plot indicates the ambiguous 

section of the scan.  It is likely that the actual tissue surface occurs towards the end of 

this region, but the intensity scan does not provide a strong enough cue to confirm this 

assumption.  The presence of such a layer often makes identification of the epithelial 

surface difficult, if not impossible. 
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Figure 3.5: a/LCI depth scan with mucous-like surface layer. 

Frequently the a/LCI probe images tissues that contains objects, such as 

glandular structures or blood vessels, whose depth profiles do not resemble the clear 

layered structures of typical epithelium and are more difficult to interpret.  This type of 

structure often appears in the depth scan as an extended plateau or as a double or triple 

peak.  An example of this type of scan appears in Figure 3.6.  Here, it is unclear if the 

sharp early peak that starts near 200 μm is the epithelial surface and the dominant deep 

scattering structure is a subsurface gland, or if the shallow structure is acellular material 

and the deep peak represents the actual tissue peak.  Because the intensity profile of the 

tissue does not provide any complimentary information that would make it possible to 
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distinguish which portions of these types of scans are the epithelial layers that are 

actually of interest, they are also omitted from analysis. 

 

Figure 3.6: a/LCI depth scan with ambiguous depth profile. 

3.3.4. Averaging of multiple scans 

Each optical biopsy typically consists of 20-30 individual acquisitions.  With the 

aforementioned binning and layer identification procedure, each of these scans is 

reduced to three pairs of measurements, corresponding to three layers of the epithelium.  

Because the scans are processed individually, it can be assumed that data points from 

equivalent depth segments (e.g., 0-100 μm in depth) are aligned to each other.  Despite 

the fact that these measurements are from equivalent depths, it is unlikely that the 

measured morphological characteristics will be identical from scan to scan.  The a/LCI 
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beam is large (~ 300 μm diameter) compared to the cell nuclei that it probes.  At a single 

depth in a single acquisition, it is likely that dozens of cell nuclei contribute to the 

scattering signal that is detected.  Slight, sub-millimeter changes in position and angle 

between acquisitions are inevitable; in an in vivo environment the sample is not fixed, is 

often moving due to processes such as respiration, and has a surface that provides little 

holding friction. In addition, the probe is typically being manipulated through an 

endoscope, which is moving itself.  While a 150-μm lateral movement is not enough to 

move the probe tip to a different physical biopsy site, it is enough to cause a significant 

change in the population of cells that is being interrogated. 

In order to provide a single set of measurements that are characteristic of the 

tissue site that is being examined, simple averaging is performed.  By combining the 

nuclear diameter and density for each layer across all valid scans at a tissue site, robust 

metrics are collected regarding the average nuclear morphology of each 100-μm 

segment of epithelial tissue.  In addition, this averaging serves to mitigate the influence 

of any outliers that may throw off the accurate characterization of the tissue site.  To 

ensure that a sufficient  number of scans are used in the case of biopsies with weak 

signal or confounding depth scans, a benchmark is set requiring at least 30% of the total 

scans acquired must have contributed to the that measurement. 
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3.4. DISCUSSION 

The data processing method presented here has been successfully used in two 

clinical trials to date, both of which are presented in Chapter 5.  Despite the success of 

these trials, there are a number of ways that this procedure could be improved.  The 

manual approach to scan analysis is tedious and time-consuming.  For example, in an in 

vivo pilot study of 46 BE patients undergoing surveillance for dysplasia, 3,397 individual 

data scans were collected at 172 optical biopsy sites.  Each of these scans was processed, 

correlated with an intensity depth scan, and interpreted by hand.  This method of data 

interpretation is slow and laborious, and is a potential target for significant 

improvement.  While automated interpretation of the depth scans is an exceedingly 

difficult problem to solve, computer pattern recognition and signal analysis is a robust 

field, and for a/LCI to provide the type of real-time feedback that clinicians require to 

guide therapy, the man in the loop must be replaced. 

It is quite possible that one of the major reasons that scan segmentation is such a 

difficult task is because the intensity depth scans simply do not provide enough 

information themselves.  At multiple points in the fitting procedure, complimentary 

information such as organization on the inter-cell [18, 19] and sub-nuclear [80] scales are 

discarded.  It is possible that this information could provide useful in the interpretation 

of the scattering data. 
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3.5. SUMMARY 

In summary, we have described the underlying theory that enables the 

comparison of experimentally collected angular scattering spectra to theoretical 

predictions in order to characterize the morphology of the cellular nuclei under 

investigation.  Mie solutions to Maxwell’s equations are calculated for the scattering of 

light from dielectric spheres using numerical code.  Distributions of these solutions are 

combined to reflect both the non-homogeneous nature of a theoretical population of 

biological scatterers in addition to the broadband nature of the light source used in the 

a/LCI system and used to construct a reference database of theoretical solutions.  The 

manner in which collected angular scattering distributions from arbitrary depths in a 

scattering sample are processed in order to isolate nuclear scattering are described in 

section 3.2, as is the methodology by which they are compared to the theoretical 

solutions of the database. 

Clinical trials seeking to evaluate the a/LCI technique in human subjects, either 

in in vivo or ex vivo trials, require large amounts of acquisitions, often numbering in the 

thousands, to be collected.  The manner in which these scans are segmented and 

analyzed, in addition to the method used to combine the morphological measurements 

that are returned from the fitting routine are presented in section 3.3.  Use of this 

procedure allows the datasets comprising large numbers of paired biopsies to be 

compacted into a dataset that can be readily interpreted. 
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4. INSTRUMENTATION 

In this chapter, the Clinical a/LCI system is presented.[81]  This includes its 

design (Section 4.1), its calibration (Section 4.2), and the signal processing required to 

recover angle- and depth-resolved scattering maps from the data it collects (Section 4.3).  

A set of validation experiments are presented that rely on the use of scattering standards 

constructed from polystyrene microspheres to verify the ability of the system to 

accurately measure the size of particles in a depth-resolved manner.  This is this system 

that was used in the clinical trials presented in Chapter 5. 

A variant advance of the clinical a/LCI system that allows for wide-area scanning 

is also presented (Section 4.5).  This system was designed to demonstrate the feasibility 

of using an optical relay system and a galvanometer to rapidly scan the a/LCI 

interrogation beam across the face of a sample in question while preserving 

measurements of the angular scattering distribution.  The design of this system is 

presented (Section 4.5.1), as is a validation study performed to confirm the ability of the 

wide-area system to accurately size scattering phantoms (Section 4.5.2). 

4.1. CLINICAL A/LCI SYSTEM DESIGN 

The clinical system consists of an optical engine that houses the light source, 

interferometer, and detection optics, and a fiber probe assembly for collecting scattered 

light from a sample.  The fiber probe accepts light through polarization maintaining 

(PM) fiber, allows its delivery through an endoscope, and returns scattered light through 



 

61 

a fiber bundle to the optical engine, where it is recombined with reference light carried 

in a single-mode (SM) fiber.  A high-level schematic of the clinical system appears in 

Figure 4.1.  This section describes in detail the design of this system. 

 

Figure 4.1: High-level clinical a/LCI schematic. 

4.1.1. Optical Engine 

The clinical Fourier-domain a/LCI system is based on a modified Mach-Zehnder 

interferometer (Figure 4.2).  Broadband light with a center wavelength of 0λ = 832 nm 

and full width half max bandwidth FWHMλ∆ = 19 nm is generated by a superluminescent 

light emitting diode (SLD; Superlum SLD-381-HP1, Ireland) and coupled into a single 

mode fiber.  This light is then passed through a fiber-coupled optical isolator (AC 

Photonics, Santa Clara, CA) to prevent backreflection into the SLD cavity.  A 5:95 fiber 

splitter (AC Photonics) separates light into the sample (5% power) and reference (95% 

power) arms. 
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Figure 4.2: Clinical Fourier-domain a/LCI system schematic.[79] 

The sample arm of the interferometer passes through a long single-mode optical 

fiber that is pathlength matched to the reference arm and terminated into free space 

(light-gray) by collimating lens L3.  The collimation assembly is placed on a translation 

stage which makes it possible to perform small-scale adjustments to the reference arm 

pathlength in order to match it to the length of the sample arm.  The collimated 

reference beam is folded by a 45° mirror in order to reduce system footprint and permit 

steering into a beamsplitter, which redirects it to the input slit of the detector and 

overlaps it with the reference field. 

The dependence of the scattering function on the polarization of the incident 

light necessitates illumination of the sample with light of a known polarization in  a/LCI 

systems.[79]  In the clinical a/LCI scheme, light is delivered using an inline fiber 

polarizer (Chiral Photonics, Inc., Pine Brook, NJ), which passes light of one polarization 



 

63 

into panda type polarization maintaining fiber (PM; Corning Inc., Corning, NY).  In 

addition, a polarization controller (Thorlabs, Newton, NJ) is inserted between the fiber 

splitter and the fiber polarizer in order to adjust the polarization of the light passing into 

the polarizer in order to maximize the power coupled into the PM fiber.  The PM fiber in 

the sample arm carries light of a known polarization state into the fiber probe assembly 

and delivers it to the probe tip assembly.  Scattered light is also collected from the 

sample by the probe tip assembly.  Collected backscattered light is carried by an imaging 

fiber bundle back to the interferometer, where it is mixed with the reference field.  The 

output of the fiber bundle is imaged onto the input slit of the detector using the 4f 

system created by lenses L1 and L2 (f1 = 40 mm, f2 = 60 mm).  The use of a 4f system 

reproduces both the phase and amplitude of the scattered field at the detector in this 

interferometric imaging system.[82] 

The mixed sample and reference fields are incident to the input slit of a 150-cm 

imaging spectrometer (Acton SpectraPro 2150i, PI Acton, Acton, MA).  This imaging 

spectrometer uses a thermoelectrically cooled CCD (Princeton Instruments PIXIS 100c; 

Princeton Instruments, Trenton, NJ),as a detector with a 1320x100 array of 20 μm square 

pixels that is actively cooled to -20˚ C. 

4.1.2. Fiber probe assembly 

A 2.3-m long, 1.1-mm wide 18,000-element leached imaging fiber bundle (Schott 

NA, Elmsford, NY) is used to return the scattered light from the probe tip to the 
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interferometer.  The angular scattering distribution from the sample is preserved across 

the face of the imaging bundle, allowing it to be reimaged by the imaging spectrometer 

in the interferometer assembly.  The leached nature of the bundle prevents crosstalk 

during transmission. 

In order to enable in vivo measurements in the lumen of the gastrointestinal tract, 

the fiber probe assembly must be compatible with the accessory channel of a standard 

endoscope.  This channel is typically 2.8 mm in diameter and has a working distance of 

105 cm.  In addition, the in vivo operating environment can be potentially damaging to 

the imaging fiber bundle, the PM delivery fiber contained in the fiber probe assembly, 

and the bonding materials used.  To protect the elements inside the probe assembly, 

they are sheathed in polyetheretherketon (PEEK) tubing with an outer diameter of 2.3 

mm and a wall thickness of 0.35 mm.  This tubing material balances probe flexibility and 

mechanical strength to allow the probe to be flexible enough to be manipulated through 

the accessory channel while maintaining the strength required to avoid catastrophic 

failure due to kinking or a similar mechanical occurrence.  The small outer diameter of 

the fiber probe assembly and the low amount of friction generated between the PEEK 

sheath material and the inner material of the accessory channel allows for the probe tip 

to pass through with minimal resistance. 
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Figure 4.3: Probe tip assembly schematic.[83] 

4.1.3. Probe tip 

The probe tip assembly responsible for delivering light to the sample and 

collecting backscattered light appears in Figure 4.3.  The PM delivery fiber is positioned 

in the focal plane of a miniature drum lens (diameter: 1.5 mm; length: 2.5 mm).  The 

positioning of the lens relative to the delivery fiber results in the sample illuminated by a 

collimated beam of light (dark gray) at an oblique angle.  In addition to delivering 

collimated light to the sample, the drum lens collects the backscattered light (light gray).  

By positioning the fiber bundle face at the focal plane of the lens, the collected light is 

spatially Fourier transformed such that light each spatial position on the fiber bundle 

corresponds to light traveling at a common angle.  Because light that is backscattered at 

exactly 180˚ is focused by the lens onto the face of the PM fiber, the light that is incident 

on the face of the fiber bundle represents light scattered at angles near but not equal to 

the backscattering angle.  These angles are distributed so that fibers closest to the 

delivery fiber at the top of the bundle collect the lowest scattering angles, while those 

that lie on the lower periphery of the bundle receive light scattered at the highest angles.  
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To enable construction, a lens tube is used to hold these components together using a 

medical-grade ultraviolet (UV) adhesive.  In order to protect the optical elements in the 

probe tip, it is covered with a protective cap consisting of a short Teflon (PTFE) tube, an 

optical protective window made from no. 1 coverglass (thickness: 140 μm), and a 

retaining ring.  In order to avoid collection of specular reflection from the protective 

window, it is tilted 8˚ out of the incident plane (shown 90˚ out of plane for illustration 

purposes in Figure 4.3).  The retaining ring serves to secure the optical window and 

enhance the tip’s structural rigidity.  Figure 4.4 illustrates the scale of the probe tip 

assembly. 

 

Figure 4.4: Probe tip scale.[79] 

When in use, the fiber probe is passed through the accessory channel of a 

standard endoscope.  The 2.3-m length of the probe assembly allows it to transit the 
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entire 105-cm channel and provides sufficient additional length to reach between the 

system and patient and allow manipulation and positioning by the operator.  To collect 

an optical biopsy, the probe tip is placed in contact with the tissue surface being 

examined and signal acquisition initiated.  Figure 4.5 shows an image taken with an 

endoscopic camera of the probe tip inside the lumen of an esophagus. 

 

Figure 4.5: Deployed a/LCI probe.[79] 

In the interferometer, the proximal face of the fiber bundle is imaged onto the 30-

μm wide input slit of the imaging spectrometer.  In this arrangement, only the light 

scattered onto the center strip of pixels of the fiber bundle is actually collected and 

analyzed.  Figure 4.6 highlights the projection of the input slit of the spectrometer on an 

image of the distal face of the fiber bundle (Detection Area).  This figure also illustrates 

the polarization of the light that is emitted from the PM fiber (parallel to the line 

bisecting the fiber core and the two stress rods that are visible), which is aligned in 

parallel (p-polarization) with the input slit of the spectrometer.  While the fiber bundle 

alters the polarization of the collected light during transmission, knowledge of the 
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incident polarization of light on the sample enables signal analysis as only the Mie 

solution for p-polarized light need be used. 

 

Figure 4.6: Fiber bundle face.[79] 

4.1.4. System housing 

In order for the system to be fully clinically compatible, the system is built with a 

small footprint (24” x 28”) and carried on a 27” x 28” stainless steel utility cart as 

pictured in Figure 4.7.  During operation, the probe is placed on a detachable extension 

tray, also visible in Figure 4.7.  Figure 4.8 illustrates the compact design of the clinical 

a/LCI system, including the three-shelf rack that houses the majority of the fiber optic 

components and minimizes the footprint at the bottom. 
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Figure 4.7: Clinical system cart photo.[79] 

 

Figure 4.8: Clinical system detail.[79] 

4.2. CLINICAL SYSTEM CALIBRATION 

In order to calibrate the system for use, it is essential to characterize the probe’s 

angular collection range.  This task is accomplished using an experimental setup with a 
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mirror on a rotational stage as shown in the inset in Figure 4.9.  In this setup, a CCD is 

used to image the proximal end of the fiber bundle while collimated light from the 

delivery fiber is reflected by a mirror back into the lens.  The Fourier transform property 

of the lens causes collimated light that is collected to be focused to a spot on the face of 

the fiber bundle whose position is proportional to the angle at which the light strikes the 

lens.  By rotating the mirror and monitoring the location on the bundle face onto which 

the spot is focused, the scattering angle θ  is found to be linearly dependent on the CCD 

pixel position. 

 

Figure 4.9: Mirror experiment.[79] 

Figure 4.9 shows superimposed images of multiple focused spots that are observed as 

the mirror rotates in steps of 0.0035 radians (2˚) across a range of 0.56 radians (32˚).  The 

position of the focused spot relative to the optical axis h, which has a linear dependence 

on N, is related to θ  by (4.1) where axisθ  corresponds to the angle of backscattering 

along the optical axis and f is the focal length of the drum lens.  Because the ± 28 radian 
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(16˚) range that is collected by the probe resides within the range that can be 

approximated with the small angle approximation ( tanθ θ= ), the relation can be 

represented as (4.2) where α is the angular step per CCD row (angular resolution), 0θ  is 

the lowest angle for which the spot lies on the bundle face, and low high,N N    is the pixel 

range of the bundle on the CCD. 

 ( )axistan h
f

θ θ− =  (4.1) 

 ( )axis 0 low low high, ,h N N N N N
f

θ θ θ α  ≈ − = + − ∈    (4.2) 

 

Figure 4.10: Mirror experiment results.[79] 

Data collected from the mirror experiment is shown in Figure 4.2 and shows the 

center position of the mirror plotted against angle.  A linear fit to these data confirms the 

linear relationship and finds an angular resolution for the probe of 0.007 
rad
row

.  By 
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measuring the distance δ  between the core of the delivery fiber and the topmost pixel in 

the fiber bundle in Figure 4.6, 0θ  can be found as 
f
δ .  Using this process, the full 

angular collection range of the bundle is found to be [0.18 rad, 0.67 rad].  In order to 

remove artifacts caused at the edges of the bundle and weak signals at the high end of 

the range, a reduced angular range of [0.1 rad, 0.55 rad] is used experimentally. 

4.3. SIGNAL PROCESSING 

In order to analyze the scattering signal from various depths in the interrogated 

sample, the interferometric signal collected by the clinical a/LCI system must be 

processed to produce a map characterizing the scattered light.  This is performed using a 

software frontend created in LabVIEW (National Instruments, Austin, TX) that controls 

the system hardware and performs signal conditioning on the raw collected data.  Once 

this pre-processing technique has produced an image representative of the normalized 

scattering, resolved both in angle and depth, it can be input to the fitting procedure 

presented in Chapter 3 to provide structural information. 

The detected signal ( ),m nI λ θ  is a spectrally dispersed signal that is a function of 

wavelength λ  and vertical position on the CCD detector n  that corresponds to a 

specific scattering angle nθ .  An example of a detected signal is shown in Figure 4.11(a).  

This signal can be related to the sample and reference fields ( ),s rE E  as:  
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 ( ) ( ) ( ) ( ) ( ) ( )2 2 *, , , 2Re , , cosm n r m n s m n s m n r m nI E E E Eλ θ λ θ λ θ λ θ λ θ φ= + + ∆  (4.3) 

where φ  is the phase difference between the two fields, ( ),m n  corresponds to a pixel 

location, and ...  denotes an ensemble average in time.  The first two terms in (4.3) 

correspond to the contributions from the reference and sample fields independently, 

while the third term represents the interferometric term of interest.  In order to isolate 

the interference term, the sample and reference fields are measured independently and 

subtracted from the total intensity.  Figure 4.11(b) and Figure 4.11(c) show the intensity 

of example reference and signal fields, respectively, while an isolated interference signal 

appears in Figure 4.11(d). 

 

Figure 4.11: Typical Fourier-domain a/LCI data. 
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To obtain depth-resolved information, the spectrum at each scattering angle 

must be transformed to a function of wavenumber 
2k π
λ

 = 
 

 and Fourier transformed 

to obtain the spatial cross-correlation ( )SR , nz θΓ  given by (4.4) for each angle nθ , which 

represents the scattering contributions from the sample as a function of depth and angle.  

Because the relationship between wavenumber ( k ) and wavelength ( λ ) is nonlinear, 

the spectrum at each angle must be linearly interpolated into k-space in order to provide 

a correctly sampled signal prior to taking the Fourier transform. 

 *
SR ( , ) ( , ) ( , ) cos( )ikz

n s n r nz e E k E k dkθ θ θ φΓ = ∫  (4.4) 

Because of the variety of optical fibers used in this system (most notably, the 

imaging fiber bundle), chromatic dispersion is introduced between the two arms of the 

interferometer.  This dispersion introduces a nonlinear phase difference ( )kφ∆ , which 

can be corrected using a second-order numerical dispersion-compensation algorithm.  In 

this procedure, the analytical portion of the interferometric term in the detected signal 

( )j ke φ∆  is multiplied by a correction term ( )j ke φ− ∆  in order to produce a linear phase 

described in (4.5), where 0L  is an estimated pathlength difference across the source 

spectrum.  

 ( ) ( )0L k k kφ δφ∆ = ∆ −  (4.5) 
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To use this compensation procedure, ( )kδφ  must first be determined 

experimentally.  This is accomplished by analyzing the interferometric signal detected 

when light is scattered by a single reflector such as a mirror and collected through the 

fiber bundle.  In this procedure, the interferometric signal is recovered and bandpass 

filtered in order to isolate the oscillatory term contributed by the mirror reflection.  The 

interferometric signal is phase-unwrapped and fit to a second-order polynomial that 

provides the phase correction estimate and takes the form of (4.6). 

 ( ) 2k ak bk cδφ = + +  (4.6) 

In order to correct for chromatic dispersion in the Fourier-transformed data, the 

depth scan for each angle is first Hilbert transformed in order to recover the analytic 

portion of the signal and the phase described within.  Once the phase has been 

recovered, the signal is multiplied by the phase correction estimation function ( )j ke φ− ∆   

with ( )kφ  given by (4.6) and then inverse Hilbert transformed to recover the 

dispersion-corrected depth scan. 

In addition to the wavelength-dependent phase term introduced by the 

chromatic dispersion, there is a second phase term that appears as a function of vertical 

bundle position.  While the physical source of this additional phase is not fully 

understood, it is a characteristic of the imaging fiber bundle itself that can be 

experimentally determined and that varies from bundle to bundle.  The addition term is 

most likely a result of an imperfection introduced during the bundle fabrication process.  
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In order to flatten the scattered light profile in depth, a numerical correction must be 

applied by shifting each row (which corresponds to a single pixel on the bundle) a 

predetermined amount in depth.  To experimentally determine the pathlength 

correction curve that is used, the a/LCI system is applied to image a solution of 260-nm 

microspheres whose angular scattering pattern is relatively flat across the probed 

angular range.  By digitally filtering the detected angular intensity map, the leading 

edge of the microspheres can be found and used as a numerical pathlength correction 

vector. 

In order to compensate for differential source intensity across the collimated 

reference beam, the signal is divided by a normalized polynomial that is proportional to 

the reference field intensity and varies smoothly from 0.5 to 1.0.  This signal is then 

squared in order to yield scattered intensity versus angle.  

In low-coherence interferometry systems, the depth resolution is set by the 

coherence length cl  of the light source in use, defined in (4.7) where 0λ  is the center 

wavelength of the source, λ∆  is the full-width half maximum (FWHM) bandwidth of 

the source, and  is the index of refraction of the material in which cl  is being measured. 

 
2
02 ln 2

cl n
λ

π λ
=

∆
 (4.7) 

While cl  represents the maximum resolution that can be achieved using low 

coherence interferometry techniques for a given source, there are multiple factors that 
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cause this resolution to be degraded in practice.  Because a second-degree numerically 

approximated dispersion correction algorithm is used, higher order dispersion 

coefficients are not corrected for and a perfectly undispersed signal cannot be recovered.  

The effect of this imperfect dispersion correction is to reduce the effective depth 

resolution of the system.  Furthermore, as the hexagonal lattice pattern of the fibers in 

the imaging fiber bundle and the rectangular patterning of the pixels on the CCD, it is 

impossible to achieve a 1:1 ratio of imaged fibers to pixels during detection.  This 

arrangement causes most detection rows to contain contributions from more than one 

fiber in the bundle.  Superposition of the scattering signal carried by multiple 

neighboring pixels serves to slightly broaden depth features, further reducing the 

effective resolution.  Because of these factors, the clinical a/LCI system has an 

approximate resolution of 25 μm as opposed to the maximum resolution of 16 μm for 

this source given by (4.7). 

During processing, the Fourier transform described by (4.4) that generates the 

depth-resolved information provides a signal that is sampled with a depth step of zδ  as 

given in (4.8), where  represents the bandwidth of the signal that is analyzed.  In the 

clinical a/LCI system, this resolution is equal to 4.17 μm. 
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2z

k
πδ =

∆
 (4.8) 

In order to sample appropriately in depth, these two depth resolutions must be 

reconciled by binning the transformed signal in the depth dimension.  In addition to 

binning in the depth dimension, the signal is typically binned by two in the angular 

dimension to reduce noise. 

4.4. CLINICAL SYSTEM VALIDATION 

In order to demonstrate functionality and assess performance of the clinical 

a/LCI system, a study was conducted in which the system was used to image both 

single- and double-layer scattering phantoms.  Testing using polystyrene microsphere 

phantoms has been previously used as a standard method of assessing the performance 

of a/LCI systems.[79] 

4.4.1. Experimental methods 

The single-layer phantoms consist of polystyrene microspheres (n = 1.59; Duke 

Scientific) suspended in a density-matched mixture of 80% water and 20% glycerol (n = 

1.36) in concentration to yield a mean free scattering path of 500 μm.  Scattering spectra 

were obtained by immersing the probe tip in solutions of 6.98 μm, 7.98 μm, 10.00 μm, 

12.01 μm, and 15.02 μm NIST traceable microspheres.  For each of the scattering 

phantoms, an average scatterer size was determined by analyzing the scattering 

signature over the first 50 μm in depth of the bead solution. 
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In a second study, a double layer phantom was also used in order to demonstrate 

and assess the depth-resolved sizing capabilities of the clinical a/LCI system.  This 

phantom consisted of 100-μm and 150-μm thick chambers separated by a no. 0 cover slip 

(thickness: 100 μm).  The proximal wall face of the 100-μm chamber was constructed 

with a no. 0 cover slip while the second wall of the 150-μm cover slip consisted of a 

standard microscope slide.  For assessing scatterer size, the 100-μm chamber was filled 

with a solution of 6-μm microspheres (mean diameter: 5.990 μm ± 0.20 μm, NIST 

traceable; Duke Scientific, Palo Alto, CA) while the 150-μm chamber was filled with a 

solution of 10-μm microspheres (mean diameter: 10.00 μm ± 0.05 μm, NIST traceable).  

These were imaged by bringing the probe tip in close proximity to the chamber and 

collecting scattering spectra.  The angular scattering signatures from each of the two 

chambers were analyzed independently. 

4.4.2. Results 

The results of the single layer phantom study can be seen in Figure 4.12 through 

Figure 4.14.  Figure 4.12 shows a typical depth-resolved angular scattering distribution 

measured by immersing the probe tip in a solution of 7-μm microspheres.  Figure 4.13 

(top) shows the filtered angular spectrum from a bead solution collected using the 

clinical a/LCI system compared to the best theoretical fit (6.95 μm ± 0.20 μm) (solid line).  

Figure 4.13 (bottom) shows the sizing results as a function of depth in the sample, 

demonstrating sub-wavelength accuracy across the first 500 μm in depth of the sample.  
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Figure 4.14 shows the sizing results for 5 different scattering phantoms constructed 

using different size microspheres.  

 

Figure 4.12: Scattering map for 7-μm beads.[13, 14, 66, 69] 
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Figure 4.13: 7-μm microsphere sizing results.[79] 

 

Figure 4.14: Single-layer phantom results.[79] 

The results of the double layer phantom study can be seen in Figure 4.15 through 

Figure 4.17.  Figure 4.15 shows the scattering distribution of the double-layer phantom 
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wherein sample 1 contains 6-μm beads and sample 2 consists of 10-μm beads.  The 

unique scattering periodicity of the two layers of beads is clearly visible.  Figure 4.16 and 

Figure 4.17 show the fitting results of the scattering profile from a 50-μm deep region in 

the center of each of the two samples in the phantom, respectively, and also indicate the 

determined experimental fit for each region. 

 

Figure 4.15: Double-layer scattering distribution.[79] 
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Figure 4.16: Double-layer sizing results for 6-μm bead layer. 

 

Figure 4.17: Double-layer sizing results for 10-μm bead layer. 
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4.5. WIDE-AREA A/LCI SYSTEM 

The point-scanning clinical system presented in this chapter has demonstrated 

potential utility in multiple pilot clinical studies at various tissue sites both in vivo and ex 

vivo, as summarized in Chapter 5.  While the use of such a point-scanning technique 

may very well improve the standard of care in surveillance procedures, their need to 

individually scan individual points in a manner analogous to standard biopsy methods 

is not ideal, as it limits the surface area that can be reasonably investigated in the 

available time in a typical surveillance procedure.  The ability to endoscopically scan 

large areas of tissue rapidly represents a major advance in the technique, as it would 

allow for larger portions of the at-risk tissue to be surveyed. 

Development of a wide-area variant of the clinical a/LCI system is the first step 

in the realization of this.  One design enables such a wide-area scanning pattern is the 

use of an optical relay system that incorporates a galvanometric scanner to scan the 

a/LCI beam across the face of a larger lens, in turn moving the interrogated a/LCI spot in 

a rapid manner.  This design allows the clinical a/LCI system to be used with only a 

minor modification to the reference arm of the interferometer.  To demonstrate the 

functionality of this type of design, a prototype wide-area a/LCI system was designed, 

constructed, and evaluated.  This system is presented here. 
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4.5.1. System design 

A system diagram of the wide-area a/LCI system is pictured in Figure 4.18.  This 

system makes use of the clinical a/LCI system, whose sample arm is terminated by the 

fiber tip (the fiber tip assembly in the top left of Figure 4.18 is the same probe tip 

presented in Figure 4.3).  To enable scanning of the a/LCI interrogation spot, the output 

of the a/LCI probe is relayed using a 4f configuration created by lenses L1 and L2 to the 

sample of interest. In this configuration, collimated light emanating from the probe tip is 

delivered onto the face of L1 and is reimaged as collimated by L2.  L1  

was selected such that its numerical aperture is equal to or greater than the 

effective numerical aperture of the drum lens (0.41) in the probe tip.  This is an essential 

aspect to enable the delivery light to propagate to the sample within the 4f system.  In 

this implementation, L1 is a 1” diameter achromatic lens with a focal length of 30 mm 

(N.A. = 0.42), while L2 is a 1” diameter achromat with a focal length of 35 mm (NA = 

0.36).  To compensate for the added length of the sample arm, an additional fiber was 

also placed in the reference arm to match the path length. 

Light that is scattered at various angles by the sample is collected by L2 and 

reproduced by the 4f system at the face of the fiber probe.  The difference in focal length 

between the two lenses used in the 4f system serves to reduce the total angular range 

collected by the fiber bundle by a factor f1/f2.  
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Figure 4.18: Wide-area a/LCI system diagram. 

To implement optical scanning, a galvanometer (Nutfield Technology QS-10, 

Hudson NH) is placed between L1 and L2 at a 45° angle such that it steers the a/LCI 

light beam downward onto the sample.  Rotation of the galvanometer serves to move 

the a/LCI beam across the face of L2.  The position on the sample that the a/LCI beam 

strikes (and interrogates) moves in a direction that is orthogonal to the galvanometer’s 

axis of rotation.  This scanning direction is shown in Figure 4.18.  The range across 
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which the a/LCI beam can scan is limited by the aperture of L2, and the distance 

between the galvanometer and L2, set in turn by the focal lengths of L1 and L2.  With the 

configuration used here, a total travel distance of 9 mm was possible, and sweeps across 

this range were performed by providing a ± 3V signal to the galvanometer control 

board. 

4.5.2. System validation 

To validate the performance of the wide-area a/LCI system, homogeneous 

solutions of polystyrene microspheres were imaged with this scanning system and 

analyzed using the a/LCI fitting procedure to determine the scatterer size.  The use of 

polystyrene microspheres has been used previously as a validation standard for a/LCI 

sysetms.  Because these polystyrene microsphere solutions varied in time due to 

Brownian motion, multiple acquisitions of each bead solution were collected and 

averaged to reduce speckle noise.  Five microsphere solutions, containing microspheres 

with NIST-certified diameters of 6 μm, 7 μm, 8 μm, 10 μm, and 12 μm, were used in 

these experiments.   

For each bead size, the wide-area a/LCI scanning system was used to collect 

scattering data.  Figure 4.19 shows an example scattering map collected from the wide-

area a/LCI system for a solution of 12-μm polystyrene microspheres.  To create this 

image, ten individual acquisitions were averaged in order to remove motion artifacts 

due to Brownian motion within the liquid solution. 
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Figure 4.19: Wide-area a/LCI scattering map of 12-μm beads. 

Each of five scattering images, corresponding to the various bead solutions, were 

analyzed and the average scatterer size was determined using the a/LCI sizing 

algorithm.  The results of this analysis are summarized in Table 4.1 and plotted in Figure 

4.20.  The uncertainty of these measurements is determined using the methodology 

described in Section 4.2.  Briefly, a parabola is fit to the minimum peak on the χ2 plot 

used to determine the best theoretical fit.  The full-width half maximum (FWHM) of that 

parabola corresponds to the uncertainty of the measurement.  The sizes measured by the 

wide-area scanning a/LCI system were fit to a linear regression model with an R2 value 

of 0.9948, indicating excellent linearity of fitting. 
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Figure 4.20: Wide-area bead sizing results. 

Table 4.1: Wide-area bead sizing results. 

Bead Size (NIST) (μm) Measured Bead Size (μm) Uncertainty (μm) 
6.01 6.11 ± 1.11 

6.98 7.04 ± 0.48 
9.97 9.70 ± 0.34 

10.00 10.02 ± 0.73 
12.01 11.63 ± 0.45 

 

An example of fitted data from the 8 μm bead solution is shown in Figure 4.21.  

The angular scattering profile was found by binning a 25-μm region of the scattering 

map beginning 50 μm beneath the bead surface. 
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Figure 4.21: Example fit for 8 μm beads.  Collected data appear as blue points, while 
Mie theory for 7.70 μm beads appears as a purple line. 

In addition to evaluating the ability of the wide-area system to accurately 

determine the scatterer size in a variety of phantoms, the scanning speed of the system 

was also characterized.  A sample holder with five wells with a center-center distance of 

approximately 1.6 mm (total width of sample area ~ 8 mm) was created and used as a 

test phantom.  The wide area system was applied to collect consecutive samples of each 

well, in order to determine the maximum scanning speed of the system.  Between each 

collected image, the galvanometer was moved by inputting a predetermined input 

voltage so that the system illuminated a different well. 

During a typical a/LCI data acquisition, two images are collected: a sample field 

and a combined field.  This allows accurate subtraction of the fields and recovery of the 

interferometric term.  The solenoid driven shutters employed in the clinical system were 
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not designed for rapid data acquisition and thus a 0.4 second pause is added between 

each of these acquisitions to allow them to activate.  To implement 10 acquisitions (5 of 

the sample fields and 5 of the interferogram), this corresponds to a total of 4 seconds of 

delay time.  In order to verify the limit of the scanning speed of the wide-area a/LCI 

system, automatic sample field collection was disabled, utilizing the same sample field 

for each image.  With this feature disabled, the wide-area a/LCI system was able to 

collect scattering data from 5 separate points on the sample in approximately 1.4 

seconds, or roughly 1 frame each 280 ms.  This data rate is equal to the maximum 

acquisition rate of the clinical a/LCI system, as the scanning of the galvanometer 

between acquisitions does not add any time to the data acquisition process. 

Implementation with a faster a/LCI system would push this total time well below 1 

second for 5 points. 

4.6. SUMMARY 

In this chapter, both the clinical a/LCI system used in the clinical trials and the 

modification that allows for wide-area scanning have been presented.  These systems 

have been demonstrated to enable accurate size determination of scattering phantoms 

used for the validation of a/LCI systems.  In Chapter 5, the former of these systems is 

used in both an in vivo and ex vivo clinical trial to evaluate the ability of a/LCI to detect 

dysplasia in human subjects in a clinical environment.  The prototype wide-area 

scanning a/LCI system demonstrates the feasibility of extending the functionality of 
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a/LCI to allow for rapid scanning of large areas of tissue surface, a capability that would 

provide improved the coverage compared that of the current point-scanning 

configuration. 
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5. CLINICAL STUDIES 

5.1. INTRODUCTION 

In Chapters 3 & 4, the theoretical basis and design of the clinical a/LCI system 

were introduced, along with results of a validation study that confirmed its performance 

against a number of measurement standards. The ultimate goal for this work is in vivo 

measurement of the nuclear morphology to assess the health of human tissues.  This 

chapter presents the first two clinical human tissue studies conducted using the clinical 

a/LCI system. 

Previous a/LCI studies have focused on the detection of esophageal dysplasia, 

particularly in BE tissues.  Section 5.2 describes the first in vivo clinical study using the 

clinical a/LCI system to examine 46 human subjects undergoing routine endoscopic 

surveillance for BE.  This trial was conducted to evaluate the ability of a/LCI to detect 

esophageal dysplasia by comparing the results from a/LCI optical biopsies with 

pathological interpretation of co-registered physical biopsies.  In addition to the 

discussion of the clinical study and its results, given in sections 5.2.1 through 5.2.3, a 

comparison between a/LCI and other advanced imaging techniques that have been used 

clinically for the detection of dysplasia in BE patients is provided in section 5.2.4. 

Demonstration of the utility of a/LCI for the detection of esophageal dysplasia 

suggests similar use in other tissues.  The most attractive of these is intestinal 

adenocarcinoma because of its high incidence in the US, the similarity of tissue type, and 
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the common tools used in surveillance procedures.  In order to justify an in vivo study 

using a/LCI in this tissue, however, a study of surgically resected tissue is first required, 

much in the same way that the ex vivo a/LCI studies of resected esophagus tissue [79] 

enabled the study presented in section 5.2.  Section 5.3 presents the results of a study to 

evaluate the ability of a/LCI to detect intestinal dysplasia ex vivo. 

5.2. IN VIVO DETECTION OF ESOPHAGEAL DYSPLASIA 

Following a succession of encouraging a/LCI trials as described in Section 2.6, 

first in animal models [19, 71] and later in resected human tissue,[11, 16] there was a 

clear need for an in vivo clinical trial to assess the clinical functionality of the technique.  

As described in Section 2.4.1, the standard of care for the surveillance of BE patients 

includes routine endoscopy, in which four-quadrant physical biopsies are collected 

every 1-2 cm throughout the Barrett’s segment.  These biopsies are collected using 

endoscopic biopsy forceps, which are inserted through the accessory channel of a 

standard endoscope.  The development of the clinical a/LCI system allowed for 

measurements through the same accessory channel, leading to a pilot study in which 

a/LCI measurements could be taken side-by-side with standard biopsies.  The study 

sought to compare measurements from optical biopsies taken by the clinical a/LCI 

system with pathologic assessment of co-located physical biopsies.  This section presents 

the experimental methods and results of this study, along with a discussion of the 
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results and a comparison to other optical techniques used for the assessment of 

dysplasia in BE. 

5.2.1. Methods 

In this study, fifty consecutively enrolled subjects undergoing routine endoscopic 

surveillance for BE at one of two tertiary centers specializing in the care of subjects with 

BE provided informed consent.[18, 19]  All subjects were receiving acid suppressive 

therapy with proton pump inhibitors once to twice daily, and none had undergone 

previous ablative therapy or displayed evidence of esophagitis.  Patients with a history 

of esophageal cancer or esophageal resection were excluded.  The characteristics of the 

patient population for this study are shown in Table 5.1. 

Table 5.1: Patient characteristics for population of patients scanned in this study.[84] 

Demographic Characteristics of the Study Cohort 
Age 38-86 (µ=62, σ=11.6) 
Sex 29 Male, 17 Female 

Previously detected dysplasia 10/46 (22%) 
Previously detected adenocarcinoma 0/46 (0%) 

 

In each patient, 3-6 locations of columnar mucosa in the tubular esophagus were 

imaged using the a/LCI system (Figure 5.1) at random points.  A coregistered 

histological biopsy was obtained at each imaged point.  The protocol for image and 

biopsy acquisition was as follows: upon selection of an imaging site, the endoscopist 

deployed the a/LCI fiber probe through the accessory channel and into the esophagus.   
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Figure 5.1: A) High-level a/LCI system diagram.  Inset shows scale of probe tip compared to a 
U.S. dime.  B) Image showing characteristic mark left by a/LCI probe following deployment, 
indicated by the white arrow.  C)  Detail of the a/LCI probe tip.  Light is delivered as a 
collimated beam to the tissue.  Scattered light is collected across the face of the fiber bundle 
for transport back to the a/LCI system.[84] 

The probe was brought into contact with the surface of the tissue and 10-30 data 

acquisitions of 25 milliseconds each were taken at each imaging location.  Real-time 

analysis of image quality was performed in the room by a technician, who advised re-

positioning of the probe in the case of poor signal quality. Following data collection with 

the a/LCI system, the fiber probe was removed from the instrument channel, and biopsy 



 

97 

forceps were deployed to collect a tissue biopsy at precisely the same location.  

Guidance for localization of the physical biopsies was facilitated by a clearly visible, but 

temporary, indentation left by an approximately 1-mm protruding rim on the surface of 

the a/LCI probe (white arrow in Figure 5.1B).  The entire study consisted of 172 unique 

paired biopsies, for which a total of 3,397 data scans were acquired and analyzed. 

The biopsies collected from the scanned sites were fixed, sectioned, stained with 

hematoxylin and eosin, and each analyzed by a pathologist at a central pathology 

laboratory with expertise in GI pathology to assess the presence and degree of dysplasia.  

Pathologists were blinded to the results of the a/LCI scan.  The biopsies were classified 

as normal tissue (squamous, gastric, squamo-columnar junction), non-dysplastic BE, BE 

indeterminate for dysplasia, BE positive for LGD, and BE positive for HGD.  If biopsies 

at the squamo-columnar junction contained both squamous and gastric tissue, they were 

grouped with the ‘normal’ tissue types, as they do not contain goblet cells. Any biopsy 

found to have dysplasia was confirmed by a second expert pathologist, with 

discrepancies resolved by consensus.  The histological assessments of dysplasia were 

compared to measurements taken by the a/LCI system in order to determine the ability 

of a/LCI to identify dysplasia.  The study design was approved by the Institutional 

Review Boards at Duke University Medical Center, the University of North Carolina at 

Chapel Hill, and the Thompson Cancer Survival Center in Knoxville, TN.   
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Statistical analyses were used to assess the association of dysplasia with 

morphological nuclear characteristics after adjusting for other relevant factors.  

Specifically, repeated measures logistic regression models were fit to the data.  For each 

model, the outcome variable was dichotomized as dysplasia vs. no dysplasia.  The main 

predictor was the morphological nuclear characteristic (nuclear density or nuclear 

diameter at a depth of 0-100 µm, 100-200 µm and 200-300 µm, for a total of six models).  

Potential confounders to be adjusted for were age, sex, clinic site, baseline diagnosis, and 

clinical diagnosis.  A compound symmetric correlation matrix was used to account for 

the repeated measures within subjects and diagnostics were performed to assess the fit 

of the model to the data.  Each of the potential confounders was entered into a model 

with the nuclear characteristic and those that proved statistically significant were 

included in the final model.  P-values associated with type I error rates of less than 0.05 

were considered statistically significant in this study.  Analyses were done using SAS 

Version 9.2 (SAS Institute, Cary, NC). 

The relationship between sensitivity and specificity was determined through the 

development of a receiver operating characteristic (ROC) for the collected data.  For this 

analysis, presence of dysplasia was considered as a binary classifier and nuclear 

diameter was used as an evaluation characteristic.  In order to evaluate the value of 

nuclear size as a predictive classifier, the area under the ROC curve (AUC) was 

calculated as a fraction of the maximum possible AUC. 
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Inter-observer agreement between the a/LCI system and the independent 

pathologist was measured using the kappa statistic.[84]  The kappa statistic provides a 

framework for evaluating the agreement between two independent observers of the 

same data.  Agreement between observers can be assessed by determining a 

characteristic kappa value between 1 (perfectly correlated) and -1 (anti-correlated).  

Kappa values less than zero were not observed in this study. 

5.2.2. Results 

Forty-six patients (46) were scanned with the clinical a/LCI system.  Four 

additional patients were enrolled but not scanned due to technical difficulties.  Typical 

a/LCI data are shown in Figure 5.2.  Panel A shows an example angle-resolved depth 

scan, which is created using the procedure described in Section 4.3.  Lighter shades of 

gray indicate higher intensity, which corresponds to higher levels of scattered light.  

Depth is indicated along the horizontal axis, with 0 µm corresponding to the interface 

between the tip of the fiber probe and the tissue surface.  A total of 3,397 scans were 

obtained, but scans that yielded low intensity were excluded, resulting in the dataset 

being reduced in size to 1,866 scans, corresponding to a 45% rejection rate.  No patients 

or biopsies were discarded due to the rejection of individual scans.  The collected data 

are summed across all angles and presented as an amplitude-scan (A-scan) in Panel B.  

This represents scattered light as a function of depth with tissue layers indicated.  For 

processing, angle-resolved data are analyzed by depth in 50-µm segments, as indicated 
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in Panel B and described in Section 3.3.  The creation of a single consensus size and 

index of refraction measurement for each depth at each biopsy site allowed the data to 

be reduced from 1,866 data points to 516 morphological measurements Panel C shows 

three example angular profiles from tissue types with various pathological diagnoses.  

These angular profiles (solid line) are shown along with the best fit theory (dashed line) 

and the corresponding nuclear size. 

 

Figure 5.2: Typical a/LCI data.  A)  Angle-resolved depth scan of light scattered from 
tissue.  Lighter shades of gray indicate increased amount of scattered light.  B) A-scan 
indicating depth increments used for processing.  Tissue layers are labeled and gray 
bar indicates basal layer.  C)  Example angular scans for three tissue types pictured 
(solid line) with best fit Mie theory solutions (dashed line) and size indicated.[85] 

Figure 5.3 shows a scatter plot of the mean nuclear size and average nuclear 

density for the basal epithelial layer (200-300 µm depth segment) for each paired biopsy 

in the study.  From these data, a simple decision line can be drawn that well separates 

the samples diagnosed as normal tissue types versus those diagnosed as dysplastic.  

Placing the decision line at 11.84 µm, as indicated in Figure 5.3 by the dashed black line, 

separates the two populations with maximum sensitivity and high specificity.  Using 
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this line, all 13 of the biopsies pathologically assessed as dysplastic (LGD and HGD 

combined) were also flagged by the a/LCI technique as dysplastic (100% sensitivity, 95 

% CI is (0.75, 1.00)).  For non-dysplastic tissue (normal, non-dysplastic BE, & BE 

indeterminate for dysplasia), 134 of these 159 biopsy sites were correctly categorized by 

the a/LCI technique as non-dysplastic (84% specificity, 95% CI is (0.78, 0.90)).  Using the 

11.84µm cut-off, the a/LCI technique accurately classified dysplastic tissue and non-

dysplastic tissue at 147 of 172 biopsy sites (86% accuracy, 95% CI is (0.80, 0.91)).  Use of 

this optimal decision line yielded a positive predictive value (PPV) of 34% (13/38) with a 

95% CI of (0.20, 0.51) and a negative predictive value (NPV) of 100% (134/134) with a 

95% CI of (0.97, 1.00).  When biopsies demonstrating only squamous or gastric mucosa 

were disregarded and only biopsies in which BE is present were considered, then a/LCI 

distinguished biopsies positive for dysplasia from indeterminate and non-dysplastic BE 

with a sensitivity of 100% (13/13) with a 95% CI of (0.75, 1.00) and a specificity of 85% 

(76/89) with a 95% CI of (0.76, 0.92) using the same decision line. 

 



 

102 

 

Figure 5.3: Scatter plot with each biopsy plotted as a function of its nuclear size and 
density, as measured by the a/LCI system, and categorized by its pathological 
diagnosis.  Dashed black line indicates an optimized decision line between the two 
populations, resulting in 100% sensitivity and 84% specificity.[84] 

Receiver operating characteristic (ROC) curves were generated using nuclear size 

as the differentiating variable in order to determine the relationship between sensitivity 

and specificity (Figure 5.4).  Biopsies identified in the pathology report as positive for 

dysplasia were characterized as diseased tissue (n = 13, true positives), while those 

identified as either indeterminate for dysplasia, non-dysplastic Barrett’s esophagus, 

squamous epithelium, gastric epithelium or squamo-columnar junction were classified 

as non-dysplastic  tissue (n = 159, true negatives).  Biopsies identified as indeterminate 

for dysplasia (n = 14) were treated as non-dysplastic in this analysis.  The nuclear size 
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data from the 200-300 μm layer showed the strongest distinction between dysplastic and 

non-dysplastic tissue, with an AUC from the ROC curve of 0.91 (95% CI: 0.81, 1.00). For 

the ROC for the data from the first and second 100-µm segments of tissue, the AUC 

values were 0.58 (95% CI: 0.42, 0.75) and 0.52 (95% CI: 0.36, 0.69) respectively, indicating 

that the nuclear morphology descriptors at these shallower depths did not provide 

differentiation between dysplastic points and non-dysplastic points.  ROC analysis 

indicated that the optimal decision line to maximize both sensitivity and specificity fell 

at 11.99 µm.  However, for this study the decision line was placed at 11.84 µm, which 

maximized sensitivity, i.e., detection of dysplasia, while sacrificing only a minimum of 

specificity. 

 

Figure 5.4: The receiver operator characteristic (ROC) curve for the depth segment 
between 200-300 μm indicating relationship between sensitivity and specificity for 
varied decision lines using nuclear diameter as a discriminator.  The gray area 
indicates the area under the curve (AUC = 0.91).  ROC curves for depth segments from 
0-100 μm and 100-200 μm (not shown) have an AUC of 0.58 and 0.52 respectively.[84] 
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In unadjusted models, nuclear diameters between 0-100 µm and 100-200 µm and 

nuclear density between 200-300 µm were not associated with a dysplastic diagnosis.  

An increase in nuclear diameter between 200-300 µm (p=0.0001), in nuclear density 

between 0-100 µm (p=0.004) and in nuclear density between 100-200 µm (p=0.01) were 

associated with an increased likelihood of having dysplasia.  Figure 5.5 shows the 

average nuclear diameter for all three 100 µm depth sections for each of the pathological 

categories (normal tissue, non-dysplastic BE and dysplasia).  Increasing age predicted 

dysplasia in all models.  Additionally, site of enrollment predicted dysplasia in 5 of the 6 

models, with a higher proportion of subjects recruited at Thompson Cancer Survival 

Center displaying dysplasia.  As a result age and site of enrollment were included in the 

adjusted models as appropriate.  Upon adjusting the model, nuclear diameter between 

0-100 µm and 100-200 µm, and nuclear density from 100-200 µm were seen to not be 

predictive of dysplasia.  Nuclear diameter from the mucosal layer 200-300 µm beneath 

the surface (p=0.0001) and nuclear density for the 0-100 µm deep layer (p = 0.009) were 

positively associated with having dysplasia and nuclear density for the 200-300 µm deep 

layer (p=0.0009) was negatively associated with dysplasia.  Regression diagnostics 

demonstrated a good fit of all constructed models.  These results are summarized in 

Table 5.2. 
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Table 5.2: Summary of statistical analysis used to differentiate dysplasia from non-dysplastic 
tissue in biopsy populations using both adjusted and unadjusted models.  NS indicates that 
the specified characteristic did not differentiate dysplasia at a significant level (P < 0.05).[84] 

Nuclear Characteristic Variables 
Adjusted For 

Unadjusted 
p-value 

Adjusted p-
value 

Nuclear Diameter 
0-100µm 

Age, Site NS NS 

Nuclear Diameter 
100-200µm 

Age, Site NS NS 

Nuclear Diameter 
200-300µm 

Age, Site 0.0001 0.0001 

Nuclear Density 
0-100µm Age 0.004 0.009 

Nuclear Density 
100-200µm Age, Site 0.01 NS 

Nuclear Density 
200-300µm Age, Site NS 0.0009 

 

 

Figure 5.5: Nuclear size for each of the tissue layers segregated by pathological diagnosis.[84] 
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Using the kappa statistic to evaluate inter-observer agreement,[84] a/LCI and 

histological biopsies agree at the “substantial” level for the distinction of dysplasia from 

non-dysplastic Barrett’s (κ = 0.60) and for the distinction of dysplastic versus normal 

tissue (κ = 0.60).  When the normal tissue and non-dysplastic Barrett’s esophagus are 

grouped together as “non-dysplastic”, the inter-observer agreement is “moderate” (κ = 

0.45). 

5.2.3. Discussion 

The data presented here demonstrate that a/LCI can detect a statistically 

significant enlargement of nuclear size in the basal layer of esophageal tissues found to 

be positive for dysplasia by histopathologic evaluation of biopsies.   Analysis of the 

nuclear morphology data for the 200-300 µm depth segment, which contains the basal 

layer of the epithelium, shows a correlation between increased nuclear size and the 

presence of dysplasia.  This result is in agreement with previous a/LCI studies, in which 

nuclear size and index of refraction from the basal layer, contained in the third 100-µm 

layer for human epithelium, has been shown to be of particular diagnostic use.[85]  The 

high sensitivity and specificity demonstrated in this study suggests that a/LCI may have 

utility in a clinical setting as a guide to target biopsies.  Current biopsy techniques are 

inherently restricted to evaluating the limited amount of tissue which can be physically 

extracted.  It has been shown that in up to 25% of cases where dysplasia has been 

previously identified in BE patients, it is not found in follow-up surveillance 
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procedures.[11, 19]  This is likely due to the focal nature of the dysplastic changes, 

combined with sampling error associated with physical biopsies.  Due to the limited 

tissue coverage, traditional biopsy procedures would benefit from the use of an adjunct 

imaging modality with the ability to provide complementary information that can 

identify suspicious tissue regions.  Upon demonstrating adequate accuracy in detecting 

dysplastic tissue, this type of adjunct imaging modality could be used to improve and 

perhaps one day supplant histological biopsies in a surveillance examination.  Since 

optical biopsy allows sampling of more tissue sites in less time and without the expense 

and diagnostic limitations associated with histological examination, it has significant 

potential to improve surveillance of BE tissues as an adjunct imaging modality.  Further, 

the specific advantages of the a/LCI system, including rapid data acquisition and  the 

potential for real-time analysis, could be exploited not only to increase surveillance 

coverage of at-risk tissues, but might also open up the possibility of therapeutic 

intervention within the same endoscopic session as the diagnostic procedure. 

The sensitivity and specificity presented here are consistent with previous 

studies using this approach in which a/LCI has been shown to detect esophageal 

dysplasia in animal and human tissues.  These studies have been previously 

summarized in Section 2.6.  

In this study, the nuclear size data gathered from 0-100 μm and 100-200 μm did 

not demonstrate diagnostic value.  This may be due to confounding issues such as 
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inflammation, which is expected to preferentially affect the surface of the esophagus, or 

may be due to the fact that basal nuclei are most informative in regards to the state of 

dysplasia.  The differentiation observed for the nuclear size in the 200-300 µm depth 

segment of the epithelial tissue layer is significant.  The ability of a/LCI to analyze this 

deep layer of tissue independently of the influence of the surface layers of the 

epithelium presents a unique capability not found in other endoscopic optical biopsy 

techniques used for the evaluation of Barrett’s esophagus. 

The data from this study point to the potential clinical utility for a/LCI.  The 

ability to provide quantitative depth-resolved measurements of nuclear morphology 

without the need for image interpretation or administration of a contrast agent is not 

found in other current endoscopic imaging techniques.  A comparison of a/LCI with 

these techniques is found in Section 5.2.4. 

A shortcoming of this study was the dichotomous nature of our outcome 

variable.  While classifying outcomes as either “dysplastic” or “non-dysplastic” ignores 

the radically different clinical implications regarding degrees of dysplasia, it was useful 

to demonstrate proof of principle that the device could accurately discern between the 

two.  It was also pragmatically necessary, given the small numbers of dysplastic biopsies 

in the study.  Further work will characterize the ability of the device to discriminate 

between grades of dysplasia.  Another factor which might impact the findings of this 

study, and therefore limit the utility of a/LCI, is the high rate of variability between 
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pathologists in the diagnosis of dysplasia in BE, as cited above.[6, 86]  Since the “gold 

standard” for this study was histological reading by expert pathologists, any errors in 

classification by the pathologists might turn a true positive into a false positive, or a true 

negative into a false negative, with respect to a/LCI imaging.   Given the lack of other 

feasible gold standards for this study, as well as other studies which seek to validate 

new methods for detecting dysplasia, future work assessing the long term outcomes of 

subjects found to be positive for dysplasia by a/LCI nuclear morphology measurements 

but negative for dysplasia by histology, might illustrate the degree to which human 

error is impacting the present results.  

5.2.4. Comparison to other optical biopsy techniques for BE 

The significant problems inherent with the standard of care, as defined by the 

Seattle protocol (see Section 2.4.1) for the surveillance of BE patients makes this 

procedure an attractive target for the use of advanced imaging techniques such as a/LCI.  

To evaluate the utility of a/LCI, it is useful to compare its performance with other optical 

imaging and spectroscopy methodologies that have been used in in vivo for the detection 

of dysplasia in BE patients, such as laser confocal microscopy, ESS, LSS, and OCT.  This 

section provides a comparison a/LCI and the aforementioned methods with respect to 

the sensitivity and specificity of cohort studies, along with a comparison of resolving 

power of the techniques.  A discussion of theoretical basis of each of these techniques is 

included in Section 2.5. 
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These results of 11 in vivo studies described in Section 2.5 that use these 

techniques are summarized in Table 5.3 and presented graphically in Figure 5.6, which 

compares their sensitivity and specificity.  The studies are presented as circles plotted on 

an ROC curve that are color-coded with respect to their modality, sized with respect to 

the number of enrolled patients in each study, and labeled according to their reference 

number. 

 

Figure 5.6: Sensitivity and specificity relationship between in vivo BE dysplasia 
studies, plotted on a receiver operating characteristic curve.  Numbers indicated 
correspond to bibliographic reference number.  This plot shows the ability of the 
studies to differentiate LGD + HGD + Cancer from healthy tissue when data are 
available.  In the case of only HGD+ differentiation being performed, that figure is 
used instead.  Circle size indicates the number of patients in the study.[9, 33] 
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Table 5.3: Summary of optical biopsy studies in BE for comparison. 

Methodology Author Year Reference # 
Number 

of 
Patients 

Sensitivity Specificity 
LGD 

Discrimination? 

a/LCI Terry et al.[87] 2011 84 46 100% 84% Yes 
OCT Isenberg et al.[84] 2005 61 33 68% 82% Yes 
OCT Evans et al.[61] 2006 88 55 83% 75% No 
OCT Zagaynova et al.[88] 2008 89 78 83% 68% No 
OCT Qi et al.[89] 2010 90 13 82% 74% Yes 
LSS Wallace et al.[90] 2000 33 13 90% 90% Yes 

LSS 
Gerogakoudi et 

al.[33] 
2001 44 16 93% 96% Yes 

ESS Lovat et al.[40] 2006 52 81 92% 60% No 
Confocal Pohl et al.[52] 2008 56 23 80% 94% No 
Confocal Kiesslich et al.[56] 2006 55 63 91.9% 98.4% Yes 
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Figure 5.7 provides a graphical summary of these methodologies relative to each 

other, with regards to their resolving power.  Each box corresponds to a single 

methodology, with the horizontal bounds representing the limits of its resolving power 

and the vertical bounds representing the layers of tissue that it is able to image. 

 

Figure 5.7: Qualitative comparison of resolution/depth penetration for various 
endoscopic advanced imaging modalities.  The y-axis of the figure denotes the depth 
to which the imaging modality can probe the tissue.  The x-axis denotes the degree of 
resolution, with modalities on the right side of the figure providing a higher degree 
of resolution than those on the left.  Chevrons indicate the ability of the modality to 
penetrate deeper than indicated and increased numbers of chevrons indicate 
increased penetration ability.[55] 
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5.3. EX VIVO DETECTION OF INTESTINAL DYSPLASIA 

The study presented in section 5.2 was the first validation of the in vivo use of 

a/LCI for the clinical detection of dysplasia in humans.  To enable that study, many 

previous studies were completed using the a/LCI technique, including validation studies 

with scattering standards, in vitro studies to confirm the ability of a/LCI to measure 

cellular scattering, animal studies of dysplasia in situ, and multiple ex vivo human tissue 

clinical studies.[87]  Each of these studies advanced the technology and analysis to 

enable the subsequent one, with the ultimate goal being the justification of an in vivo 

clinical trial of human subjects. 

The success of the in vivo trial for the detection of esophageal dysplasia in BE 

patients points to the potential utility of the a/LCI technique in similar disease models.  

The most obvious of these is intestinal adenocarcinoma, as it was responsible for the 2nd 

most deaths among cancers in the United States in 2010 [11, 15, 16, 18, 19, 66, 67, 69] (see 

Section 2.3.2) and its associated surveillance techniques utilize the same type of 

endoscope that the clinical a/LCI system is compatible with.  Demonstration of ex vivo 

functionality of the a/LCI technique in intestinal tissue would be compelling evidence to 

support an in vivo intestinal dysplasia clinical trial. 

5.3.1. Methods 

In this study, twenty-seven (27) subjects undergoing partial colonic resection 

surgery at Duke University Medical Center were enrolled in this study.  For each 
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subject, the tissue sample was opened longitudinally and multiple (typically 5-6) 

epithelial locations were evaluated using the a/LCI probe within 2 hours of resection for 

a total of one hundred thirty-eight (138) paired biopsy locations.  Scan locations were 

selected on and around the margins of the gross lesions in an effort to find dysplastic 

tissue sites.  An additional single scan was taken from each tissue sample at a remote 

location, believed to contain healthy tissue upon gross examination.  At each 

measurement point, the probe was brought into contact with the tissue and 15-25 

acquisitions of 25 milliseconds each were taken.  All scans for each individual optical 

biopsy were collected in under 30 seconds.  Across all patients, a total of 2,734 individual 

scattering spectra were acquired.  Following imaging using the a/LCI system, India ink 

was used to mark the sampled points and physical biopsies were collected for 

histopathological analysis.  The samples were analyzed to determine disease state by a 

trained pathologist.  This study was conducted with the oversight of the Institutional 

Review Board at the Duke University Medical Center in Durham, NC. 

All data in this study was processed using the experimental data fitting and 

clinical processing methodologies laid out in Sections 3.2 and 3.3. 

Statistical analyses were used to assess the association of dysplasia with the 

a/LCI measurements of nuclear morphology.  For each model, the pathological diagnosis 

was dichotomized as dysplasia versus no dysplasia.  Statistical significance was 

determined between average nuclear morphological characteristics as measured by 
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a/LCI for dysplastic and non-dysplastic biopsies, which are given below as the mean 

value with the standard deviation noted in parentheses (SD). Normality of these data 

was verified using the Shapiro-Wilk W-test.  For normally-distributed data, the 

Student’s t-test was used to assess statistical significance.  For data that were not 

normally-distributed, the Wilcoxon Rank Sum test was used.  P values associated with 

type I error rates of less than 0.05 were considered significant in this study.  All analyses 

were performed using JMP version 9.0 (SAS Institute, Inc., Cary, NC). 

The relationship between sensitivity and specificity was determined through the 

development of a receiver operating characteristic (ROC) for the each of the three 

epithelial depth layers.  For these analyses, presence of dysplasia was considered as a 

binary classifier and nuclear diameter and density were used as discriminants.  To 

evaluate the predictive ability of these measures, an area under the ROC curve (AUC) 

was calculated as a fraction of the maximum possible AUC. 

5.3.2. Results 

Typical a/LCI data for colonic epithelium are shown in Figure 5.8.  Panel A 

shows an angle- and depth-resolved scattering map, which contains the angular 

distribution of light scattered by the sample as resolved by depth.  Light shades of gray 

indicate higher intensities, which correspond to increased amounts of scattered light.  

The horizontal axis indicates depth in the sample, with 0 μm corresponding to the 

interface between the probe and the tissue.  A depth-resolved reflection profile (A-scan) 
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is created by summing across the angular range of the scattering map (Figure 5.8 B).  

During signal processing, the angular scattering pattern is analyzed in 50-μm segments, 

indicated by gray lines, as in the esophagus study (Section 5.2).  Figure 5.8 C shows an 

example angular profile recovered from a single 50-μm depth segment between 200 and 

250 μm beneath the epithelial surface of healthy tissue.  This angular profile (solid line) 

is overlaid with the best theoretical fit (dashed line).  The corresponding average nuclear 

size for this depth segment of tissue is indicated. 

 

Figure 5.8: Typical a/LCI data.  A) Angle-resolved depth scan of light scattered from 
tissue.  Lighter shades of gray indicate an increased amount of scattered light.  B) A-
scan indicating depth increments used for processing.  Fifty micron segments of the 
tissue used for processing are indicated.  C) Example angular scan pictured (solid line) 
with best-fit Mie theory solution (dashed line) and size indicated.[3] 

Of the twenty-seven tissue samples examined with the a/LCI system, histological 

evaluation showed that eight were pathologically normal, seven presented for low- and 

high-grade dysplasia, two showed both dysplasia and adenocarcinoma, five displayed 

only invasive adenocarcinoma, and five were characterized as ulcerative diseases.  In the 

presented analysis, only biopsies that were pathologically normal or that had a 

diagnosis of low- (LGD) or high-grade (HGD) dysplasia were considered.  This 



 

117 

restriction resulted in a data set that consisted of 14 dysplastic biopsies from 

adenomatous polyps (both LGD and HGD) and 67 biopsies from healthy tissue sites, 

with 26.4% of acquired scans omitted due to low signal strength. 

Table 5.4: Average nuclear morphology measurements at each of the 100-μm depth 
segments in colonic epithelium for non-dysplastic and dysplastic biopsies as 
measured by a/LCI.  Data are given as mean (SD) and statistical significance is 
indicated with associated p-value.  NS indicates that the specified characteristic was 
unable to differentiate dysplasia at a statistically-significant level (P < 0.05).  Single 
and triple asterisks indicate statistical significance at the P < 0.05 and P < 0.001 level, 
respectively.[91] 

 Non-dysplastic 
(n = 67) 

Dysplastic 
(n = 14) 

Statistical 
significance 

Nuclear Diameter 
(0-100 μm) 9.73 μm (1.43 μm) 9.52 μm (1.23 μm) NS  (p = 0.29) 

Nuclear Density 
(0-100 μm) 1.042 (0.0036) 1.044 (0.0058) NS  (p = 0.64) 

Nuclear Diameter 
(100-200 μm) 10.52 μm (1.36 μm) 9.64 μm (1.61 μm) * (p = 0.036) 

Nuclear Density 
(100-200 μm) 1.043 (0.0036) 1.044 (0.0045) NS (p = 0.36) 

Nuclear Diameter 
(200-300 μm) 9.29 μm (1.28 μm) 11.58 (1.36 μm) *** p < 0.0001 

Nuclear Density 
(200-300 μm) 1.045 (0.0040) 1.041 (0.0028) ***p < 0.0001 

 

Nuclear diameter and density were measured at each of three epithelial depth 

segments.  These results are given in Table 5.4.  All data were normally-distributed, with 

the exception of the nuclear density of pathologically-normal biopsies from 0-100 μm in 

depth and the nuclear diameter of dysplastic biopsies from 100-200 μm in depth.  

Measurements of nuclear diameter and density between the epithelial surface and a 

depth of 100 μm did not differ in a statistically-significant manner, nor did nuclear 
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density between 100 and 200 μm.  A decrease in nuclear diameter between 100 and 200 

μm was statistically associated with the presence of dysplasia at the p < 0.05 level.  For 

the depth layer between 200 and 300 μm, both a reduced nuclear density and an 

increased nuclear diameter were statistically associated with the presence of dysplasia at 

the p < 0.0001 level. 

To determine the relationship between sensitivity and specificity, ROC curves 

were created using each of the six nuclear morphological measurements as 

discriminants.  For these analyses, the presence of dysplasia was considered as a binary 

classifier.  Nuclear diameter and density from the epithelial depth of 200-300 μm 

demonstrated a good ability to predict the presence of dysplasia, and were individually 

associated with AUC values of 0.87 and 0.79, respectively.  When these measures were 

linearly combined to form a single discriminant, a ROC with an AUC of 0.91 was 

obtained.  The three aforementioned ROC curves for the 200-300 μm depth segment 

appear in Figure 5.9.  To a lesser extent, average nuclear diameter of tissue located 100-

200 μm beneath the mucosal surface was effective at discriminating between dysplastic 

and non-dysplastic populations, with an AUC value of 0.68.  Neither the average nuclear 

diameter of tissue between 0 and 100 μm in depth (AUC = 0.54), the average nuclear 

density of tissue between 0 and 100 μm (AUC = 0.53), nor the average nuclear density of 

tissue between 100 and 200 μm (AUC = 0.56) were able to effectively detect dysplasia.   
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Figure 5.9: ROC curves corresponding to various discriminators for the third 100-μm 
segment of the epithelium. AUC (gray area) ratios are indicated.  Circles indicate 
optimal value for each discriminant.  A) Nuclear diameter, AUC = 0.87; B) nuclear 
density, AUC = 0.79; C) nuclear diameter and nuclear density, AUC = 0.91.[91] 

A scatter plot of average nuclear diameter and nuclear density for the epithelium 

from 200 – 300 μm in depth is shown in Figure 5.10.  Because both nuclear diameter and 

nuclear density are statistically-significant predictors of the presence of dysplasia, it is 

possible to draw an optimal decision line (dashed line in Figure 5.10), determined by 

ROC analysis, that efficiently and accurately distinguishes the dysplastic biopsies.  

These have increased nuclear diameter and decreased nuclear density from those that 

are pathologically normal.  This optimal discriminator corresponds to the point on the 

ROC curve that is geometrically closest to the upper left corner of the plot, which 

represents perfect sensitivity and specificity.  By using the this decision line, which is 

nearly identical to that previously determined by Pyhtila et al. [91], the biopsies can be 

classified with a sensitivity of 92.9% (13/14), a specificity of 83.6% (56/67), and an overall 

accuracy of 85.2% (69/81) Furthermore, this decision line yields a positive-predictive 

value (PPV) of 54.2% (13/24) and a negative-predictive value (NPV) of 98.2% (56/57). 
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Figure 5.10: Scatter plot showing Nuclear Size (μm) vs. Nuclear Density for the 
epithelial depth segment 200 to 300 μm beneath the mucosal surface.  Each point 
represents a single optical biopsy, and points are color-coded with respect to their 
pathological assessment.  The dashed black line indicates the ideal decision line for 
these data for the prediction of dysplasia.[18] 

5.3.3. Discussion 

In this study, the depth segment of epithelial tissue located between 200 and 300 

μm beneath the mucosal surface proved to be of greatest diagnostic value among the 

three depth segments analyzed using the a/LCI technique.  While nuclear diameter and 

density in this layer were both statistically-significant indicators of dysplasia, a 

combination of these measurements provided optimal discrimination.  This result is 
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consistent with a/LCI results from previous clinical studies.  In studies evaluating the 

ability of a/LCI to predict the presence of dysplasia in Barrett’s esophagus patients, such 

as that presented in section 5.2, the deep tissue layer corresponding to the basal layer of 

the epithelium has proved to contain the largest amount of diagnostically-relevant 

information.[91]  This is likely due to reduced influence of confounding factors at this 

depth layer, such as inflammation.  Furthermore, previous a/LCI studies have also 

identified a sloped decision line, as found here, that combines nuclear diameter and 

density as an optimal discriminator between dysplastic and non-dysplastic optical 

biopsies.[19, 84] 

Average nuclear diameter in the shallower segment of tissue, 100 to 200 μm in 

depth, also showed the ability to differentiate between dysplastic and non-dysplastic 

tissues, albeit at a lower level of statistical significance than the measurements from the 

deeper layer of tissue.  Notably, for this layer a decrease in nuclear size was correlated 

with dysplasia, rather than the increase in nuclear size that was seen for diseased tissue 

in the deeper tissue layer.  This can be explained by considering the geometry of the 

delivery and collection of light by the a/LCI probe, which measures only the diameter of 

nuclei that appears in profile with respect to the instrument.[18, 19]  As columnar tissue 

becomes dysplastic, cellular nuclei typically elongate and depolarize as they increase in 

size.  While previous studies have shown that a/LCI is able to accurately size elongated 

nuclei, [73, 92] the structure of dysplastic intestinal crypts is likely to result in a 
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measurement of the minor axis of nuclei in this layer by the a/LCI probe [67, 72]; this 

phenomenon could explain the reduced nuclear diameter measured by a/LCI in 

dysplastic tissue at intermediate tissue depths.  Advanced a/LCI systems, with the 

ability to probe multiple dimensions of cell nuclei, [73, 81, 92] are needed to further 

assess the complex tissue architecture found in intestinal epithelium, and may provide 

additional insight in the prediction of dysplasia.  Furthermore, future studies may find 

that examination of additional epithelial depths can provide complimentary information 

that allows complimentary information in additional disease states such as ulcerative 

colitis. 

The a/LCI technique utilizes a probe geometry that requires tissue contact in 

order to ensure a consistent geometrical interface with the tissue surface.  Because of this 

geometry, tissue that is soft and offers little resistance to pressure, such as that 

associated with advanced lesions which possess no muscular substructure, was seen to 

yield poor a/LCI measurements here.  While the scan rejection rate from this study is 

lower than that from the in vivo study presented in section 5.2, the limited ability to 

acquire data from these soft masses presents a challenge in further development of the 

approach for this application.   However, because the tissues in this study were resected 

due to a highly advanced disease state, these types of invasive adenocarcinomas are 

unlikely to be the subject of additional endoscopic biopsy techniques, since they are so 

advanced that they would be expected to be surgically removed anyway.  Under 
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guidance from a pathologist, efforts were made to focus the biopsies in this study on the 

margins of these masses, in the regions that would be expected to exhibit dysplasia 

rather than invasive adenocarcinoma.  Instead, a/LCI could be more useful in detecting 

instances of flat dysplasias, such as in the case of inflammatory bowel disease, which can 

be difficult to identify with endoscopic imaging.  Unfortunately, no cases of dysplastic 

inflammatory bowel disease were sampled in this study, so further study will be 

required to characterize the ability of a/LCI to differentiate dysplastic lesions in these 

cases. 

5.4. SUMMARY 

Chapter 5 presents the results from two clinical studies, conducted to assess the 

utility of a/LCI in the detection of dysplasia in human subjects.  These two studies 

represent different steps in the validation process for use of a/LCI in vivo. 

The first of these studies, investigating the presence of dysplasia in vivo in BE 

patients, represents the culmination of multiple developmental steps for the use of a/LCI 

in that disease model.  Enabled by multiple studies of in situ animal and ex vivo human 

tissue, this retrospective study sought to verify that the technique was indeed able to 

predict the presence of dysplasia.  The study analyzed data from three epithelial layers 

in 172 paired biopsies taken from 46 patients across two treatment centers, and 

identified elevated nuclear size in the layer of tissue 200-300 μm beneath the epithelial 

surface, as having a statistically significant correlation with the presence of dysplasia.  
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Potential clinical utility of the technique was discussed, as were limitations of the study 

and methodology itself.  To provide a more complete perspective on the potential for the 

use of this technique in the surveillance of BE patients, a comparison to other advanced 

imaging techniques that have been used in clinical trials was presented in Section 5.2.4. 

Section 5.3 presented the results of the first ex vivo a/LCI examining resected 

intestinal tissue for the presence of dysplasia.  The materials and methods used for the 

study were described, as were the experimental results.  The technique provided high 

sensitivity and specificity for the detection of intestinal dysplasia, and shows sufficient 

promise for future use in an in vivo trial.  The potential utility of the technique in this 

disease model was discussed in Section 5.3.3, as were some limitations of the study 

itself.  As with previous ex vivo a/LCI studies of esophageal dysplasia, the highly 

advanced disease state of the type of tissue that is typically available via surgical 

resection makes it difficult to identify and scan the types of tissue site at which a/LCI is 

likely to provide the most utility in an ex vivo trial, such as in the case of flat dysplasias.  

Despite this limitation, the technique demonstrated sufficient ability to identify the 

presence of dysplasias, both high- and low-grade, to justify future in vivo trials 

conducted in parallel with lower endoscopy in the intestinal tract.
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6. CONCLUSIONS AND FUTURE DIRECTIONS 

The work presented in this dissertation describes the development of a clinically-

compatible angle-resolved low coherence interferometry (a/LCI) system, its validation, 

and an evaluation of its clinical utility.  Accomplishment of this goal required the 

redesign of the a/LCI system, including implementation of a fiber-optic endoscope 

compatible probe, the development of a new processing methodology used to analyze 

the large quantities of data associated with clinical study, and human subject clinical 

trials designed to measure the accuracy of the device in the detection of dysplasia. 

Prior to the development of the clinical a/LCI system, the technique had 

undergone multiple generations of development and was relatively mature.  Early a/LCI 

systems, implemented with free space optics, demonstrated the accuracy of the 

technique when measuring nuclear morphology.  Subsequent development 

demonstrated sensitivity for detecting dysplasia and increases in imaging speed, 

although a/LCI remained a laboratory tool that required acquisition times measured in 

minutes.  The development of Fourier-domain a/LCI represented a major technical leap 

in the technology, allowing sub-second acquisition of the depth- and angle-resolved 

scattering profile of a sample under interrogation.  Modification of the Fourier-domain 

system to include an imaging fiber bundle in the sample arm enabled separation of the 

sample from the device, in turn enabling the first studies of human tissues.  The work 
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described here completes the development of a clinical a/LCI optical biopsy prototype 

and validates its use in vivo in a first disease model. 

The clinical system that is described in Section 4.1 was designed as an advance 

over the earlier portable a/LCI system in that allowed deployment of a fiber probe 

through the accessory channel of an endoscope, the tool most commonly used for 

surveillance procedures in the gastrointestinal tract.  This advance required a full 

mechanical and optical redesign of the sample arm, an overhaul of the system footprint 

to make it more appropriate for use in an outpatient clinical suite, and modification of 

data collection software to allow for efficient acquisition of clinical data.  Section 4.2 

describes a set of validation experiments that were conducted to verify that the 

performance of the clinical a/LCI system matched that of previous generation devices. 

Along with the physical requirements on the system for clinical operation, 

changes in analysis methodology were also necessitated by the large quantities of data 

collected in multi-center clinical trials.  Chapter 3 describes this processing 

methodology, beginning with a discussion of the theoretical basis for the comparison to 

scattering distributions described by Mie theory in Section 3.1.  In addition, the manner 

in which individual scattering profiles are fit to theory is described in Section 3.2.  

Section 3.3 provides a description of the newly-developed clinical data processing 

technique.  This procedure was developed to address the challenge of reducing the large 

amount of data collected in the clinical trial to a volume of information that can be 
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readily analyzed in a statistical manner and presented to a clinician or other end-user of 

the technology in a digestible form. 

With the development of the clinical a/LCI system, a pilot in vivo clinical trial was 

conducted in Barrett’s esophagus (BE) patients, a disease model studied in depth by 

prior pre-clinical human tissue a/LCI studies.  Section 5.2 describes this trial.  The study 

aimed to detect dysplasia in optical biopsies that were co-registered with physical 

biopsies, allowing comparison to pathological analysis of the tissue site.  The nuclear 

size and density signatures from multiple depths in the epithelium were analyzed 

independently, and statistical analysis revealed that an increase in nuclear size in the 

depth segment that lays 200-300 μm beneath the tissue surface was highly predictive of 

the presence of dysplasia.  The study validates the hypothesis that a/LCI may provide 

significant utility in the analysis of at-risk tissue in surveillance procedures.  The 

performance of a/LCI is strong, particularly in comparison to other optical biopsy 

techniques in BE patients.  Section 5.2.4 provides this comparison, not only in regards to 

sensitivity and specificity, but also with respect to resolution and penetration depth. 

In addition to the major focus of this research, which was to enable and conduct 

the first in vivo evaluation of the a/LCI technique, there were two additional efforts 

aimed at providing a basis for future development and evaluation of a/LCI.  These 

consisted of the initial use of a/LCI in a second human tissue type and the development 

of a prototype wide-area scanning a/LCI variant. 
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First, section 5.3 describes the first use of a/LCI in the evaluation of human 

intestinal tissue.  Development of a/LCI has focused on the BE model of disease to date, 

but the changes in nuclear characteristics due to dysplasia that are measured by a/LCI 

are common in all intraepithelial neoplasias.  Because of the similarity in tissue type 

between intestinal tissue and that of BE, and more importantly, the similarity in the 

endoscopic tools used clinically to survey these tissues for the signs of early cancer, 

intestinal dysplasia is a natural choice for a second target.  The study presented in 

Section 5.3 is an ex vivo trial in which resected colonic tissue patients was scanned with 

the clinical system.  The results of this study confirmed that a/LCI was able to detect 

intestinal dysplasias with similar sensitivity and specificity as in the esophagus. 

The clinical system, while accurate, only allows for scanning of a single tissue 

point per probe positioning.  Automated scanning of the interrogation beam across a 

wide area of tissue would provide significant increase in interrogation speed of at-risk 

tissue.  Section 4.5 details the development of such a wide-area scanning a/LCI 

prototype.  This system was designed around the clinical system by adding an optical 

relay system that performed the scanning of the a/LCI beam.  A validation experiment 

conducted to confirm the performance of this system is presented in Section 4.5.2.  While 

this system is not ready for clinical translation, as it cannot operate endoscopically, it 

provides proof of concept that a wide-area scanning geometry can be implemented in 

a/LCI, and will enable future development of such a system. 
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While the clinical a/LCI system has proven its use for in vivo evaluation of 

tissues, it is not without its limitations.  As discussed, the point scanning methodology 

of the current design limits the speed with which tissue can be analyzed.  In surgical and 

outpatient procedures where increased duration corresponds with increased risk and 

cost, the point probe modality limits the potential tissue coverage of a/LCI.  

Development of an endoscope-compatible scanning system is needed to overcome this 

limitation, although initial steps have been presented here for its development.  

Furthermore, in order to see widespread adoption of a/LCI in surveillance procedures, it 

must be able to evaluate tissue in real-time.  The clinical processing technique that is 

described in Chapter 3 must be further refined such that it does not require any human 

input or analysis and is, instead, fully automated.  The geometry of the a/LCI probe is 

also problematic, as the small size of the tissue spaces in which it is used limits the 

ability of a clinician to maneuver the probe onto the tissue surface and hold it there 

without motion while working through an endoscope.  Development of a side-firing 

probe or an alternative probe geometry that would increase the stability of the probe-

tissue interface would significantly allay this complication.  Collection of a single plane 

of the angular scattering distribution limits the information that can be analyzed.  

Systems with the ability to record a two-dimensional angular scattering map may be 

able to more accurately characterize tissue structures.  To this end, a number of these 

systems are currently in development.[74, 93] 
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The pilot BE clinical study demonstrated convincingly that a/LCI is able to 

provide utility in surveillance techniques that aim to identify early dysplasias.  The 

widespread use of the system as a complimentary technology is possible, but will 

require large-scale clinical trials above and beyond the pilot study described in this 

dissertation to evaluate its safety and efficacy at the level required for regulatory 

approval.  These trials are currently planned, and will be to a large degree enabled and 

guided by the success of the pilot study.   

While a/LCI has found an initial use in BE patients, it has potential utility in any 

epithelial tissue that is accessible by the probe.  Future studies of multiple tissue types 

will be required to evaluate the clinical use of a/LCI for cancers beyond than those of the 

esophagus and GI tract.  The intestinal dysplasia study represents the first of many 

potential trials that will strive to evaluate the use of a/LCI for the early detection of an 

array of cancers in vivo. 
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