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Abstract

There is an increased demand for developing transformative technologies to satisfy unmet needs in the
clinical management of a number of gastrointestinal (Gl) tract diseases. With the maturation of swept-
source lasers, OCT technology has undergone major advancements over the last few years. Swept-source
laser sources based on Fourier domain mode locking (FDML), akinetic and vertical cavity surface emitting
laser (VCSEL) technologies have shown to reach and exceed MHz OCT imaging speeds. Our group has
harnessed these advances by developing an ultrahigh-speed endoscopic OCT system that operated at and
above 600 kHz A-scan rates, > 10 times faster than commercial endoscopic OCT systems. Equipped with
distal rotating micromotor catheters, this system allowed visualization of microstructures and functional
processes that were not possible to observe with the older generation OCT systems.

The overarching aim of this thesis was to showcase novel clinical and research applications that were
enabled by this next generation ultrahigh-speed endoscopic OCT system. Towards this aim, this thesis
focused on two main projects, 1) Demonstrating clinical applications of volumetric en face and cross-
sectional OCT, and OCT angiography (OCTA) and 2) Developing integrated OCT imaging and esophageal
electrical muscle stimulation methods. For the first project, two gastrointestinal (Gl) tact diseases were
investigated: Barrett’s esophagus (BE) and associated dysplasia, and chronic radiation proctopathy (CRP).
For the second project, esophageal electrical muscle stimulation methods were assessed to achieve
circumferential esophageal tissue coverage for catheter imaging and therapeutic applications, with
experiments performed in living swine. Furthermore, methods for improving scanning stability and
robustness of the ultrahigh-speed endoscopic OCT system, as well as for optimizing data acquisition and
visualization were discussed.

This thesis illustrated that ultrahigh-speed endoscopic OCT technology powered by the next
generation swept-source light sources and precision scanning micromotor catheters opened new research
directions ranging from diagnosis of early cancers to studying the pathophysiology of Gl tract diseases and
assessing efficacy of and response to therapeutic interventions. As the field of OCT continues to evolve,
endoscopic OCT is one step closer to find its niche in solving prolonged clinical problems.

Thesis Supervisor: James G. Fujimoto
Title: Elihu Thomson Professor of Electrical Engineering
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Chapter |

Introduction

1.1. Overview of Barrett’s esophagus and chronic radiation proctopathy

Over the last decades there was an increased demand for developing transformative methods
and technologies to satisfy unmet needs in the clinical management of a number of
gastrointestinal (GlI) tract diseases. The following sections will briefly overview the current clinical
status and unmet needs for two of these diseases that were the subjects of this thesis. More

detailed information about these diseases will be given in the subsequent chapters.

Barrett’s esophagus, dysplasia and esophageal adenocarcinoma

Despite significant advances in oncology that decreased the incidence and mortality of a number
of cancers such as breast and prostate cancer, Gl tract cancers remain one of the most common
and lethal malignancies. In 2017, it is estimated that the esophagus, stomach, colon, rectum and
anal cancers will have a total incidence of 188,570, and 78,280 people will die from complications
related to them. Esophageal cancer is a particularly high malignant cancer with an estimated
incidence of 16,940 in 2017 and a five-year survival rate of only 18% [1]. Current programs for
screening and surveillance of esophageal cancer are not optimal as evidenced by the fact that
most of these cancers are detected at late stages, and an estimated number of 15,960 will die

from this disease in 2017 [1].

Barrett’s esophagus (BE) is a precursor to the most common form of esophageal cancer in
the US, esophageal adenocarcinoma (EAC), and undergoes a number of cytological and tissue
architectural alterations to progress to low-grade dysplasia (LGD) and then to high-grade
dysplasia (HGD) over a patient’s lifetime [2]. HGD is associated with 30-35% risk of developing

EAC within 5 years [3]. Several endoscopic therapies have been developed over the last few
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decades and an endoscopic eradication therapy (EET) that uses a combination of radiofrequency
ablation (RFA) and endoscopic mucosal resection (EMR) was shown to eradicate BE and dysplasia
in >90% of the patients [4, 5]. Therefore, detecting dysplasia in BE patients is of paramount

importance in order to prevent progression to EAC.

The current standard of care for detecting dysplasia for a patient diagnosed with BE is the
“Seattle protocol”, which necessitate the acquisition of random biopsies every 1 — 2 cm
throughout the BE segment, and taking additional target biopsies from lesions suspicious under
white light endoscopy (WLE) examination [6]. However, owing to the multi-focal and patchy
nature of dysplasia [7], Seattle protocol is prone to sampling errors. To motivate efforts for
developing advanced imaging technologies to detect dysplasia, the American Society of
Gastrointestinal Endoscopy (ASGE) has published a PIVI (Preservation and Incorporation of
Valuable Endoscopic Innovations) statement that established a baseline for the required
diagnostic performance of an advanced imaging technology. A sensitivity of 90%, negative
predictive value of 98% and specificity of 80% is established as necessary to replace the approach
of random and WLE-targeted biopsies [8]. Several studies with various advanced endoscopic

imaging technologies have been conducted to determine if the PIVI criteria could be met.

Chronic radiation proctopathy

It has been estimated that in 2016 more than 400,000 patients will be diagnosed with pelvic
cancer (prostate, urinary bladder, uterus, rectum, cervix or anal cancer) in the US [9].
Furthermore, in 30-60% of these cases, radiation therapy will be used as part of the treatment
approach [10, 11]. In up to 20 — 30% of these patients chronic radiation proctopathy (CRP) will
develop, which is a debilitating condition associated with the formation of abnormal vascular

lesions that may lead to persistent rectal bleeding [12].

Up to 75% of patients receive pelvic radiation therapy have acute radiation proctopathy
(RP) symptoms such as diarrhea, cramping, increased bowel frequency and rectal discomfort,
while rectal bleeding is not typically reported [13]. In the majority of the cases, the acute

symptoms cease within 6 months after cessation of the radiation therapy [14, 15]. CRP, on the



other hand, has the hallmark of hematochezia (rectal bleeding) that does not heal without

intervention, and significantly affects patient quality of life.

Diagnosis of CRP requires rectal examination with a colonoscope to assess the rectal
mucosa for the presence of ulceration, friability and telangiectasias [16]. Biopsies can be taken
to rule out other conditions that may present similar symptoms such as inflammatory bowel
disease but are generally not recommended due to the potential of complications such as fistulae
formation [17]. In conjunction with a CRP diagnosis, the severity of the disease should be rated

using a grading system in order to assess progression and efficacy of subsequent interventions.

There are three tiers of treatment approaches for clinical management of CRP, where the
invasiveness of the treatment gradually escalates based on patients’ response to interventions:
1) observation or medical therapy, 2) endoscopic therapy, 3) surgical therapy [18]. There have
been several medical therapy approaches, such as sucralfate, formalin, hyperbaric oxygen,
salicylic acid, short chain fatty acid, probiotics and antioxidants, and several endoscopic
therapies, such as cauterization and heater probe, argon plasma coagulation (APC), Nd:YAG and
KTP laser ablation, RFA and cryoablation were developed to treat the mucosal friability and rectal
bleeding associated CRP. RFA has recently emerged a promising endoscopic intervention for CRP,
and studies by our group showed its effectiveness in controlling rectal bleeding in the majority
of the patients without any major complications [19, 20]. However, all these treatment options
have different complication profiles, and comparative studies are lacking to establish the optimal

treatment paradigm [18, 21-24].

1.2. Recent advances in endoscopic OCT technology

With the maturation of swept-source lasers, OCT technology has undergone major
advancements over the last few years. Swept-source laser sources based on Fourier domain
mode locking (FDML) [25], akinetic [26, 27] and vertical cavity surface emitting laser (VCSEL) [28-
30] technology have shown to reach and exceed MHz OCT imaging speeds. Our group has
harnessed these advances by developing an ultrahigh-speed endoscopic OCT system that

operated at 600 kHz A-scan rate [31]. The fast OCT imaging speeds also necessitated high-speed



rotational scanning that was not achievable by traditional OCT catheters that used proximal
rotary scanning to rotate the entire > 2 m catheter. Our group had previously demonstrated the
possibility of using micromotors to achieve distal rotational scanning using micromotors at the
distal end of the catheter albeit at low rotational scanning rates (2 Hz) [32]. Our group improved
on this design to demonstrate a micromotor based OCT catheter (micromotor catheter) that
could perform rotational scanning at 400 Hz [33]. The author of this thesis worked with a
collaborative team to subsequently translate this VCSEL-based ultrahigh-speed endoscopic OCT
technology with micromotor catheters to the endoscopy imaging suite of the VA Boston

Healthcare System (VABHS) at the Jamaica Plain campus [31].

The ultrahigh-speed endoscopic OCT system with the distal scanning micromotor
catheters allowed visualization of tissue structures and functional processes that were not
possible to visualize by the earlier and current commercial slower-speed endoscopic OCT
systems. One of the major improvement was the ability to visualize mucosal patterns, which are
associated with early cancerous progression. Another advantage of this system was the ability to
generate OCT angiography (OCTA), which is a technique to visualize tissue microvasculature by
detecting the signal intensity variations between consecutive overlapping cross-sectional OCT
images caused by erythrocyte motion [31]. A recent study by our group reported 94% sensitivity
and 69% specificity for identifying dysplasia in BE using blinded assessment of OCTA images with
32 patients [34].

One of the limitations of our clinical endoscopic OCT system was the small diameter of the
micromotor imaging catheter. The 3.4 mm diameter of the micromotor catheter was able to be
introduced through the 3.7 mm accessory channel of the endoscope to allow simultanous OCT
imaging and biopsy/EMR tissue sampling, while covering only a fraction of the esophageal
circumference. Therefore, comprehensive imaging required repositioning the catheter to
different esophageal quadrants. To overcome this limitation we have demonstrated
circumferential imaging with a balloon [35] and capsule catheter in living swine [36]. We have
subsequently translated a version of the capsule catheter to perform clinical imaging at the

VABHS [37]. Capsule based imaging may be attractive in the long term because it can be
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performed without sedation [38]. If sufficient sensitivity and specificity for identifying dysplasia
can be achieved, capsules may enable low-cost BE screening and surveillance. We have also
recently demonstrated a cycloid-scanning capsule that allowed precise two-dimensional distal
scanning of 1 mm x 38 mm strips using a combination of micromotor and PZT scanner [39].
Structural OCT and OCTA images with minimal scanning distortion were demonstrated in the

human rectum in vivo.

During the same time period, a commercial endoscopic OCT company has been formed
and named as Ninepoint Medical™ (launched in 2013). The first commercial product of this
company was Volumetric Laser Endoscopy (VLE) imaging system (NvisionVLE®) [40, 41]. The VLE
system used OCT catheters of ~ 2.4 mm diameters which could be introduced to the biopsy
accessory port of standard endoscopes. These catheters had a balloon at their most-distal ~6 cm
portion that could be inflated to sizes of 14, 17 and 20 mm after being deployed to the target
imaging site. The VLE system had a 50,000 kHz A-scan rate, more than an order of magnitude
slower than the ultrahigh-speed endoscopic OCT system developed by our group [42].
Furthermore, the large circumferential coverage and slow imaging speeds necessitated the use
of large spot sizes (~ 40 um FWHM) and slow rotational speeds (~ 10 Hz). All these factors limited
image quality, made the system more susceptible to motion and prevented visualization of
certain tissue microarchitectural and microvascular features, such as mucosal and vascular

patterns, in comparison to the ultrahigh-speed endoscopic OCT system.

Despite the aforementioned limitations, the VLE system was able to image circumferential
and large areas of the esophagus (¥ 6 cm x 6 cm area coverage within single 90 seconds
acquisition using the 20 mm balloon). Cross-sectional images over the imaging area were
acquired. Due to difficulties of obtaining histological correlation, initial studies assessed ex vivo
EMR samples in order to establish features that were correlated with dysplasia in BE [42-44]. At
the same time, in vivo VLE studies have suggested that some of the ex vivo features of dysplasia

might appear different in vivo [45].

Furthermore, a 1000-patient registry study was conducted by the participation of 18 major
medical centers across the US assessing the feasibility of VLE in the BE surveillance and
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determining further research and development directions [46]. A major development for the VLE
system was the laser marking feature which was launched in 2016 [47]. Laser making allowed
areas of suspicious OCT appearance to marked using a high power laser that was visible at the
subsequent endoscopic examination. This feature allowed precise histological correlation with
the VLE images in vivo, paving the way to prospective, in vivo clinical studies assessing the

diagnostic utility of the VLE system in BE surveillance.

In addition to the clinical developments, there were other technological developments in
the endoscopic OCT technology, yet to be comprehensively assessed in clinical settings. Amongst
these developments, optical coherence elastography (OCE) can quantify tissue mechanical
properties by applying a mechanical stimulus to produce tissue displacement and measure the
resulting strain [48]. It has been hypothesized that neoplastic progression might alter the
elasticity of the tissues by an extracellular matrix remodeling accompanied by cellular alterations
[49]. Needle-based OCE probes have been demonstrated, but these are yet to be translated into

an in vivo imaging setting [50, 51].

Polarization-sensitive OCT (PS-OCT) can measure tissue birefringence properties by
probing the tissue with alternating polarization states [52, 53]. Achieving PS-OCT in a probe-
based imaging setting was traditionally challenging as the proximal rotational scanning employed
in the endoscopic OCT catheters also altered the polarization state of the incident light in a non-
controlled way. Nevertheless, several solutions have been proposed to modulate the incident
light such that different polarization states can be encoded in a way that will be preserved during
the rotation of the catheter [54-56]. Endoscopic PS-OCT was demonstrated in pulmonary and
cardiovascular OCT imaging applications [57, 58], and recently in esophageal imaging application
in a living swine [59]. PS-OCT may allow better delineation of tissue layers in the esophagus such
as muscularis mucosa and muscularis propria that may have an important role during the

progression of BE to dysplasia and EAC.

Another busy domain of endoscopic OCT research was multi-modal imaging applications
where OCT is combined with an adjunct imaging modality to gather additional molecular and/or
functional information. In this front, integration of ultrasound (US) with OCT imaging may allow
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probing into deeper tissue depths, allowing applications such as cancer staging [60]. Integrated
probe-based OCT/ultrasound imaging was demonstrated in cardiovascular imaging applications
[61, 62]. Integrated photoacoustic/OCT imaging catheter [63, 64] allowed deeper tissue
penetration similar to ultrasound, as well as assessment of hemodynamic functions such as
oxygen saturation [65]. Finally, integration of OCT imaging with fluorescence imaging was
demonstrated in pulmonary [66], cardiovascular [67, 68] and endoscopic applications [69].
Fluorescence imaging can open a window to directly probe molecular information either by
intrinsic auto-fluorescence or by using extrinsic contrast agents that could be tailored for the

clinical application.

1.3. Scope of the thesis

The broader aim of this thesis is to showcase novel clinical and research applications that were
enabled by the next generation ultrahigh-speed endoscopic OCT system described in the
previous section. Towards this aim, this thesis focuses on two main projects, 1) Demonstrating
clinical applications of volumetric en face and cross-sectional OCT and OCTA and 2) Developing
integrated OCT imaging and esophageal electrical muscle stimulation methods. For the first
project, two gastrointestinal (Gl) tact diseases were investigated using the ultrahigh-speed
endoscopic OCT system: Barrett’s esophagus (BE) and associated dysplasia, and chronic radiation
proctopathy (CRP). For the second project, esophageal electrical muscle stimulation methods
were assessed to achieve circumferential tissue coverage for catheter imaging and therapeutic

applications.

Chapter | outlined the current clinical and endoscopic OCT landscape. It demonstrated
unmet clinical needs in BE surveillance to identify dysplastic lesions, as well as the requirement
for new tools for elucidating the pathophysiology and therapeutic assessment of CRP. It also
highlighted recent technological advanced in the field of endoscopic OCT. The commercialization
of the endoscopic OCT technology under the brand of volumetric laser endomicroscopy (VLE) and

recent VLE studies were discussed.
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Chapter Il discussed engineering efforts that were undertaken to improve the scanning
stability and robustness of the ultrahigh-speed endoscopic OCT system, as well as hardware
improvements and processing steps applied to improve and optimize data acquisition and
visualization. The effects of selecting low-friction materials for improving catheter pullback
uniformity and development of a post-processing algorithm for improving rotational uniformity
and for visualization of en face structures and achieving OCTA were discussed. The effects of
various image processing steps such as dynamic range compression, high-dynamic-range filtering

and depth projection on en face OCT images were demonstrated.

Chapter Il demonstrated two clinical studies with the ultrahigh-speed endoscopic OCT
system related to Barrett’s esophagus and dysplasia. In the first study, we investigated a novel
approach of interpreting OCT data by assessing a combination of depth-resolved en face and
cross-sectional OCT features. We have reported the associations between en face and cross-
sectional OCT features with histology and treatment history based on blinded readings of three
independent OCT readers. This study has suggested associations that can be relevant to
understanding the pathogenesis of BE dysplasia and could be important for identifying future
diagnostic markers. In the second study, we have demonstrated the clinical utility of the
ultrahigh-speed endoscopic OCT and OCTA for assessing a dysplastic lesion at the
gastroesophageal junction (GEJ), its lateral margins before and immediately after EMR, and at 2-
months follow-up. This study suggested that probe-based OCT/OCTA may improve diagnostic
capabilities and enhance clinical utility by identifying dysplastic areas, assessing lesion margins,

and evaluating regions immediately post-treatment and on follow-up.

Chapter IV discussed an application of OCT in the non-endoscopic assessment of chronic
radiation proctopathy (CRP). A detailed overview of CRP pathophysiology was provided, including
the histological structure of normal rectum and CRP-associated microstructural and
microvascular changes. Strengths and shortcomings of current clinical management strategies
including observation, medical therapy and endoscopic interventions were discussed. This was
followed by reporting an OCT study in which the rectum and anal canal of 8 CRP patients

undergoing RFA treatment and 2 normal patients were assessed non-endoscopically with the
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ultrahigh-speed endoscopic OCT system using the micromotor catheter. We have demonstrated
changes that occur due to CRP progression, as assessed by en face OCT and OCTA, as well as
effects of RFA in normalizing the tissue microvascular architecture. We have also demonstrated
the correlation of OCTA assessment with the clinical assessment made by endoscopic
examination. OCT and OCTA had the advantage to assess submucosal tissue architecture and
microvasculature, allowing insights into studying CRP pathophysiology and progression that are

not achievable by endoscopic examination.

Chapter V discussed the development of esophageal muscle stimulation (EMS) techniques
and their integration with a balloon-based micromotor catheter. We have developed methods to
fabricate flexible, semi-transparent circuits that can be integrated with OCT catheters. We
demonstrated an integrated EMS/OCT imaging catheter that had electrodes on its outer surface
to apply electrical stimulation to the esophageal muscles in order to contract them around the
catheter. In vivo swine studies have demonstrated the feasibility of esophageal muscle
stimulation to achieve circumferential tissue coverage. We have concluded that this approach
can be used in a broad range of therapeutic and endoscopic OCT imaging applications as any type

of catheter-based therapy or imaging suffers from sub-optimal and unpredictable tissue contact.

Chapter VI summarized the thesis work and discussed future research directions. The
thesis is ended with a list of author’s publications during the thesis period followed by the

bibliography.
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Chapter Il

Improvements to the
Ultrahigh-speed Endoscopic OCT System

2.1. Motivation

The ultrahigh-speed endoscopic OCT system described in the previous chapter enabled very high
axial OCT scan rates, which directly translates into acquisition of datasets with higher sampling
density for a given data acquisition time. This is a crucial advantage for endoscopic imaging
applications because physiological motion artifacts such as breathing and respiration have
detrimental effects on image quality. The ability to acquire datasets in shorter time greatly

reduces the effects of such artifacts on the images.

One critical advance that was enabled by the ultrahigh-speed endoscopic OCT system was
the ability to visualize structures in the en face plane, in addition to traditional cross-sectional
OCT imaging (Figure 2.1). Although cross-sectional imaging is the primary niche of the OCT
technology, it also represents a challenge to existing endoscopic imaging and diagnostic
paradigms as the endoscopists are not used to or trained to interpret cross-sectional images.
Endoscopic ultrasound provides cross-sectional images similar to OCT, but its use in the US has
declined over the past years and is mainly reserved for patients with more advanced esophageal
cancer. Therefore, endoscopists working in a community setting performing screening and
surveillance endoscopies are generally not trained with that imaging technology. Furthermore,
contrast mechanisms, resolutions and imaging depths of ultrasound are significantly different
from OCT imaging, hence a familiarity in one domain might not be directly transferable to the

other domain.
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Figure 2.1 Volumetric OCT dataset visualization. A, representation of volumetric OCT
dataset showing cross-sectional (blue frame), longitudinal (red frame) and en face views
(green frame) which are intrinsically co-registered. The series of cross-sectional OCT images
at sequential longitudinal positions could be scrolled for rapid viewing, or specific cross-
sections from en face regions of interest (ROIs) viewed selectively. B, depth-resolved en face
OCT images at various depths. The en face OCT image near the surface shows the superficial
mucosal architecture, whereas deeper images delineate the mucosal patterns in greater
detail and contrast. At depths near the muscularis mucosa/submucosa (~ 700 um) boundary,
vascular features can be observed. Arrows point to a large vessel observed by its shadowing
within the muscularis mucosa/submucosa, as scattering from blood in the vessel produces
attenuation of OCT signals from deeper levels. En face OCT images at a given depth are viewed
by summing over +/-50 um depth (100 um projection range) to improve contrast and reduce
noise. En face OCT images in this figure are cropped from a larger dataset to exclude regions
which are out of contact with the OCT catheter. Scale bars are 1 mm.

On the contrary, endoscopists are familiar with the endoscopic appearance which shows
tissue structures in an en face plane. As early as the 1990s it was recognized that intestinal tissues
have specific patterns visible on the en face views (Figure 2.2 and Figure 2.3) [70, 71]. These
patterns were named as mucosal surface patterns, or pit patterns in the lower Gl setting, and
changes occurring to them in association with cancerous progression were extensively studied

[72-76].
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Figure 2.2. Mucosal surface patterns in the upper gastrointestinal tract. The set of
images on the upper part are cartoon drawings of the patterns while the set of images on the
lower part are magnifying white light endoscopy images corresponding to those drawings. A,
pit-1, small round, B, pit-2, straight, C, pit-3, long oval, D, pit-4, tubular, E, pit-5, villous. Pit-3,
pit-4 and pit-5 are strongly associated with intestinal metaplasia. Images are modified from
[70].
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Figure 2.3. Mucosal surface patterns in the lower gastrointestinal tract. The set of images
on the upper part are cartoon drawings of the patterns while the set of images on the lower
part are magnifying chromoendoscopy images obtained with indigo carmine spraying
corresponding to those drawings. A, Type |, round pits, B, Type I, stellar or papillary pits, C,
Type llI-L, large tubular or roundish pits, D, Type IlI-S, small tubular or roundish pits, E, Type
IV, branch-like or gyrus-like pits. F, Type V, non-structural pits. Type | — Type Ill patterns are
associated with hyperplasia and adenoma while Type — IV and Type — V patterns are
associated with invasive cancer. Type — V pattern has a strong association with submucosal
layer involvement. Images are modified from [71].

While en face OCT images were shown with the earlier generation FDML based endoscopic
OCT imaging systems, imaging speeds were low (<50 kHz A-line rate), which prevented
visualization of the mucosal patterns in in vivo settings. Slow imaging speeds made it challenging

to acquire datasets with high sampling density and made the datasets susceptible to physiological
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motion artifacts due to breathing, respiration etc. Example en face OCT images in Figure 2.4 show
the difference between visualization of the mucosal patterns with the early generation FDML
based endoscopic OCT systems and the VCSEL-based ultrahigh-speed endoscopic OCT system
developed during this thesis work. In both lower and upper Gl tissues, the specific regular circular
mucosal patterns of Barrett’s esophagus and colonic mucosa cannot be clearly discerned from
the images acquired by the early generation OCT systems, while they can be clearly visualized

with the ultrahigh-speed endoscopic OCT system.

Figure 2.4. Comparison of en face images obtained by the older generation FDML-based
endoscopic OCT systems and the VCSEL-based ultrahigh-speed endoscopic OCT system
developed during this thesis work. A, B, En face OCT images around the squamocolumnar
junction in the upper gastrointestinal tract of a patient with Barrett’s esophagus (BE) obtained
with the FDML and VCSEL systems, respectively. The regular circular mucosal patterns
characteristic of BE can be visualized in B while they can not be discerned in A. C, D, En face
OCT images in the lower gastrointestinal tract of a patient obtained with the FDML and VCSEL
system, respectively. The regular circular mucosal patterns characteristic of the normal
rectum and large intestine can be visualized in D while they can not be discerned in C. SE:
Squamous esophagus, BE: Barrett’s esophagus. Scale bars are 1 mm. Images in A and C are
modified from [77] and [78], respectively.
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The high OCT imaging speeds made it possible to acquire datasets with higher sampling
density, however, a number of artifacts due to non-uniform scanning and motion was still
present. One particular artifact commonly observed in the en face OCT images was the cardiac
motion. As exemplified in Figure 2.5, there is a motion artifact that imparts a periodic
stretching/compression on the en face structures can be observed at the tissue depths (Figure
2.5B) while it is not observed at the catheter depths (Figure 2.5A). This implies that this imaging
artifact was generated by the tissue motion rather than non-uniform pullback of the catheter.
The periodicity and rate of this artifact (60 stretches-per second) suggested that the primary
motion observed in this image is due to the cardiac cycle. It should be noted that we observed
that the effect of this cardiac motion on the images was highly depended on the patient as well
as the imaging location. In some patients motion artifacts had a significant impact on the en face
image quality (in the form of the stretching and/or compression of the tissue structures as shown
in Figure 2.5) while in other patients these artifacts were negligible. Imaging locations closer to
heart, such as mid-esophagus, exhibited more pronounced artifacts while imaging locations
further away from the heart, such as gastro-esophageal junction, exhibited less severe artifacts
related to this physiological motion. Needless to say, imaging in lower Gl tract did not exhibit
these artifacts given its distance from the heart, and en face image quality in the lower Gl tract

was in general significantly better compared to image quality in the upper Gl tract.

Another source of imaging artifacts was the non-uniform scanning of the micromotor
catheter. Endoscopic OCT images are acquired by a helical scanning pattern, where the
micromotor at the distal end of the catheter performs a fast rotary scanning to generate the
cross-sectional OCT images, while the entire optical assembly is pulled back internally within the
catheter sheath to acquire cross-sectional OCT images at different longitudinal positions. Non-
uniformities of these two scanning mechanisms generated imaging artifacts. The next two
sections discussed various method we have applied to optimize pullback and rotational scanning

uniformity.
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Catheter sheath

Figure 2.5. Effect of cardiac motion on the en face OCT images. A, shows an en face OCT
image at the depth of the catheter sheath surface, showing scratches and other defects on
the sheath. B, shows an en face OCT image from the normal squamous esophagus of a patient
at a depth of ~ 300 um below the tissue surface, around deep epithelium/lamina propria layer.
Both images are from the same dataset that spans a 20 mm pullback region acquired over 10
seconds. Periodic artifacts with a rate of 60 per second can be observed in B while they are
not observed in A, suggesting that the artifact is from the cardiac cycle rather than the
pullback scanning.

The prototype ultrahigh-speed endoscopic OCT system used in this work was developed
by a team led by former graduate student Tsung-Han Tsai with the assistance of Benjamin
Potsaid, Yuankai Tao and the author of this thesis. The micromotor catheter was originally
designed by Tsung-Han Tsai, but then revised and improved by Hsiang-Chieh Lee and the author
of this thesis as discussed later in this chapter. All micromotor catheters used throughout this
thesis was constructed by Hsiang-Chieh Lee and the author of this thesis. The data acquisition
software was originally designed by a team led by former visiting scientist Martin Kraus with the
assistance of Jonathan Liu, Chen Lu and the author of this thesis. This software was modified and

optimized for the endoscopic OCT system by the author of this thesis, as described in the next
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sections. The author of this thesis designed and built the patient interface unit (PIU) which
enclosed the linear translation stage used for the pullback and had the electrical and optical
connections between the micromotor catheter and the OCT system (Figure 2.6). Pullback
optimization experiments were conducted by the thesis author and Hsiang-Chieh Lee with
assistance from Kaicheng Liang. The non-uniform rotational distortion (NURD) correction
algorithm was developed by the thesis author. Application of high-dynamic range (HDR) filtering
on en face images was inspired by the work of former graduate student Jonathan Liu. Other
image processing steps, including depth projection and application of colormaps, were based on
work of former graduate students Desmond Adler and Aaron Aguirre, as well as general GI OCT
and optical coherence microscopy (OCM) literature. All human imaging experiments were
conducted at the VA hospital by the endoscopy team including Tsung-Han Tsai, Hsiang-Chieh Lee,
Kaicheng Liang, Zhao Wang, Michael Giacomelli and the author of this thesis with the help of our
clinical collaborator (Hiroshi Mashimo) and VA nursing and administrative staff. Hsiang-Chieh Lee
and Kaicheng Liang were involved in the majority of the discussions that led to the experiments

described this chapter.

First generation

-

Second generation

Optical connector
(FC/APC)

Torque coil clamp

Rotary mount

Parker translatio stage
Figure 2.6. Three-dimensional rendering of the patient interface unit (PIU). The
second generation PIU currently used in the clinic has a size of 236 mm (I) x 66 mm (w) x
95 mm (h). The torque coil is clamped onto the PIU which is attached to a rotary mount
to allow small angular adjustments of the imaging window. A Parker™ translation stage
(LP28_T0075D01) was used to allow a maximum of 75 mm pullback at a maximum speed
of 10 mm/sec.
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2.2. Optimization of pullback uniformity

As discussed in the previous section, physiological motion such as cardiac motion affects the en
face visualization by imparting a stretching and/or compression artifacts to the structures. This
essentially changes effective pullback speed of the catheter. Another source that can affect the
effective pullback speed is the internal pullback mechanism. As depicted in Figure 2.7, the basic
components relevant to the pullback of the OCT catheters are the torque coil and the
encompassing sheath. The torque coil carries the optical fiber as well as the electrical cables while
having the optical components for focusing the imaging beam at its distal end. At its proximal
end, the torque coil is connected to a patient interface unit (PIU) that houses a linear translation
stage to perform the pullback. The torque coil is contained within a fully water-sealed clear plastic
sheath which prevents liquids and other substances to contaminate the optical elements. As a
result, the torque coil is pulled back within the sheath and the frictional forces between the

torque coil and sheath determine the smoothness of the pullback.

We have constructed a setup to measure the pullback speed with different torque
coil/sheath combinations. As depicted in Figure 2.7, dummy OCT catheters were built and a
textured element was added to their distal end. The catheters consisted of a 2.2 mm OD stainless-
steel torque coil (ACTONE™, Asahi Intecc, CA) pulled back within an AWG9 (3 mm inner diameter,
200 um wall thickness) FEP or PTFE sheath (Zeus Industrial Products, SC), as indicated in the
figure. In order to simulate PTFE coating, an AWG11 PTFE sheath (2.4 mm inner diameter, 200
um wall thickness, Zeus Industrial Products, SC) was used. These catheters had the same length
of a regular micromotor catheter (~ 216 cm) and were positioned in a way that would simulate
the major bends encountered during upper Gl imaging. A camera was used to capture the motion
of the textured distal end of the catheter from which the effective pullback speed of the distal
end could be measured. For all experiments, a 2 mm/sec pullback speed was used consistent
with the pullback speed used with the ultrahigh-speed endoscopic OCT system for the human

imaging studies.
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Figure 2.7. Pullback speed test for three different torque coil/sheath configurations. A,

is the standard combination where a 2.2mm OD torque coil moves within a 3 mm ID FEP
sheath. B, torque coil is glued to a 2.4 mm ID, 200 pum wall thickness PTFE sheath, such that
PTFE sheath moves together with the torque coil within the FEP sheath same as in A. C, PTFE
sheath same asin B is glued to FEP sheath same as in B, such that the torque coil moves within
the PTFE sheath. This simulates the movement of the torque coil within a PTFE sheath. The
mean pullback speeds in all three configurations are about 2 mm/sec, which is the speed of
the proximal translation stage. The standard deviation is significantly smaller for the
configuration in C.

We have tested two different torque coil designs. The standard torque coil was
constructed from stainless steel (2.2 mm OD, ACTONE™, Asahi Intecc, CA), while we also had
custom-made version where a PTFE coating was applied onto the steel coil (2.2 mm OD, Asahi
Intecc, CA). Furthermore, in addition to the standard FEP-based sheath commonly used in the
OCT catheters, we have tested a PTFE-based sheath (AWG9, 3 mm inner diameter, Zeus Industrial
Products, SC). For both the torque coil and sheath, the PTFE material was hypothesized to have

a better pullback performance resulting from a lower frictional constant.

The mean and standard deviation of pullback speeds for these different configurations
were given in Figure 2.8. The mean distal pullback speed was about 2 mm/sec, consistent with
the speed of the proximal translation stage, however, the standard deviation varied significantly
between different torque coil/sheath configurations. Of particular note, PTFE coated torque coil
had significantly worse pullback performance in both within the FEP and PTFE sheaths and

exhibited speed spikes during the pullback. This suggested that the friction between two plastic
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materials, such as FEP vs PTFE or PTFE vs PTFE, results in an undesired pullback performance. The
best pullback performance was observed when the standard uncoated torque coil was pulled
back within the PTFE sheath. This configuration was used in the subsequent micromotor catheter

assemblies since early 2014.
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Figure 2.8. Pullback speed test for four different torque coil/sheath configurations. The

standard configuration was to use a stainless steel torque coil (2.2 mm outer diameter) within
an AWG9 FEP sheath (AWG9: 3 mm inner diameter, 200 um wall thickness). A PTFE-coated
version of the same torque coil was used in configurations 3. and 4. PTFE sheath was used
instead of the FEP sheath in configurations 2. and 4. Proximal pullback speed was set to 2
mm/sec in all configurations. Configuration 2. shows the best pullback performance in terms
of standard deviation of pullback speed variations.
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2.3. Optimization of rotational scanning uniformity

Nonuniform rotational distortion (NURD) is a common problem in catheter-based imaging
systems such as intravascular and endoscopic Optical Coherence Tomography (OCT) and
ultrasound [79, 80]. Conventional catheter-based imaging systems employ proximal actuation to
rotate the optical assembly and generate a circumferential scan. In these systems, NURD is
observed for both in vivo human and ex vivo phantom studies, suggesting that it is inherently
present due to mechanical friction between the catheter torque coil and sheath [79, 80].
Physiological motion, as well as bends encountered in endoscopic and cardiovascular imaging

applications, can exacerbate the severity of the rotational nonuniformity.

Micromotor catheters perform distal rotational scanning and eliminate some of the
aforementioned problems associated with proximal rotation [81, 82]. Rotation speed as high as
3.2kHz was reported with a micromotor catheter, which cannot be attained by proximal
actuation [83]. Unfortunately, NURD is still observed in micromotor imaging catheters due to
motor mechanical instability, although it is significantly less than in proximally actuated catheters
[84]. A motor with an encoder or other closed-loop feedback would improve the uniformity of

the rotation, but the increased size might not be suitable for clinical applications.

Several methods have been demonstrated to correct NURD in catheter-based imaging
systems, such as registering neighboring A-lines or frames by maximizing cross-correlation signal
intensity [80, 85-87], or using structural landmarks (e.g. stent struts) to aid registration of
subsequently acquired datasets [88]. The reflections from the sheath or optical components of
the catheters are also used for correcting rotational fluctuations caused by NURD [89]. However,
methods using cross-correlation or phase information typically require highly correlated images.
Some methods require disabling the longitudinal scan (pullback) entirely [85, 89], or provide only
moderate improvement in rotational uniformity when tested in-vivo [80, 85]. For catheter-based
applications with significant patient or operator motion, methods that do not rely on dynamic

image features for correction may be desirable.
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With recent advances in OCT speed, rapid volumetric imaging became possible. Following
these developments, en face OCT is emerging as a powerful tool, especially for assessing ocular
pathology [90]. Furthermore, OCT angiography was developed as a functional extension of OCT,
enabling three-dimensional visualization of vasculature without requiring exogenous contrast
agents [91, 92]. OCT angiography using OCT signal intensity has several advantages over phase
sensitive techniques such as Doppler OCT or phase variance OCT, including relaxed system phase
stability requirements and good sensitivity to slow blood flow occurring in capillaries [93, 94].
Our group recently demonstrated the combination of high-speed imaging and distal rotation to
achieve highly stable scanning required for assessment of en face mucosal patterns and for
endoscopic OCT angiography [31]. However, visualizing fine details with en face OCT or

performing endoscopic OCT angiography further increases scanning uniformity requirements.

In this section of the thesis, we present a computationally efficient method for correcting
the NURD encountered in catheter-based OCT. The method uses fiducial markers located on the
catheter and resamples the cross-sectional images in accordance with the detected marker
positions. We characterize the magnitude and frequency spectra of the rotational nonuniformity
and quantify NURD correction algorithm accuracy. We also present exemplary en face OCT and
OCT angiograms acquired with an ultrahigh-speed endoscopic OCT system in vivo to show the

image quality improvement.

Methods

This study was conducted using an ultrahigh-speed endoscopic swept source OCT system with a
VCSEL and micromotor catheter as described in reference [31]. Briefly, the VCSEL operated at
300 kHz bi-directional sweep rate and 110 nm tuning range, enabling 600 kHz A-line rate and 8
um axial resolution in tissue, respectively. The output power of the system was ~ 80 mW, while
the power on tissue was ~ 20 mW including the transmission through the micromotor catheter.
This resulted in a measured sensitivity of ~ 101 dB, about 6 dB less than the theoretical shot-
noise limit at this operation setting. Sources of sensitivity loss was optical elements in the
catheter, patient interface unit and losses in the fiber-optic components (e.g. circulator, coupler,
mating sleeve). The A/D card (ATS9360, AlazarTech) was optically clocked at 1.1 GHz maximum
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clock frequency, resulting in a 3.3 mm imaging range in air. We used a micromotor catheter with
a 3.4 mm outer diameter (OD), which passed through the 3.7mm endoscope accessory port. The
distal part of the catheter consisted of a ~ 2.6 mm OD, 16 mm length, in-house fabricated brass
housing to hold the distal optical components (focuser and microprism) and the micromotor
(Figure 2.9C). A custom-made focuser consisting of a SMF-pigtailed GRIN lens (Go!Foton Corp.,
NJ) was used to focus the beam to a spot size if ~ 15 um (FWHM) in tissue. An aluminum coated
1 mm microprism (Tower Optical, FL) was mounted onto the micromotor shaft to deflect the
optical beam towards to the tissue. The optical beam exited focuser with a slight tilt (~ 8 degrees
from the probe axis) to avoid specular reflection from the probe sheath. A 2 mm OD brushless
DC micromotor (DBLO2, Namiki Precision, CA) was used for rotary scanning. The micromotor
rotated at 400 Hz and the catheter was proximally pulled back at 2 mm/sec. Each dataset
consisted of 3200 frames with 1500 A-lines per frame. This resulted in a sampling pitch of 6.7 um
in rotation and 5 um in pullback. Catheter was pulled back via a ~ 2 m long stainless-steel torque

coil (2.2 mm OD, ACTONE™ , Asahi Intecc, CA).

NURD correction was performed on sequential cross-sectional rotary OCT images in linear
intensity scale prior to generating en face OCT images and OCT angiograms. En face OCT image
stacks were then generated from the NURD-corrected 3D-OCT datasets with square root
compression and projected over 140 um depth at various depth levels. Endoscopic OCT
angiography was performed by calculating the intensity decorrelation between sequential
frames, similar to reference [95]. This requires spatially overlapping cross-sectional images in the
pullback; hence images are intentionally oversampled in this direction. Following decorrelation
calculation, three consecutive decorrelation images are averaged to reduce noise, and intensity
thresholded to remove noise from low signal regions. Finally, en face OCT angiograms were
generated from the cross-sectional OCT angiography stacks and projected over a 140 um range

at various depth levels.

Imaging was performed on patients at the Boston VA Healthcare System (VABHS) under

IRB approved protocols and written informed consent was obtained prior to the study.
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NURD correction algorithm

Figure 2.9 shows an example OCT image and a drawing of the catheter imaging probe. Figure
2.9Ais an in vivo image of the human esophagus which corresponds to a single rotary scan of the
catheter micromotor. The OCT image shows four fiducial positions which are created by the

micromotor mount in Figure 2.9B. The fiducials could also be placed on the catheter sheath.

The NURD correction algorithm operates by detecting the fiducial positions on sequential
OCT images, corresponding to sequential rotary scans. The fiducials correspond to fixed angular
positions or fixed circumferential positions in the scan, but NURD causes the fiducial to appear
at varying times or A-line positions. It is important to note that NURD causes not only a timing
jitter (translation) in the positions of sequential OCT images, but also stretching or compression
of images in the transverse direction because the rotational period and the number of A-lines per

rotation is varying.

L
(b) (c)

Zeus AWGS LW Customized Namiki 2mm Plastic

PTFE Sheath E SMF Farrcle Metal housing Micromotor End cap

Micromotor

Struts Prism Asahi ACTONE

Housing Torque coil GRIN Lens

Pullback cable

Figure 2.9. Description of the fiducial marker NURD correction algorithm for a
micromotor catheter. A, Example OCT image showing fiducial positions. B, Drawing of a
micromotor catheter with two struts and two imaging windows generating four fiducial
positions. C, Detailed drawing of the distal assembly of the micromotor catheter showing the
internal components. SE: Squamous epithelium, LP/MM: Lamina propria/muscularis mucosa.
Scale bars are 1 mm.
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The volumetric OCT dataset is composed of sequential cross-sectional OCT images from
rotary scans sampled at constant A-scan rate. The OCT data is generated with a constant
transverse pixel sampling rate, but varying angular / circumferential velocity. The objective of the
NURD correction algorithm is to resample the volumetric OCT data such that the transverse pixels
correspond to registered and equally space angular / circumferential positions, correcting for
both timing jitter (translation) and stretching / compression of the OCT images in successive
rotary scans. This resampling process is somewhat analogous to resampling the OCT spectrum
from lambda to constant frequency or & interval which occurs in spectral domain OCT. The
positions of the fiducials are used to generate a cubic spline resampling which is continuous in
position as well as first and second derivative of the position in time, corresponding to the

assumption that the rotation has continuous velocity and acceleration.

Using more than one fiducial per rotation will increase the number of angular /
circumferential reference locations and improve the accuracy of the resampling. This resampling
essentially performs a non-rigid registration in the transverse direction. The axial position of the

image is assumed to be constant because tissue is in contact with the catheter sheath.

Two fiducials per rotation were used to measure the NURD. As shown in Figure 2.10A,
without NURD correction, the angular deviation of the fiducial in sequential frames oscillates
significantly with a standard deviation of 16.4 mrad (26.2 um in circumferential position assuming
3.3 mm probe OD). The mean value of the angular deviation for 10 different acquisitions on
different patients was 16.8 mrad (min = 10 mrad, max = 26 mrad, coefficient of variation = 0.3.
The frequency analysis in Figure 2.10C shows this variation has a significant component around
130 Hz. This instability appears to be from the micromotor and was observed in multiple different
catheters. Additional measurements by placing multiple photodetectors around the probe (ex
vivo) were performed to confirm that this was not aliased from higher frequencies. Following the
Nyquist criteria, using two fiducials per rotation for NURD correction, i.e. sampling at twice the

rotation frequency can correct instabilities up to 400Hz for the parameters in this study.
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Results

To quantify the correction algorithm performance, we used two fiducials per rotation for
stabilization (e.g. A and C shown in Figure 2.9A), and two other fiducials for measurement (e.g.
B and D shown in Figure 2.9A). Measurements show the angular deviation is significantly
reduced. Following NURD correction, the angle standard deviation is reduced to 1mrad (1.7 um
in circumference assuming 3.4 mm probe OD), equivalent to a greater than 15-fold improvement
in rotational stability (Figure 2.10B). Figure 2.10D further illustrates the improvement in
rotational stability at 130Hz as well as at other frequency components. The mean value of the
angular deviation for 10 different acquisitions on different patients was 1.4 mrad (min =0.9 mrad,

max = 1.7 mrad, coefficient of variation = 0.2).
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Figure 2.10. Characterization of NURD before and after software correction. A, Temporal
positions of a fiducial from 200 sequential frames prior to correction (around zero mean). B,
Temporal position of a fiducial (not used for correction) from 200 sequential frames post-
correction (around zero mean). C, D, Fourier transforms of the waveforms from A and B
respectively.

Figure 2.11 shows the performance of the correction algorithm for endoscopic OCT
images of the human Gl tract. Figure 2.11A and Figure 2.11C show en face OCT images acquired

from the rectum of a patient before and after NURD correction, where regular crypt architecture
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(pit pattern) can be observed, characteristic of normal colon. Without NURD correction, severe
distortion can be observed in the en face pit patterns, as shown in Figure 2.11A. Figure 2.11C
shows the distortions are significantly reduced with NURD correction. Figure 2.11B and Figure
2.11D show endoscopic OCT angiograms from the esophagus of a patient. Before correction, OCT
angiography images exhibit decorrelation artifacts due to rotational instability between
consecutive frames. This results in increased OCT angiography background noise and vertical
streaks along the pullback direction (Figure 2.11B). As shown in Figure 2.11D, the algorithm
improves registration of consecutive frames, reducing decorrelation noise and improving

angiography quality.
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Figure 2.11. Demonstration of the NURD correction algorithm for en face OCT and OCT
angiography images. A and C show en face OCT images before and after applying the
correction algorithm, respectively. B and D show OCT angiograms before and after applying
the correction algorithm, respectively. All figures are generated by projection over 140 um of
depth, and about 150-500 um beneath the tissue surface. A and C are taken from the rectum,
and B and D are taken from the esophagus of two patients who were undergoing endoscopic
surveillance. Same signal thresholds are applied for A and C, and for B and D. Scale bars are
200 um for A and C, and 500 um for B and D.
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Discussion

The scanning parameters in these experiments yielded sampling pitches of 6.7 um and 5 um
along the rotation and pullback direction, respectively. Given the 15 um spot size, even very small
scanning instabilities will cause significant decorrelation noise between adjacent frames.
Furthermore, because a helical pullback scanning is typically used for catheter-based imaging
systems, it is not possible to acquire several repeated frames at precisely the same longitudinal
location, in contrast to ophthalmic OCT angiography which uses galvanometer scanning. NURD
correction addresses rotational instability, but endoscopic OCT angiography is still limited by
pullback instability. Pullback instability might be corrected by using fiducials on the catheter

sheath.

In addition, other instabilities arise from the relative movement of the tissue with respect
to the catheter. This causes large-scale image distortion in the 3D-OCT data and uncertainty in
registration relative to the tissue. Using fiducial markers that are located on the catheter will not
correct for tissue motion. However, this study was less vulnerable to tissue motion, due to the

ultrahigh speed acquisition.

The applicability of the fiducial marker method requires minimal modification of catheter
design. For micromotor catheters, the housing struts or shadows from cables can be used as
inherent fiducials. Rotational as well as longitudinal fiducial lines can be printed or laser etched
on the inner or outer surfaces or even internal to the transparent probe sheath. The number of
fiducial markers required to effectively suppress the NURD will depend on the rotation stability

and the frequency of the dominant instabilities.

In conclusion, a computationally efficient method is demonstrated that corrects image
distortion from rotational nonuniformity. This method can be used to effectively correct
instabilities up to a Nyquist frequency determined by the temporal spacing between two serially
detected fiducial markers. By increasing the number of fiducials, the correction accuracy can be
improved. Our study shows that two fiducial markers per frame are sufficient to effectively

suppress the NURD in high-speed micromotor endoscopy and provide a non-distorted en face or
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angiographic image. However larger diameter imaging probes would require larger numbers of
fiducials. This method can be applied to both proximally and distally actuated catheter designs.
Due to its accuracy and suitability for high-speed imaging, this correction method could be a
valuable tool for next-generation endoscopic and cardiovascular OCT systems which acquire
combined structural and functional image information to assess pathological and physiological

markers of disease.

2.4. Optimization of data acquisition and visualization
2.4.1. Data acquisition

As discussed in the previous sections, there are various sources of imaging artifacts encountered
in endoscopic OCT imaging, hence it was essential to develop methods to optimize data

acquisition and visualization in order to minimize the effects of those in the resulting images.

The OCT acquisition platform was a C++ based software originally implemented by the
visiting scientist Martin Kraus from the University of Erlangen-Nuremberg with the collaboration
of other group members such as Jonathan Liu, Chen Lu and Ben Potsaid. This platform was
primarily developed for the use of the VCSEL-based ophthalmological OCT imaging systems,
hence it was not optimized for some of the critical functions required for endoscopic OCT
imaging. The author of this thesis was primarily responsible for adopting this software for the
endoscopic OCT system and use in the VA hospital. One of the changes that were implemented
was to the image preview. A screenshot of the image preview tab of the endoscopic OCT software
is shown in Figure 2.12. In Figure 2.12A, the top-left panel displays the preview of the cross-
sectional OCT image, a real-time view of the scanned region. Once a dataset is acquired then the
bottom-left and the right panels display cross-sectional and en face images of the acquired data.
The en face view is particularly important as it shows if there are any overt image artifacts or if
the tissue is making contact with the catheter throughout the acquisition. Furthermore, it allows
determining if certain landmarks, such as squamocolumnar junction, is captured within the

datasets.
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Figure 2.12. Overview of data acquisition software. A, shows the preview where cross-
sectional and en face images of a human finger are displayed. B, shows the timing diagram
for a 20 seconds (~ 20GB) dataset acquisition. Dataset was divided into four segments and
each segment is saved in a different thread. A PCl-e SSD raid array card was used to shorten
data saving speed as much as possible. Datasets were processed asynchronously with the
acquisition to allow rapid en face preview. Acquisition of the next dataset could start a few
seconds before the saving was finished. The main limiting factor was data saving speeds,
which added about 16 seconds lag time after the data acquisition was finished.

Another concern was the efficiency of data acquisition, processing and saving during the
endoscopic imaging procedure. Since the size of the datasets was high (~ 10 GB for the majority
of the clinical datasets in this thesis), it was critical to optimize each of these aspects so that OCT
imaging was not adding significant time to the endoscopy procedure. A high-speed data
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acquisition card (Alazar ATS9370) was used to digitize the OCT spectrums at a maximum sampling
rate of ~ 1.2 Gsamples/sec. We have implemented separate threads for the preview, processing,
and saving so that they can be done simultaneously and the program has minimal downtime to
wait for other processes to finish. Figure 2.12B depicts an example data acquisition for a 20 GB
OCT dataset. As can be seen there, a feature of the Alazar digitization card called “stream to disk”
was implemented, that allowed the data to start saving to hard drive as soon as the acquisition
started (with 2 seconds of lead time to accumulate some initial data into the memory). Saving
was done by dividing the datasets into several segments and saving them concurrently to an SSD
raid array card. This was implemented to ensure that larger datasets did not take a significant
amount of time to save due to hard drive fragmentation problems. Data processing was started
as soon as the acquisition was finished, and the processing code of the software was modified
and optimized to make the data processing as fast as possible (~ 1.5GB/sec processing speed).
Processing was sped up to a point such that the main bottleneck became the saving speed such
that there was about a 16 seconds delay between the end of acquisition and end of saving before
the subsequent acquisition could be started. This speed was limited by various factors such as

computer bus speed and the SSD raid array card performance.

2.4.2. Data visualization

Traditionally cross-sectional OCT images are displayed with a logarithmic compression, where
the logarithm of the intensity images are taken and scaled to a bit depth of 16 bits after applying
a threshold to crop the noise level and high-intensity reflections. Taking the logarithm essentially
compresses the dynamic range of the intensity image, which is necessary for cross-sectional OCT
images as there is a large variation of the signal intensity across different depths of the image.
However, for en face OCT images that correspond to specific depths, the signal variation is not as
high as it is in the cross-sectional OCT images. Therefore, logarithmic compression can be
overshoot for displaying en face OCT and may remove some of the fine details of the structures
that may have small variations in signal intensity. The uncompressed images, on the other hand,
might still have too much intensity variation across the image. Consequently, a square-root

compression is considered as an optimal trade-off for the display of the en face OCT images,
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which balances the intensity variations and the visualization of fine details in the images [96, 97].
Example of en face OCT images from a patient with NDBE with these three compression methods

applied were given in Figure 2.13.

Figure 2.13. Effects of different dynamic scale compressions on visualization of mucosal
patterns on the en face OCT images. Images are from a patient with non-dysplastic Barrett’s
esophagus and projected over a 100 um depth. Scale bars are 1 mm.

It is also possible to use image filters to further enhance the visualization of the mucosal
patterns. In this regard, we have tested a high-dynamic-range (HDR) filter to normalize signal
intensity variations and enhance the visibility of finer details [98]. Examples of en face OCT images
from upper and lower Gl tissues with and without the HDR filtering were given in Figure 2.14. It

can be observed that HDR filtering reduced the signal intensity variations across the image while
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improving the contrast of the mucosal patterns. However, the application of image filters may
introduce imaging artifacts and may make the visualization of other image features such as
dilated glands more challenging. Therefore, we have decided not to use image filters such as the

HDR filter to display the en face OCT images in the clinical studies presented in this thesis.

Figure 2.14. Effects of high-dynamic-range (HDR) filtering on visualization of mucosal
patterns on the en face OCT images. A, B, are from the normal rectum of a patient and C, D,
are from a patient with non-dysplastic Barrett’s esophagus. All images are projected over a
100 um depth. Scale bars are 1 mm.
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Another choice for visualization was the use of pseudocolor maps. Especially in the field of
ultrasonography the use of false colors as opposed to grayscale display has been shown to
increase the sensitivity and specificity of the radiological readings [99, 100]. As shown in Figure
2.15, the use of a false colormap such as the sepia may allow better delineation of the mucosal
patterns on the en face OCT images compared to grayscale. Figure 2.15 also displays en face OCT
images with different projection amounts. The contours and fine details of the mucosal patterns
are not easily discernible for smaller projection depths such as 20 um, while the features start to
have a blurry appearance for large projection depths such as 200 um. A projection amount of 100
um, which is on the order of the size of the individual mucosal ridges and crypts, deemed to be
optimal and was used to display the majority of the en face OCT images acquired by the ultrahigh-

speed endoscopic OCT system reported in this thesis.

20 pum projection 50 um projection 100 um projection 200 um projection
N . .
Original b » : .E. f
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Figure 2.15. Effects of different projection depths and sepia filtering on visualization of
mucosal patterns on the en face OCT images. Images are from a patient with non-dysplastic
Barrett’s esophagus.
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Chapter lll

Endoscopic OCT in Barrett’s Esophagus

3.1. Motivation

Esophageal adenocarcinoma (EAC) is among the most lethal cancers, and incidence has increased
dramatically over the last few decades [101]. Barrett’s esophagus (BE) is a precursor to EAC[102],
which is due to a progression of BE from low-grade dysplasia (LGD) to high-grade dysplasia (HGD),
accompanied by cytological and tissue architectural alterations [103]. Dysplasia of any grade
increases cancer risk by an order of magnitude [104], and HGD is associated with 30-35% risk of
developing EAC within 5 years [3]. Endoscopic therapies such as radiofrequency ablation (RFA)
and endoscopic mucosal resection (EMR) are highly effective in eradicating dysplasia [105].

Therefore, identifying dysplasia in BE is important to prevent progression to EAC.

Surveillance protocols for BE (Seattle protocol) involve 4-quadrant biopsies during white
light endoscopy (WLE) [106], but suffer from sampling errors due to the patchy and multifocal
nature of dysplasia [7]. Advanced imaging techniques such as narrowband imaging (NBI) [107]
and confocal laser endomicroscopy (CLE) [108, 109] individually or with WLE have been shown
to improve sensitivity for identifying dysplasia. However, NBI exhibits interobserver variability,

while CLE has limited coverage, extends procedure time, and requires intravenous fluorescein.

Endoscopic optical coherence tomography (OCT) enables high speed, volumetric imaging
at microscopic resolution without contrast agents [78, 110]. OCT was commercialized as
volumetric laser endomicroscopy (VLE, NinePoint, Bedford, MA) [111], which employs balloon
catheters of ~ 20 mm diameter to image 6 cm longitudinal segments of the esophagus. Studies
have investigated cross-sectional OCT features of dysplasia [42, 45], and a diagnostic algorithm
was developed by Leggett et al. (known as ‘VLE-DA’) that assessed a combination of features

including: mucosal layering, surface vs subsurface signal intensity and number of atypical glands
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for identifying dysplasia [43]. However, many VLE studies were performed on ex vivo specimens

due to challenges in correlating histology with in vivo imaging.

We have developed ultrahigh-speed endoscopic OCT technology with imaging speeds >10
times faster than commercial instruments [31]. Using distal scanning micromotor catheters,
volumetric OCT datasets were acquired with higher lateral resolution and sampling density than
VLE. In addition to cross-sectional OCT images, depth-resolved en face OCT images were
extracted from volumetric OCT datasets, enabling visualization of mucosal patterns with high
resolution and contrast. This chapter describes two studies conducted with this ultrahigh-speed

endoscopic OCT system related to the clinical management of BE and dysplasia.

In one study we investigated volumetric en face and cross-sectional OCT for identifying
dysplasia. Three readers with differing endoscopy/OCT experience assessed OCT datasets
blinded to the histological diagnoses of non-dysplastic BE (NDBE), LGD, HGD and EAC to assess
associations of en face and cross-sectional OCT features with neoplasia, NDBE and treatment
history. Findings suggested features of dysplasia that are relevant to understanding the

pathogenesis of dysplasia and could be important for identifying future diagnostic markers.

In another study we have demonstrated the clinical utility of the ultrahigh-speed
endoscopic OCT and OCTA for assessing a dysplastic lesion at the gastroesophageal junction
(GEJ), its lateral margins before and immediately after EMR, and at 2-months follow-up.
OCT/OCTA prior to EMR visualized the dysplastic lesion and its lateral margins. Immediately post
EMR OCT/OCTA showed a residual dysplastic margin of the resection site which was confirmed
by EMR at 2-months follow-up. This study suggested that probe-based OCT/OCTA may improve
diagnostic capabilities and enhance clinical utility by identifying dysplastic areas, assessing lesion
margins, and evaluating regions immediately post-treatment and on follow-up. It also concluded
that probe-based OCT/OCTA may have advantages over balloon- and capsule-based OCT and

confocal endomicroscopy in certain settings.

The prototype ultrahigh-speed endoscopic OCT system and data acquisition system used

in this work was developed by the team described in Chapter II. All human imaging experiments
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were conducted at the VA hospital by the endoscopy team including Hsiang-Chieh Lee, Kaicheng
Liang and Zhao Wang with the help of our clinical collaborators and the VA staff. Qin Huang
performed histopathology readings for the excised EMR and biopsy specimens, and provided the
snapshot images of the correlated histology slides included in this chapter. The structural reading
protocol was developed throughout prolonged discussions amongst the endoscopy team
involving the thesis author, Hsiang-Chieh Lee, Kaicheng Liang, Zhao Wang, with critical insight
and inputs from James Fujimoto and Hiroshi Mashimo. Julia Schottenhamml has modified the
open source software (3D Slicer™) used in the readings to allow simultaneously display en face
and cross-sectional OCT images with interactive brightness and contrast adjustment. Zhao Wang
and Kaicheng Liang participated in a number of pilot diagnostic readings conducted by the thesis
author and shared their experiences and feedback to improve subsequent readings. Hsiang-Chieh
Lee and Kaicheng Liang were involved in the majority of the discussions related to the studies

described in this chapter.

3.2. Clinical overview of Barrett’s esophagus and dysplasia
3.2.1. Incidence and treatment

Esophageal adenocarcinoma (EAC) is the most common form of esophageal cancer in the US and
its incidence has increased by ~ 300-500% over the last 40 years, the fastest of any cancer [101,
112]. EACis among the most lethal cancers with a five-year survival rate of only 18% [1]. In 2017,
16,940 new esophageal cancer cases and 15,690 deaths are expected in the United States.
Barrett’s esophagus (BE) is defined by the replacement of squamous epithelium by columnar
epithelium and is a precursor to EAC. BE is associated with gastroesophageal reflux disease
(GERD), which affects up to one-third of the adult population [102, 113-116], and approximately
5-15% have BE [117].

EAC is thought to arise from the progression of BE from low to high grades of dysplasia [7],
as characterized by increasing cytologic and tissue architectural abnormalities [2, 118]. BE with
any grade of dysplasia increases cancer risk by an order of magnitude and high-grade dysplasia
(HGD) is associated with 10—60% risk of developing EAC within 3-5 years [2, 119, 120]. Patients

undergoing endoscopic surveillance for HGD often have cancer detected at earlier stages,
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resulting in improvements in 5-year survival rates (62%) compared to non-surveillance groups

[121]. Therefore, identifying dysplasia in BE is important to prevent progression to EAC.

Several endoscopic treatment modalities have been developed over the past few decades
to treat dysplastic Barrett’s esophagus. Earlier treatment options included photodynamic
therapy [122], argon plasma coagulation (APC) [123] and laser ablation [124]. Although they were
showing improved outcomes compared to alternative surgical methods such as esophagectomy,
these treatment modalities had high complication rates such as the formation of strictures, chest
pain, and perforation. Radiofrequency ablation (RFA) had been developed as an alternative
endoscopic treatment modality to treat superficial esophageal lesions such as high-grade
dysplasia [125-129]. The advantage of RFA was the use of tightly spaced bipolar electrodes (with
a 250 um bipolar electrode spacing) that limits the ablation to the superficial mucosal depths. It
was hypothesized that the high complication rate of previous ablation techniques stemmed from

their inability to localize the ablation to superficial depths.

The pioneering multi-center trial by Shaheen et al. have shown that one year after the
initial RFA treatment, complete eradication of dysplasia was achieved in 90.5% of patients with
low-grade dysplasia (LGD) and in 81% of patients with HGD [128]. A follow-up study has shown
that complete eradication of dysplasia was achieved in 98% of LGD patients and 93% of HGD
patients at two-years after the initial RFA treatment [130]. Furthermore, eradication of BE was
achieved in 93% of the patients with dysplasia after two years of initial RFA treatment [130], and
in 92% of the patients with no dysplasia (NDBE) after five years of initial RFA treatment [129].
Further comparative studies and meta-analysis have shown that RFA is an effective treatment

modality with fewer complications compared to alternative treatment options [131].

At the same time, the superficial treatment depth of RFA makes is challenging to target
lesions that may have a large depth extent, such as a nodular lesion that can have intramucosal
carcinoma or a more advanced stage cancer. Therefore, current treatment strategy endorsed by
the Gl societies is to initially perform EMR over any suspicious nodular lesion [4]. In addition to

eradicating nodular lesions, EMR also has the advantage of excising a large tissue which can be
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assessed for pathological grading of the lesion. After all nodular lesions are removed, RFA is

commenced to eradicate remaining BE and dysplasia.

In short, there are effective and safe treatment options that can eradicate dysplasia in BE,
preventing progression to EAC. However, detecting dysplastic BE is still a major unmet need as
BE is a relatively common disease (affecting up to 3% of the adult population in the US) and
treating all BE cases (regardless of presence of dysplasia) is not economically viable. Therefore,
OCT can be a major synergistic tool in this paradigm of detecting and treating dysplastic BE

lesions.

3.2.2. Detection and diagnosis methods of dysplasia

Studies indicate that up to 85% of dysplastic lesions have only subtle changes in their mucosal
and vascular patterns compared to NDBE tissue, and only 13% of dysplastic lesions are present
in the form of a readily discernible nodular lesion [132, 133]. Furthermore, dysplasia has a multi-
focal and patchy nature [7]. Currently, the widely accepted standard of care is called the “Seattle
protocol”, which requires the endoscopists to perform biopsies in 4 quadrants every 2 cm along
the length of BE visible on white-light endoscopy (WLE). Biopsy intervals are decreased to every
1 cm for patients with a known history of dysplasia [6]. However, this approach samples only a
fraction of the BE tissue, therefore is prone to sampling errors given the subtle appearance of
dysplastic lesions. Furthermore, this approach of random sampling generates significant
pathology workload, and is accompanied by an increased complication risk associated with

multiple biopsies [134].

The aforementioned factors make it challenging to detect dysplasia via conventional
endoscopy and Seattle protocol [133, 135] and motivate the need for developing advanced
imaging techniques to adjunct endoscopic assessment for identifying dysplasia. To acknowledge
this need for developing advanced imaging techniques and establish guidelines on the required
diagnostic performance of the imaging technology, the American Society of Gastrointestinal
Endoscopy (ASGE) have published a statement in 2012 named as “The American Society for
Gastrointestinal Endoscopy PIVI (Preservation and Incorporation of Valuable Endoscopic

Innovations) on imaging in Barrett’s Esophagus” [8]. The PIVI criteria state that the imaging
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technology should have a per-patient sensitivity of at least 90% and a negative predictive value
(NPV) of at least 98% for detecting HGD or EAC compared with the current standard protocol of
WLE with Seattle protocol and targeted biopsies. The requirement of high sensitivity is critical in
the PIVI criteria as it determines the likelihood of missing a patient with dysplasia. PIVI criteria
also include a statement on specificity, specifying that it should be “sufficiently high” to reduce

the number of biopsies. An 80% number for the specificity is proposed.

Having the guidelines for the required diagnostic performance set by the PIVI criteria,
several endoscopic imaging studies have conducted to determine if the criteria can be met with
different advanced imaging techniques. Narrowband imaging (NBI) [136] and confocal laser
endomicroscopy (CLE) [108, 109] have been studied individually or with WLE to improve
detection sensitivity. Early studies of NBI with magnification endoscopy achieved >95% sensitivity
for dysplasia detection [73, 137]. Recent prospective studies reported sensitivity and specificity
in the 70-80% range and moderate interobserver agreement for detecting HGD and early
carcinoma in BE patients [117, 138]. However, majority of NBI studies were performed at tertiary
referral centers with expert endoscopists, while studies with non-expert endoscopists reported
only fair interobserver agreement with suboptimal sensitivity and specificity [139]. For CLE, two
of the largest prospective, multicenter controlled trials to date with 101 and 192 patients showed
68.3% and 95% sensitivity, and 87.8% and 92% specificity for probe based CLE and endoscope

based CLE for dysplasia detection, respectively [140, 141].

In the subsequent section, we summarize the results of a study where a combination of
en face and cross-sectional OCT information is used for identifying dysplasia. 74 OCT datasets
with correlated biopsy/endoscopic mucosal resection histology (49 non-dysplastic BE (NDBE), 25
neoplasia) were obtained from 14 BE patients with dysplasia history and 30 with NDBE. The
associations between irregular mucosal patterns on en face OCT, and absence of mucosal
layering, surface signal > subsurface, and >5 atypical glands on cross-sectional OCT versus
histology and treatment history were assessed by 3 blinded readers. The study results suggested

an important association of atypical glands and irregular mucosal patterns with dysplasia which
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is relevant to understanding the pathogenesis of dysplasia and could be important for identifying

future diagnostic markers.

3.3. Structural en face and cross-sectional OCT for identifying dysplasia
3.3.1. Methods

Study setting and patient recruitment

Imaging was conducted at the VA Boston Healthcare System (VABHS) under an IRB protocol
approved by VABHS, Harvard Medical School and Massachusetts Institute of Technology. Patients
with BE (14 with dysplasia history and 30 NDBE) undergoing endoscopic surveillance or therapy
were imaged between September 2013 and March 2017. Dual-channel endoscopes were used to
view the OCT catheter position and obtain biopsy/EMR from the OCT-imaged region, however
biopsy/EMR was not guided in real time (Figure 3.1). Ultrahigh-speed endoscopic OCT was used
with OCT micromotor catheters to acquire volumes at the 6 o’clock position ranging from the
gastroesophageal junction (GEJ) to the squamocolumnar junction (SCJ) and also from regions
with nodularity and/or irregular mucosal/vascular patterns on WLE/NBI. OCT datasets were
categorized as NDBE if correlated histology indicated NDBE and as neoplasia if histology indicated
LGD/HGD/EAC. NDBE datasets from patients with dysplasia history were not used for reading.
Histology was assessed by an experienced gastrointestinal pathologist (QH) with confirmation

from expert referral centers.

Technical details of the ultrahigh-speed endoscopic OCT instrument

The prototype ultrahigh-speed endoscopic OCT instrument [31] used in this study operated at
600,000 depth (axial) scans / second, >10 times faster than commercial instruments [142]. Distal
rotary beam scanning was performed using a 3.4 mm outer diameter (OD) OCT micromotor
catheter with an internal 2.0 mm OD micromotor (Namiki, Japan) at 400 Hz (400 cross-sectional
OCT images per second). More technical details of the clinical ultrahigh-speed OCT system and
micromotor catheter were provided in Chapter Il. The internal assembly of the OCT catheter was
proximally pulled back at 2 mm / second to generate volumetric datasets. Each OCT volume was

acquired in 8 seconds and covered an area of ~ 10 mm x 16 mm (circumferential x longitudinal)
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with 3,200 cross-sectional OCT images of 1,500 A-scans each. The depth (axial) range was 2.4 mm
with an 8 um (full width half maximum) resolution and lateral image resolution was 20 um. Cross-
sectional OCT images were corrected for non-uniform rotational distortion to improve en face
visualization [143]. En face OCT data at a given depth was viewed by summing over +/-50 um
depth (100 um projection range) to improve contrast and reduce noise. The stack of cross-
sectional OCT images at various longitudinal positions could be scrolled for rapid viewing, or
specific cross-sections from en face regions of interest (ROIs) viewed selectively. Table 3.1

compares the prototype OCT instrument with VLE, magnification NBI, and pCLE.

Figure 3.1. Acquisition of OCT datasets with correlated biopsy/EMR histology. A,
WLE/NBI image showing a dysplastic lesion at the squamocolumnar junction. Arrows point to
the nodular lesion. B, WLE/NBI image with the OCT catheter introduced through the dual-
channel endoscope (GIF-2TH180, Olympus, Japan) to enable biopsy/EMR from the OCT
imaged region. Arrow points to the OCT catheter. C, H&E histology of the resected specimen
indicating high-grade dysplasia. Scale bar is 100 um.

Reading criteria and methodology

Reading criteria were developed by an investigator (OOA) excluded from the formal reading. The
feature of regular vsirregular mucosal patterns was used to assess subsurface en face OCT images
[144] (Figure 3.2). The features: absence of mucosal layering, surface signal > subsurface and >5
atypical glands were used to assess cross-sectional OCT images, similar to the previously
published VLE-DA features [43] (Figure 3.3). Mucosal layering in cross-sectional OCT was defined
as absent (complete effacement) if layering was absent in >50% of the images in the series,
otherwise it was defined as present (partial effacement). Surface signal was defined as higher
than subsurface signal (surface signal > subsurface) if it was higher in >50% of the images in the

series, otherwise it was defined as lower or equal (surface signal < subsurface).
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¥: The longitudinal pullback length used in this study was standardized to 16 mm, but can be increased.
. pCLE: probe based CLE. Endoscope based CLE (eCLE) was not included since it has been discontinued.

Comparison of ultrahigh-speed endoscopic OCT with VLE, magnification

Table 3.1

NBI and pCLE.

Atypical glands were defined to be present if there were a total of >5 atypical glands in the image
series. Dilated glands were considered atypical glands if they had irregular size, shape, contained
internal debris, or had clustered appearance, similar to previous descriptions [42, 43]. These
features were combined using VLE-DA to assess cross-sectional OCT [43]: datasets with mucosal

layering present and <5 atypical glands, or datasets with mucosal layering absent and surface
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signal < subsurface were classified as VLE-DA negative for neoplasia; while datasets with mucosal
layering present and >5 atypical glands, or datasets with mucosal layering absent and surface

signal > subsurface were classified as VLE-DA positive for neoplasia.

| RN

|

Figure 3.2. Mucosal pattern features assessed in en face OCT. A — D, representative en
face OCT images of regular mucosal patterns from non-dysplastic Barrett’s esophagus (NDBE)
datasets. Mucosal patterns show variations in size and shape. E = H, representative en face
OCT images of irregular mucosal patterns from neoplasia datasets. Branching, distortion and
absence of mucosal patterns can be observed. | — L, H&E histology correlated with the
datasets in E — H, respectively, with histological diagnosis of low-grade dysplasia (l), high-
grade dysplasia (J and K) and esophageal adenocarcinoma (L). En face OCT images are cropped
from larger datasets to highlight regions of interest. Scale bars are 500 um in A—H, 100 um
inl—L.
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Figure 3.3. Cross-sectional OCT features assessed include mucosal layering, surface
signal vs subsurface and atypical glands. A, B, representative cross-sectional OCT images
showing presence or absence of mucosal layering, respectively. The oval indicates an area
with mucosal layering present. C, D, representative cross-sectional OCT images showing
surface signal < subsurface, and surface signal > subsurface, respectively. The oval
indicates an area with surface signal > subsurface. E, representative cross-sectional OCT
image showing normal-appearing glandular architecture. Solid arrow points to a dilated
gland with normal appearance. F, representative cross-sectional OCT image showing
atypical glandular architecture. Solid arrows point to atypical glands with irregular size
and shape. Dashed arrow points to an atypical debris-filled gland. The oval marks an area
with clustered atypical glands. Scale bars are 1 mm.

Training and volumetric OCT reading workflow

13 representative OCT datasets were used for training, followed by a pretest of 7 datasets (Table
3.2). Blinded readings were performed on the remaining 54 datasets (37 NDBE, 6 LGD, 9 HGD, 2
EAC). Reader 1 was a non-clinician OCT trainee, reader 2 an attending gastroenterologist with
OCT experience, and reader 3 a clinical Gl trainee with no prior OCT experience. In a pretest
following the training, readers identified features independently, but subsequently received
feedback from the investigator. Readers were required to assess >75% of the features in accord

with the study investigator’s assessment to participate in the validation reading.
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OCT datasets with correlated biopsy/EMR histology,

no. NDBE LGD HGD EAC Total
Training session 8 3 2 0 13
Pretest session 4 1 2 0 7
Validation session 37 6 9 2 54
Table 3.2 Histology of the OCT datasets.

Readers assessed depth-resolved en face OCT images followed by cross-sectional OCT
images (Figure 3.4). Readers recorded the positions of features in the en face OCT depth series
and cross-sectional OCT series. Reader’s confidence (“high”/“low”) and reading times were also
recorded. Readings were performed using open source software (3D Slicer [147]) that allowed
simultaneous orthoplane visualization of the en face and cross-sectional OCT image series with
brightness and contrast adjustment. During training, pretest and validation reading, entire en
face and cross-sectional OCT image series were used which covered a ~ 10 mm x 16 mm area.
The en face OCT image series included images from all depths and readers were trained to

recognize structural variations of mucosal patterns vs vascular structures at different depths.
The following workflow was used in the readings:

1) First only en face viewing was enabled. Readers read the en face OCT image series at
various depths and assessed en face OCT features. If a region with irregular mucosal
patterns was identified, it was demarcated on the image. The confidence of the

assessment was noted as “high” or “low”.

2) Next, cross-sectional and en face viewing were enabled. Readers read the cross-sectional
OCT image series at different longitudinal positions. The confidence of the each
assessment was noted as “high” or “low”. If >5 atypical glands are identified, atypical
glands were defined to be present and the frame number (longitudinal position) with

most atypical glands was recorded.

3) After performing steps 1 and 2 sequentially on each dataset, the readers reviewed the
“low” confidence datasets using both en face and cross-sectional views. The readers could

then change his/her assessments and/or confidence of the assessments.
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Important slides that were used during the training were provided in the appendix at the end of

the thesis.

Figure 3.4. Volumetric OCT dataset of high-grade dysplasia (HGD). A, En face OCT at ~
400 um below the tissue surface showing the entire 10 mm x 16 mm catheter field of view.
The HGD region is shown by the white line, with adjacent non-dysplastic Barrett’s esophagus
(NDBE) and normal squamous esophagus (SE) regions. The NDBE region has regular mucosal
patterns, while HGD region has irregular mucosal patterns. The SE region has a relatively
smooth appearance and high OCT signal. The stars indicate artifacts caused by non-uniform
OCT catheter longitudinal actuation. Asterisks indicate regions where the mucosa is out of
contact with catheter. Inset shows the corresponding WLE/NBI image of the dysplastic lesion
prior to endoscopic mucosal resection (EMR). Arrows point to the nodular lesion. B, C, D, show
2x zoom over the boxed areas in A. E, H&E histology of the EMR specimen showing atypical
glandular architecture and dysplastic glands with irregular size and shape (pointed by the
arrows) consistent with HGD. F, G, H, cross-sectional OCT images of the areas in dotted lines
in A. G shows atypical glandular architecture, mucosal layering present and surface signal <
subsurface in the HGD region. Arrow points to an atypical debris-filled gland. r:
circumferential, x: longitudinal, z: depth directions. Scale bars are 100 um in E, 1 mm
otherwise.

Statistical analysis
All statistical calculations were performed in MATLAB (Mathworks, MA). Quantitative metrics
were represented as mean t standard deviation. Interobserver agreement was assessed using

unweighted kappa statistics, where <0.21 was defined as poor, 0.21 to 0.4 was fair, 0.41 to 0.6

was moderate and 0.61 to 0.8 was substantial agreement [148, 149]. The t-test was used to
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compare reading times of en face and cross-sectional OCT features. A p-value of <0.05 was

considered statistically significant.

3.3.2. Results

Patient and dataset characteristics

74 OCT datasets correlated with biopsy/EMR histology were obtained (Table 3.3, 49 NDBE, 10
LGD, 13 HGD, 2 EAC). Of the neoplasia datasets, 12/25 (48%) were from treatment-naive patients
(n=10) while the remaining 13/25 (52%) were from previously-treated patients (ablation/EMR,

n=8), four of whom were also imaged when treatment-naive.

Patient demographics (n = 44)

Age, mean (+ SD) 70 (7.6)
Sex, male, no. (%) 43 (98)
Race, white, no. (%) 43 (98)
Baseline histology
NDBE, subjects, no. (%) 30 (68)
Neoplasia (LGD/HGD/EAC), subjects, no. (%) 8/5/1 (32)
Previously-treated, subjects, no. (%) 409
Treatment-naive, subjects, no. (%) 10 (23)
Length of BE (cm)
Circumferential extent (C), mean (+ SD) 2.3(3.9)
Maximum extent (M), mean (£ SD) 39@4.1)
Number of OCT datasets with correlated biopsy/EMR histology per subject,
median (range) 1(1-5)
Characteristics of OCT datasets with correlated biopsy/EMR histology (n = 74)
NDBE, no. (%) 49 (66)
From previously-treated patients, no. (%) 0 (0)
From treatment-naive patients, no. (%) 49 (66)
Neoplasia (LGD/HGD/EAC), no. (%) 10/13/2 (34)
From previously-treated patients, no. (%) 13 (18)
From treatment-naive patients, no. (%) 12 (16)
Table 3.3 Patient demographics and characteristics of OCT datasets with correlated

biopsy/EMR histology included in the reading.

Reading results

Reader’s pooled assessments are reported. Readers identified irregular mucosal patternsin 100%
of neoplasia datasets, and in 35% of NDBE datasets (43% of short and 28% of long-segment NDBE,

respectively) (Table 3.4). In cross-sectional OCT, mucosal layering was absent and surface signal
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> subsurface in 35% and 29% of neoplasia datasets (21% and 21% in the treatment-naive

subgroup), and in 53% and 30% of NDBE datasets, respectively (Table 3.5). Atypical glands (>5)

were present in 75% of neoplasia datasets (96% in the treatment-naive subgroup) and in 59% of

NDBE datasets (Table 3.4). These numbers represent the independent occurrence of features

anywhere within the OCT datasets.

Reader 1 Reader 2 Reader 3 Overall (%)
Fraction of irregular mucosal patterns

In NDBE 13/37 11/37 15/37 39/111 (35)
Short-segment (<3 cm) NDBE 8/17 7/17 7/17 22/51 (43)
Long-segment (>3 cm) NDBE 5/20 4/20 8/20 17/60 (28)

Away (>3 cm) from GEJ 4/12 2/12 3/12 9/36 (25)
Near (<3 cm) the GEJ 1/8 2/8 5/8 8/24 (33)

In neoplasia 17/17 17/17 17/17 51/51 (100)
Treatment-naive 8/8 8/8 8/8 24/24 (100)
Previously-treated 9/9 9/9 9/9 27/27 (100)

Fraction of atypical glands (> 5)

In NDBE 23/37 20/37 23/37 66/111 (59)
Short-segment (<3 cm) NDBE 14/17 14/17 12/17 40/51 (78)
Long-segment (>3 cm) NDBE 9/20 6/20 11/20 26/60 (43)

Away (>3 cm) from GEJ 3/12 2/12 5/12 10/36 (28)
Near (<3 cm) the GEJ 6/8 4/8 6/8 16/24 (67)

In neoplasia 11/17 13/17 14/17 38/51 (75)
Treatment-naive 7/8 8/8 8/8 23/24 (96)
Previously-treated 4/9 5/9 6/9 15/27 (56)

Table 3.4 Association of irregular mucosal patterns and atypical glands with

correlated histological diagnosis and treatment history.

Reader 1 Reader 2 Reader 3 Overall (%)
Fraction of absent mucosal layering
In NDBE 23/37 13/37 23/37 59/111 (53)
In neoplasia 8/17 6/17 4/17 18/51 (35)
Treatment-naive 3/8 2/8 0/8 5/24 (21)
Previously-treated 5/9 4/9 4/9 13/27 (48)
Fraction of Surface signal > subsurface
In NDBE 15/37 7/37 11/37 33/111 (30)
In neoplasia 5/17 6/17 4/17 15/51 (29)
Treatment-naive 1/8 3/8 1/8 5/24 (21)
Previously-treated 4/9 3/9 3/9 10/27 (37)
Table 3.5 Association of absent mucosal layering and surface signal > subsurface

with correlated histological diagnosis and treatment history.
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The positions of en face and cross-sectional features within the OCT datasets were also
evaluated to assess their co-location. Atypical glands were present (co-localized) under irregular
mucosal patterns in 75% of neoplasia datasets (96% in the treatment-naive subgroup) and 30%
of NDBE datasets (43% and 18% in short and long-segment NDBE, respectively) (Table 3.6).
Within the long-segment NDBE subgroup, atypical glands under irregular mucosal patterns were

present in 25% of datasets < 3 cm the GEJ and 14% >3 cm from the GEJ.

Reader 1 Reader 2 Reader 3 Overall (%)
Fraction of atypical glands under 21/54 23/54 27/54 71/162 (44)
irregular mucosal patterns
In NDBE 10/37 10/37 13/37 33/111 (30)
Short-segment (<3 cm) NDBE 8/17 7/17 7/17 22/51 (43)
Long-segment (>3 cm) NDBE 2/20 3/20 6/20 11/60 (18)
Away (>3 cm) from GEJ 1/12 1/12 3/12 5/36 (14)
Near (<3 cm) the GEJ 1/8 2/8 3/8 6/24 (25)
In neoplasia 11/17 13/17 14/17 38/51 (75)
Treatment-naive 7/8 8/8 8/8 23/24 (96)
Previously-treated 4/9 5/9 6/9 15/27 (56)
Fraction of atypical glands under 13/54 10/54 10/54 33/162 (20)
regular mucosal patterns
In NDBE 13/37 10/37 10/37 33/111 (30)
In neoplasia 0/17 0/17 0/17 0/51 (0)
Table 3.6 Association of atypical glands co-localized under mucosal patterns,

stratified according to correlated histological diagnosis and treatment history.

Reader 1 Reader 2 Reader 3 Overall (%)
Fraction of absent mucosal layering
Under regular mucosal patterns 16/54 11/54 11/54 38/162 (24)
In NDBE 16/37 11/37 11/37 38/111 (34)
In neoplasia 0/17 0/17 0/17 0/51 (0)
Under irregular mucosal patterns 15/54 8/54 12/54 35/162 (22)
In NDBE 7/37 2/37 8/37 17/111 (15)
In neoplasia 8/17 6/17 4/17 18/51 (35)
Fraction of surface signal >
subsurface
Under regular mucosal patterns 11/54 5/54 9/54 25/162 (15)
In NDBE 11/37 5/37 9/37 25/111 (23)
In neoplasia 0/17 0/17 0/17 0/51 (0)
E;lji;ﬁ irregular mucosal patterns, 9/54 8/54 6/54 23/162 (14)
In NDBE 4/37 2/37 2/37 8/111 (7)
In neoplasia 5/17 6/17 4/17 15/51 (29)
Table 3.7 Association of mucosal patterns with absent mucosal layering and

surface signal > subsurface, stratified according to correlated histological diagnosis.
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The association of en face OCT irregular mucosal patterns and cross-sectional VLE-DA
criteria with correlated histological diagnosis and treatment history are shown in Table 3.8. En
face OCT irregular mucosal patterns and VLE-DA criteria for dysplasia were present in 23% of

NDBE datasets, in 77% of neoplasia datasets and in 93% of treatment-naive neoplasia datasets.

Reader 1 Reader 2 Reader 3 Overall (%)

Fraction of irregular mucosal patterns on en
face OCT with VLE-DA features of
dysplasia on cross-sectional OCT

In NDBE 8/37 9/37 8/37 25/111 (23)

In neoplasia 13/17 14/17 12/17 39/51 (77)
Treatment-naive 6/8 8/8 8/8 22/24 (92)
Previously-treated 7/9 6/9 4/9 17/27 (63)

Table 3.8 Association of en face OCT and VLE-DA criteria with correlated

histological diagnosis and treatment history.

The interobserver agreement was substantial (kappa = 0.73) for irregular mucosal
patterns, moderate (kappa = 0.6) for absent mucosal layering, poor (kappa = 0.17) for surface
signal > subsurface and substantial (kappa = 0.73) for atypical glands (Table 3.9). In 81% of the
datasets, readers assessed all OCT features with high confidence (Table 3.10). Average reading

times for en face and cross-sectional features were 60151 and 69142 seconds, respectively (Table

3.11).
Kappa value (95% CI)

Irregular mucosal patterns 0.73 (0.69-0.77)

VLE-DA features of
Absent mucosal layering 0.6 (0.56-0.64)
Surface signal > subsurface 0.17 (0.13-0.21)
Atypical glands 0.73 (0.69-0.77)

Table 3.9 Interobserver agreement of en face and cross-sectional OCT features.
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Reader 1 Reader 2 Reader 3 Overall (%)

Irregular mucosal patterns

High-confidence 47/54 43/54 50/54 140/162 (87)
NDBE 30/37 30/37 34/37 94/111 (85)
Neoplasia 17/17 13/17 16/17 46/51 (90)

All features

High-confidence 41/54 41/54 49/54 131/162 (81)
NDBE 28/37 30/37 34/37 92/111 (83)
Neoplasia 13/17 11/17 15/17 39/51 (77)

t: En face OCT feature of irregular mucosal patterns and all three cross-sectional OCT features were assessed
with high-confidence.

Table 3.10 Confidence of the readers’ assessment of en face and cross-sectional OCT
features.

Reader 1  Reader 2 Reader 3 Overall

En face assessment

Mean (SD), secs 53 (48) 80 (66) 47 (22) 60" (51)
Cross-sectional assessment

Mean (SD), secs 69 (40) 71 (56) 66 (36) 69" (42)
Overall assessment

Mean (SD), secs 122 (70) 152 (93) 113 (35) 129 (72)

T: p-value for the comparison between the average en face and cross-sectional assessment is 0.12.

Table 3.11 Average reading times per dataset.

3.3.3. Discussion

Early in vivo OCT studies identifying dysplasia using isolated cross-sectional images reported 83%
sensitivity and 68% specificity with 55 patients [150], and 75% sensitivity and 82% specificity with
33 patients [151]. VLE uses balloon catheters to image up to a 6 cm length of esophagus, but
imaging speed is insufficient to visualize en face OCT features. Leggett et al. developed a VLE
diagnostic algorithm (VLE-DA) showing 86% sensitivity and 88% specificity with ex vivo specimens
from 27 patients [43]. Swager et al. used VLE-DA features with a scoring-based criteria and
reported 83% sensitivity and 71% specificity with ex vivo specimens from 29 patients [42], and
developed an automated computer algorithm that achieved 90% sensitivity and 93% specificity
with ex vivo specimens from 29 patients [44]. These VLE studies demonstrated precise
registration of OCT images with histology, but the appearance of features potentially differs from

in vivo OCT. Laser marking should enable biopsy guided by in vivo OCT features [47, 152].
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We used depth-resolved en face OCT and assessed mucosal patterns as well as cross-
sectional features. The size/shape of mucosal patterns varied between patients (Figure 3.2),
consistent with NBI observations. Therefore, we included a large number of NDBE datasets in the
study to adequately represent NDBE. En face OCT assessment used in this study was analogous
to the recent NBI classification system (BING criteria), which showed 80% sensitivity and 88%
specificity for identifying dysplasia by expert readers in a study of 97 patients [144]. Despite
similarity to NBI, en face OCT has a distinct appearance because OCT has different contrast
mechanisms and resolution. NBI uses visible light to illuminate tissue and therefore visualizes
predominantly superficial features. The reflected / scattered light is collected without depth
information. OCT uses infrared light which has deeper penetration into tissue, and detects depth-
resolved differences in light backscattering and transmission from mucosal architecture [37]. OCT
can visualize subsurface features, but the appearance of deeper structures are affected by optical
attenuation and scattering from superficial structures. Subsurface en face OCT can mitigate
deleterious effects of surface reflections and debris on image quality and can have improved
contrast/resolution compared to NBI. En face and cross-sectional views are intrinsically co-
registered, such that specific features in en face OCT images can viewed simultaneously in a
registered cross-sectional image or vice versa. Finally, OCT does not require contrast agents and

can be used after biopsy/EMR [153], where visibility with NBI can be reduced by bleeding.

En face OCT irregular mucosal patterns were present in 100% of the neoplasia datasets,
however, the majority of these datasets were obtained from regions with nodularity and/or
irregular mucosal/vascular patterns on WLE/NBI and are therefore subject to selection bias.
Irregular mucosal patterns were also present in 35% of the NDBE datasets. Cross-sectional OCT
features of absent mucosal layering and surface signal > subsurface were presentin 35% and 29%
of neoplasia datasets, but also present in 53% and 30% of NDBE datasets. This unexpectedly high
rate in NDBE might be caused by biopsy sampling error (see “Discussion of features in the NDBE
datasets”), motion artifacts (Figure 3.4), distortion from excessive pressure exerted by the OCT
catheter, or the features may have inherent low specificity. OCT was not used to guide
biopsy/EMR, and our study was not designed to compare OCT to WLE/NBI. Future OCT studies

with laser marking should allow more precise histological correlation with imaging.
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The association of atypical glands and irregular mucosal patterns is a key finding of our
study. Atypical glands were present (co-localized) under irregular mucosal patterns in 75% of
neoplasia datasets and 96% of the treatment naive subgroup of neoplasia. By contrast, atypical
glands under irregular mucosal patterns were present in much fewer, 30% of NDBE datasets.
Further stratifying by length of BE showed atypical glands under mucosal patterns in 43% of
short-segment NDBE and 18% of long-segment NDBE. Within the long-segment NDBE subgroup,
they were present in 25% of datasets within <3 cm of the GEJ, but only 14% of datasets >3 cm
from the GEJ. Cardiac glands occur near the GEJ and could not be distinguished from atypical

glands on OCT, therefore they may have been misinterpreted as atypical glands.

The association of mucosal patterns on en face OCT with individual cross-sectional OCT
features was also assessed stratified according to correlated histological diagnosis, treatment
history and BE length (Table 3.6, Table 3.7). Atypical glands were present under irregular mucosal
patterns in 44% of datasets (NDBE and neoplasia), but were present under regular mucosal
patterns in only 20% of the datasets (NDBE and neoplasia), suggesting a general association of
atypical glands with irregular mucosal patterns. Furthermore, atypical glands occurred more
frequently overall than irregular mucosal patterns. These results are consistent with previous
literature which suggests that atypical glands may be a precursor to irregular mucosal patterns
and dysplasia in pathogenesis [154]. Specifically, due to its metaplastic nature, BE mucosa
frequently shows baseline/metaplastic atypia in histopathology, however, without dysplastic
progression the atypia is limited to the glands at the base of the mucosa and does not extend to
the surface epithelium [155]. Inflammation in the setting of chronic acid exposure can induce
regenerative cytological alterations and may exacerbate atypia on the glands at the base of the
crypts, while these cytological alterations would be still lacking on the surface epithelium [155].
A series of cytological changes occur in the progression from NDBE to neoplasia including
enlargement/elongation of nuclei, nuclear stratification, pleomorphism and loss of nuclear
polarity [156]. These changes subsequently cause distortions in the crypt architecture, including
villiform crypt architecture, branched and cribriform glands, as well as cellular debris within the
glands [155]. These distortions in the crypt architecture affecting the surface epithelium may

then appear as irregular mucosal patterns observed in the en face plane [141].
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Atypical glands either under irregular mucosal patterns or independently might be a
potential marker for dysplasia, especially in long-segment BE in proximal regions further from the
GEJ, where interpretation is not confounded by cardiac glands and where dysplasia most
frequently occurs [157]. However, further investigation is needed to determine if OCT can better
differentiate atypical vs cardiac glands in order to improve utility. The cross-sectional features of
absent mucosal layering and surface signal > subsurface had poor association with neoplasia even

in treatment-naive cases, and were present at high rates in NDBE.

In this study, we also used VLE-DA to assess cross-sectional OCT images because it is one
of few validated protocols for an image series, rather than individual images. Although it has not
yet tested in vivo, its performance was reported to be better than previous OCT dysplasia
detection criteria [151]. Readers assessed each cross-sectional OCT feature independently, so
that separate cross-sectional OCT features could be tested in addition to VLE-DA which uses
cross-sectional features in an algorithm. As indicated in the reading workflow in Methods, cross-
sectional OCT features were assessed immediately after en face OCT reading without a separate
reading session or washout period. Our reading protocol was designed to investigate volumetric
OCT reading, where the en face and cross-sectional (orthoplane) information is used jointly.

However, this may result in a bias in the cross-sectional OCT reading.

In this study, LGD datasets were grouped with HGD and EAC datasets, and all were
categorized as neoplasia. This contrasts with some previous studies that either excluded LGD or
grouped it with NDBE. We have studied the association of en face and cross-sectional OCT
features with correlated histological diagnosis when the neoplasia datasets are separated into
LGD vs HGD/EAC (Table 3.12). Irregular mucosal patterns were present in 35% of NDBE datasets,
in 100% of LGD datasets and in 100% of HGD/EAC datasets. Atypical glands were present in 59%
of NDBE datasets, in 83% of LGD datasets and in 70% of HGD/EAC datasets. Atypical glands under
irregular mucosal patterns were present in 30% of NDBE datasets, in 83% of LGD datasets and in
70% of HGD/EAC datasets. Mucosal layering was absent in 50% of NDBE datasets, in 50% of LGD
datasets and in 27% of HGD/EAC datasets. Surface signal > subsurface in 30% of NDBE datasets,

in 28% of LGD datasets and in 30% of HGD/EAC datasets. This analysis suggested that LGD
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exhibited irregular mucosal patterns and atypical glands features that are more similar to
HGD/EAC than to NDBE. Our results are consistent with recent reports suggesting that
endoscopic treatment is indicated for LGD [158]. The histological diagnosis of all LGD cases was
made by a specialized expert gastrointestinal (Gl) pathologist with >15 years of experience in Gl
pathology (QH). A third-party confirmation from expert referral centers, such as The Joint

Pathology Center, MD or the Brigham and Women's Hospital, MA was obtained when necessary.

NDBE* (%)  LGD*(%)  HGD/EAC* (%)

Fraction of irregular mucosal patterns 39/111 (35) 18/18 (100) 33/33 (100)
Fraction of atypical glands (> 5) 66/111 (59) 15/18 (83) 23/33 (70)
Fractlon of atypical glands under 33/111 (30) 15/18 (83) 23/33 (70)
irregular mucosal patterns
Fraction of absent mucosal layering 55/111 (50) 9/18 (50) 9/33 (27)
Fraction of surface signal > subsurface 33/111 (30) 5/18 (28) 10/33 (30)
*: Overall for three readers.
Table 3.12 Association of en face and cross-sectional OCT features with correlated

histological diagnosis stratified into NDBE, LGD and HGD/EAC.

Given limited sample size and variability in reader OCT experience, we asked readers to
rate their confidence for each feature assessment in order to assess robustness of feature
recognition and estimate potential performance improvement with additional
training/experience, similar to previous NBI and CLE studies [144, 159]. In 81% of datasets, all
features were assessed with high-confidence (Table 3.10), suggesting that even readers with
limited OCT experience can make assessments after brief training (average training time of 77

minutes).

Limitations of this study include small sample size, particularly for dysplastic/treatment-
naive patients. Most patients with neoplasia had already undergone ablation/EMR treatment.
Although inclusion of previously-treated patients is common in OCT/NBI literature [43, 144],
some features were associated with treatment history (Table 3.4, Table 3.6). Furthermore, the
reading was performed retrospectively. Prospective studies on larger cohorts of treatment-naive

and/or BE surveillance patients are needed.
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Discussion of features in the NDBE datasets

Features associated with neoplasia were also observed in NDBE datasets at higher than expected
rates. En face OCT irregular mucosal patterns were observed in 35% of the NDBE datasets,
suggesting that if this feature were used to detect neoplasia it would have a moderate specificity.
This specificity is lower than recent NBI studies that use analogous criteria to assess mucosal

patterns [144]. Possible reasons for these results include:

1) Sampling error: The majority of irregular mucosal patterns in en face OCT in NDBE were
focal regions within regular mucosal patterns. As discussed in the Methods, OCT datasets
were categorized as NDBE and included only if they were from patients without dysplasia
history and correlated histology was NDBE. Biopsy/EMR under OCT guidance was not
performed in our study and was not approved by our IRB. Biopsies from NDBE patients
were taken following Seattle protocol and thus there was a possibility of sampling error.
OCT datasets covered a >10 times larger area than the area sampled by a standard pinch
biopsy forceps and focal dysplastic regions may be missed by biopsy. At the same time, it
is unlikely that sampling error could explain a 35% rate of irregular mucosal patterns in
NDBE. Future studies with OCT guided biopsies with laser marking techniques can allow

more precise histological correlation with OCT images [47].

2) Previous OCT studies noted that the OCT catheter can compress tissues and alter the
mucosal architecture in cross-sectional OCT images [160, 161]. In this study we also
noticed that excessive catheter pressure on tissue distorted mucosal patterns in en face
OCT images. Figure 3.5 illustrates this effect in two NDBE datasets acquired with varying
catheter pressure. When the pressure was increased, mucosal layer thickness decreased
and regular mucosal patterns appeared distorted. Although it is challenging to control the
pressure exerted by the catheter, it is possible to reacquire datasets having possible
image artifacts, such as in Figure 3.5B. However, this is limited by the time constraints of
the endoscopy session. It is likely that similar pressure artifacts occur with VLE imaging

balloons.
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Figure 3.5. Effects of variations in catheter pressure on tissue. Non-dysplastic Barrett’s
esophagus (NDBE) datasets acquired approximately at the same longitudinal position along
the esophagus imaged with different catheter pressure. A, En face OCT at ~ 400 um below
the tissue surface showing squamocolumnar junction, demarcated by the white line, and
regular mucosal patterns in the NDBE region. B, En face OCT at ~ 400 um below the tissue
surface where a higher catheter pressure is exerted compared to A. Artifactual distortion of
the regular mucosal patterns is apparent. C, D, show 2x zoom over the boxed areas in A and
B, respectively, showing the region where catheter pressure produces the largest distortion
of mucosal patterns. E, F, cross-sectional OCT images of the areas in dotted lines in A and B,
respectively, showing artifactually decreased mucosal layer thickness (pointed by arrows),
and increased submucosal layer signal due to pressure. r: circumferential direction, x:
longitudinal direction, z: depth direction. SE: Normal squamous esophagus. Scale bars are 1
mm.

Atypical glands were also present at unexpectedly high rates, in 59% of the NDBE datasets
(Table 3.4). To investigate this further, we stratified the NDBE data according to BE segment
length and longitudinal imaging location with respect to the gastroesophageal junction (GEJ)
(Table 3.4). Atypical glands were present in 78% of the NDBE datasets from short-segment (<3
cm) NDBE patients and in 43% of the NDBE datasets from long-segment (>3 cm) NDBE patients.
Furthermore, in the long-segment cohort, the majority of atypical glands were found near the
GEJ (67% <3 cm from the GEJ vs 28% >3 cm from the GEJ). The NDBE OCT datasets were obtained
at standardized positions relative to the GEJ and covered a larger area than sampled by standard
pinch biopsy forceps, so it is difficult to biopsy the glands. There is a high density of non-

neoplastic cardiac glands in the cardia and near the GEJ, so it is likely they are misinterpreted as
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atypical glands [162, 163]. Further studies with higher resolution OCT and more precise
histological correlation are needed to assess whether OCT can detect differences between

cardiac vs atypical glands near the GEJ.

Training materials and general study observations

This section provides some important slides that were used during the training phase of this

study. Some important comments and remarks about the training and reading are also provided.

On average, training took about ~ 80 minutes for each of the three readers. As discussed
before, reader 3 had not prior OCT experience and reader 2 had limited experience in assessing
entire OCT datasets. It was noted that assessing an entire OCT dataset is significantly challenging
than assessing pre-selected individual cross-sectional OCT images. Various imaging artifacts that
would typically not observed in the pre-selected, representative images existed in the full
datasets which had the potential to affect the reading results. Examples of these included
mucous debris between the catheter sheath and tissue surface decreasing the penetration depth
of the underlying tissue, high catheter reflections at particular rotational angles affecting the
brightness of the underlying signal, out of contact regions affecting visualization of layered
architectures etc. In addition to artifacts, the mucosal patterns also varied significantly between
different regions of the imaging field. Especially for long-segment BE cases we have noted a
gradual increase in the size of the individual mucosal ridges and pits as the longitudinal pullback
position was moved away from the stomach. We have provided examples of wide field NBI
images of NDBE tissues to illustrate that this variation in the mucosal pattern was normal and
should not be marked as an irregularity on the mucosal pattern. Overall, given these broad range
of imaging artifacts and variations, the training sets had to be selected very carefully so that they

span a variety of observed imaging artifacts and variations of tissue structures.

There was also catheter pressure related imaging artifacts as discussed in previous
sections. Since OCTA information was not available, datasets with these artifacts were still
included in the study and it was not possible to train the reader to assess for the presence of this

artifact, which might have resulted in reduced specificity of the reading by the presence of more
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regions with irregular mucosal patterns due to this imaging artifact. However, as discussed
previously, for a typical dataset the area with catheter pressure artifact was rather small and the
readers were instructed in the training to ignore small regions with irregular patterns within
regular mucosal patterns. The cartoons that are provided within the training material in the next
few pages illustrate examples of how these artifacts looked like and how the readers were trained

to ignore those regions.

Effects of catheter pressure on OCTA

Previous OCT studies have found that external tissue also affects vasculature perfusion, impairing
vascular flow and affecting OCTA visualization [164]. We have also assessed the effects of
catheter pressure variation on the OCTA images. Figure 3.6 illustrates an example of anal canal
imaging where the micromotor catheter was directly introduced to the anal canal so that the
applied pressure could be readily manipulated by the operator. When the applied pressure was
low, then a rich vascular network could be observed both in the epithelium and deeper lamina
propria/muscularis mucosa layers (Figure 3.6A and Figure 3.6B). When the acquisition is
repeated over the same area with a higher applied pressure, then vascular impairment was
observed at most of the imaging regions (Figure 3.6D and Figure 3.6E), at all depths. The effect
of increasing pressure could be also clearly visualized by the cross-sectional OCT images in Figure

3.6C and Figure 3.6F.

It is worth noting that the examples illustrated in Figure 3.6 are rather extreme cases,
where the operator was able to control the amount of pressure since the catheter was directly
introduced. However, in an endoscope-based imaging scenario, such as upper Gl imaging, it is
not straightforward to control the amount of pressure, and usually the datasets show high-
pressure artifacts only at localized regions. As an example, Figure 3.7 shows co-registered en face
OCT and OCTA images acquired at the SCJ of the NDBE patient. When the exerted pressure was
lower, regular circular mucosal and honeycomb-like vascular patterns can be observed over the
NDBE region (Figure 3.7A and Figure 3.7B). When the exerted pressure is increased then the
effects of higher pressure are observed in some localized regions, as encircled in the image. The
mucosal patterns on this region is distorted and the vascular flow is impaired.
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Figure 3.6. Effects of variations in catheter pressure exerted on the tissue on OCTA
images acquired from human anal canal. Micromotor catheter was directly introduced to the
anal canal and the operator could readily change the applied pressure. A, B, En face OCTA
image at ~ 150 um and 350 um below the tissue surface, respectively, with a low catheter
pressure exerted to the tissue. A rich vascular network can be observed in both images for
most of the imaging field. Larger and more intricate vascular is observed at deeper depths,
corresponding to the lamina propria/muscularis mucosa layer. C, cross-sectional OCT image
of the area in dotted lines in A and B. A thin squamous epithelium layer can be observed at
the surface followed by the lamina propria/muscularis mucosa layers at deeper depths. D, E,
En face OCTA image at ~ 150 um and 350 um below the tissue surface, respectively, of the
same region but with a higher catheter pressure exerted to the tissue. The vascular flow is
impaired in most of the imaging field at all depths except at the encircled regions on the
borders of the imaging field. F, cross-sectional OCT image of the area in dotted lines in D and
E. Compression of the tissue layers and a significant increase in signal intensity is evident.
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Figure 3.7. Further illustration of the effects of catheter pressure exerted on the
tissue on co-registered en face OCT and OCTA images. Datasets have histological diagnosis
of non-dysplastic Barrett’s esophagus (NDBE) and acquired approximately at the same
longitudinal position along the esophagus. A, En face OCT image at ~ 400 um below the
tissue surface showing squamocolumnar junction, demarcated by the yellow line, and
regular mucosal patterns on the NDBE region. B, En face OCTA image at ~ 200 um below
tissue surface showing regular honeycomb-like vascular pattern on the NDBE region. C,
En face OCT image at ~ 400 um below the tissue surface corresponding to the same
dataset as in A where a higher pressure is exerted with the micromotor catheter
compared to A that distorts the appearance of the regular mucosal patterns at the
encircled region. D, En face OCTA image at ~ 200 um below tissue surface corresponding
to the same dataset as in C showing impaired vascular flow on the encircled region.

The ability of OCTA visualization can be a good surrogate marker to assess if a region has

distorted/irregular mucosal patterns because of higher catheter pressure. Datasets that have this
artifact, such as in Figure 3.6D and Figure 3.7C can be immediately reacquired by instructing the
operator to exert less pressure. However, the requirement of obtaining OCTA increases the
complexity of the imaging system as overlapping areas need to be imaged and the scanning needs

to be performed very uniformly, or image registration algorithms such as discussed previously

need to be applied to correct for scanning non-uniformities.
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3.4. Ultrahigh-speed endoscopic OCT for Endoscopic Mucosal Resection
3.4.1. Case Presentation and Methods

This study was conducted under protocols at the Veteran Affairs Boston Healthcare System
(VABHS) Institutional Review Board (IRB), Harvard Medical School (HMS) Office of Human
Research Administration (OHRA) and Massachusetts Institute of Technology (MIT) Committee on
the Use of Humans as Experimental Subjects (COUHES). Written informed consent was obtained
prior to imaging allowing presentation of this case and data. A 75 y.o. male was scheduled for
endoscopic eradication therapy of known BE with confirmed high-grade dysplasia (HGD) at the
GEJ. The patient had a COM5 BE segment [165] and no prior endoscopic treatment. Endoscopic
OCT and OCTA images were acquired before and immediately post EMR. The patient was imaged
again at 2-months follow-up. The OCT probe was introduced through the accessory channel of a
dual-channel endoscope (GIF-2TH180, Olympus, Japan) to allow co-registered imaging during
EMR (Duette® Multi-band Mucosectomy, Cook Medical, IN). Each OCT/OCTA dataset covered an
area of 10 mm x 16 mm (circumferential x longitudinal), and was acquired in 8 seconds [31].
Multiple acquisitions were performed by varying probe placement around the lesion and

resection margins.

3.4.2. Results

WLE/NBI images prior to EMR showed a dysplastic lesion with nodularity and irregular mucosal
and vascular patterns located at the GEJ within a sliding hiatal hernia (inset, Figure 3.8A).
OCT/OCTA images acquired prior to EMR showed the lesion and its lateral margins (Figure 3.8).
In the en face OCT image at 250 um depth, the gastric/non-dysplastic BE (NDBE) region was
identified by regular circular mucosal patterns (Figure 3.8A). The adjacent dysplastic lesion
exhibited irregular mucosal patterns. In the en face OCTA image at 250 um depth, the
gastric/NDBE region was identified by regular honeycomb microvascular patterns (Figure 3.8B).
The adjacent dysplastic lesion exhibited abnormal vessel branching. Cross-sectional OCT of the
gastric/NDBE region was identified by regular vertical crypt architecture (Figure 3.8C). Cross-
sectional OCT of the dysplastic region exhibited atypical glandular architecture, dilated glands, as

well as surface signal intensity higher than subsurface (Figure 3.8D). Subsequent histology of the
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resected EMR specimen confirmed the presence of HGD with focal intramucosal carcinoma (IMC,

inset, Figure 3.8B).

Figure 3.8. OCT,0CTA and endoscopy images acquired prior to EMR. A, shows en face
OCT and B, shows en face OCTA image at ~ 250 um below the tissue surface. Yellow lines
delineate the distal and one of the transverse margins of the dysplastic lesion. C, D, show
cross-sectional OCT images of the areas in black lines in A. Solid red arrow in D points to
dilated glands and the dotted red arrows show atypical glandular architecture and surface
signal intensity higher than subsurface. E, F, G, H, show 2x zoom over the boxed areas in A
and B. Inset in A shows corresponding WLE/NBI image prior to EMR. Solid red arrows point to
the nodular lesion. Inset in B shows H&E histology of the resected specimen. Scale bars are 1
mm.
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Immediately post EMR, the resection site exhibited bleeding, debris and cautery marks
(inset, Figure 3.9B). The resection site was identified in the en face OCT image at 250 um depth
by its relatively smooth appearance caused by the cauterized tissue and lamina
propria/muscularis mucosa (LP/MM) layers displaced to the surface (Figure 3.9A). In the en face
OCTA image at 250 um depth, the resection site was identified by its lack of vascular contrast
(Figure 3.9B). A region with irregular mucosal patterns was observed between the gastric/NDBE
region and resection site, suggesting a positive lateral margin and residual dysplasia. Cross-
sectional OCT of this region exhibited atypical glandular architecture, dilated glands (solid red
arrow, Figure 3.9C) and irregular surface (dotted red arrows, Figure 3.9C). Cross-sectional OCT
of the resection site showed cauterized tissue and the LP/MM layers on the surface as hyper-

reflective layers, as well as deep ductal/lymphatic structures (dotted red arrows, Figure 3.9D).

WLE/NBI and OCT/OCTA images from the EMR region on follow-up endoscopy at 2 months
showed a residual dysplastic lesion, confirming OCT findings of the resection site immediately
post EMR (inset, Figure 3.10A and Figure 3.10, respectively). In the en face OCT image at 250 um
depth, neosquamous mucosa was identified by the relatively smooth appearance and bright OCT
signal (Figure 3.10A), while in the en face OCTA image at 250 um depth this region showed
normal branching vascular appearance, characteristic of the LP layer (Figure 3.10B). The adjacent
dysplastic lesion exhibited irregular mucosal and microvascular patterns similar to that previously
described. This area was resected via EMR and subsequent histology of the resected specimen
confirmed presence of HGD (inset, Figure 3.10B). The patient subsequently underwent several
EMR, cryoablation and radiofrequency ablation procedures until complete remission of intestinal

metaplasia (CRIM) was achieved.

3.4.3. Discussion and Conclusion

This case demonstrates probe-based endoscopic OCT for comprehensive evaluation of a
dysplastic lesion before and after endoscopic therapy. OCT/OCTA prior to EMR visualized the
dysplastic lesion and its lateral margins. This could be particularly helpful for flat lesions where

localization of dysplasia by WLE/NBI can be difficult.
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Figure 3.9. OCT, OCTA and endoscopy images acquired immediately post EMR. A, shows
en face OCT and B, shows en face OCTA image at ~ 250 um below the tissue surface. Yellow
lines mark an area with irregular mucosal patterns between the gastric/NDBE region and the
resection site suggesting a positive lateral margin and residual dysplasia. OCTA images of the
gastric/NDBE region and lateral EMR margin exhibit high noise due to motion artifacts. C, D,
show cross-sectional OCT images of the areas in black lines in A. Solid red arrow in C points to
dilated glands and the dotted red arrows show atypical glandular architecture and irregular
surface. Dotted red arrows in D show deep ductal/lymphatic structures at the resection site.
E, F, G, H, show 2x zoom over the boxed areas in A and B. Inset in A shows corresponding WLE
image immediately post EMR. Solid red arrow points to the resection site, where endoscopic
visibility is limited due to bleeding, debris and cautery marks. Scale bars are 1 mm.
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Immediately post EMR, when WLE/NBI visualization can be compromised by tissue distortion,
electrocautery and blood, the OCT probe allowed direct lavage over the area, and OCT/OCTA
showed residual dysplasia at the distal resection margin. Confocal endomicroscopy, which
generally requires intravenous contrast, is ineffective immediately post EMR because of dye
leakage. Due to software limitations at the time of this study, OCTA images were not available in
real time during the endoscopy and resection under OCT/OCTA guidance was not approved
under IRB protocols, so additional EMR was not performed at the time of initial treatment.
However, these results suggest that OCT/OCTA can potentially play an important role in guiding
endoscopic eradication therapies such as EMR, to facilitate complete removal of dysplastic

lesions in a single visit.

The probe-based micromotor catheter used in this study [31, 166] has a smaller field of
view but finer transverse resolution compared to balloon- and capsule-based imaging (the probe
diameter was 3.4 mm, while balloons and capsules can have 12 to 20 mm diameters) [35, 37,
167]. A balloon catheter can be inflated to stabilize the esophagus and image the portions of the
esophagus that are in contact with the balloon. However, there can be sampling errors where
the esophagus is not in contact and a simultaneous endoscopic view of the OCT imaged region is
not possible. Tethered capsules can image large fields of view by proximally pulling back the
capsule, but can also have sampling errors due to incomplete esophageal contact or non-uniform
pullback [37]. The small diameter of the OCT probe allows direct assessment of the cardia and
hiatal hernia under endoscopic guidance. However, its smaller field of view necessitates multiple

image acquisitions to cover large regions of interest.

In interpreting the OCT/OCTA images, previously published features were used to outline
regions of dysplasia [34, 43, 144]. Specifically, in en face OCT/OCTA images, regions with irregular
mucosal and microvascular patterns were classified as dysplastic. In cross-sectional OCT images,
regions with atypical glandular architecture, dilated and debris-filled glands, surface signal
intensity higher than subsurface and irregular surface were classified as dysplastic. Optimal

criteria for identifying dysplasia with volumetric OCT is still under investigation.
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Figure 3.10. OCT, OCTA and endoscopy images acquired over the previous EMR area at 2-
months follow-up. A, shows en face OCT and B, shows en face OCTA image at ~ 250 um below
the tissue surface. Yellow lines delineate the proximal lateral margin of the residual dysplastic
lesion. C, D, shows cross-sectional OCT images of the areas in black lines in A. Solid red arrow
in C points to a debris-filled dilated gland. Dotted red arrows in D point to LP, MM and
submucosa layers underneath the homogeneous squamous epithelium layer typical of normal
esophagus. E, F, G, H, show 2x zoom over the boxed areas in A and B. Inset in A shows
corresponding WLE/NBI image prior to EMR. Solid red arrows point to the nodular lesion at
the squamocolumnar junction. Inset in B shows H&E histology of the resected specimen. Scale

bars are 1 mm.
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In summary, probe-based OCT/OCTA provides cross-sectional and en face microstructural
images as well as en face microvascular images which may improve diagnostic capabilities and
enhance clinical utility by identifying dysplastic areas, assessing lesion margins, and evaluating
regions immediately post-treatment and on follow-up. Probe-based OCT/OCTA may have
advantages over balloon- and capsule-based OCT and confocal endomicroscopy in certain

settings.
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Chapter IV

Non-endoscopic OCT Assessment of
Chronic Radiation Proctopathy

4.1. Motivation

Chronic radiation proctopathy (CRP) occurs as a result of pelvic radiation therapy and is
associated with formation of abnormal vascular lesions that may lead to persistent rectal
bleeding. Up to 20% of patients receiving radiation therapy for prostate and cervical cancer may
develop CRP [12]. While the incidence is declining [23, 168] due to the refinement of radiation
delivery techniques [169-171], CRP remains one of the major complications of pelvic radiation

therapy and significantly affects patient quality of life.

For symptomatic patients who had received pelvic radiation therapy, the current clinical
standard for diagnosis and assessment of disease severity for CRP is colonoscopy [172] to
examine the rectal mucosa for its hallmarks, such as hemorrhage, ulcerations and telangiectasias
[16]. The rectal telangiectasia density (RTD) scoring system was developed for endoscopic
assessment of CRP and was shown to have a good correlation with clinical symptomatic
assessment [173]. In this scoring system, endoscopic appearance is evaluated based on
telangiectasia density and vascular coalescence, and a score from 0 to 3 is assigned. Biopsies can
be taken during the endoscopy to rule out other diseases associated with abnormal vascular
lesions (such as inflammatory bowel disease), but are recommended only for select cases due to

the potential of further bleeding, ulcerations and fistulae formation [17].

Management options for CRP range from non-endoscopic treatment with topical or oral
medications, to endoscopic interventions such as dilation [174], bipolar electrocoagulation [175],

argon plasma coagulation (APC) [176], cryotherapy [177], laser ablation [178] and radiofrequency
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ablation (RFA) [19]. More severe and refractory cases of CRP may necessitate surgical
interventions such as colostomy and proctectomy [179, 180]. Due to varying degrees of
invasiveness and associated morbidity and mortality, it is essential to choose an effective
treatment strategy, which may begin by employing the least invasive non-endoscopic approaches
such as observation or medical therapy, and escalate in accord with patient’s response to the

interventions [18].

Optical Coherence Tomography (OCT) enables three-dimensional visualization of tissue
microstructure and is recently commercialized as Volumetric Laser Endomicroscopy (VLE,
NinePoint Medical, Bedford, MA) [111, 181]. Previous OCT studies have primarily focused on
upper gastrointestinal pathologies, specifically Barrett’s esophagus (BE) and have shown utility
in endoscopic surveillance for detecting dysplastic lesions that are indiscernible under white light
endoscopy (WLE) [43, 151]. We have recently developed an ultrahigh-speed OCT system which
is more than 10 times faster than commercial instruments and can acquire volumetric images
with higher transverse resolution and voxel density. This enabled visualization of depth-resolved
en face mucosal and microvascular features (known as OCT Angiography, OCTA), in addition to

standard cross-sectional OCT imaging [31].

This pilot study investigated OCTA for assessing subsurface tissue microvasculature around
the dentate line and rectum of patients with normal rectum as well as CRP patients who were
RFA-naive or had previous RFA treatments. OCTA features of normal and abnormal rectal
microvasculature were established. We have performed blinded reading of the OCTA features to
demonstrate associations of abnormal rectal microvasculature with RFA-naive patients in
comparison with normal and RFA follow-up patients, as well as associations of abnormal rectal
microvasculature with the endoscopic RTD scores. OCT imaging was performed by directly
placing the micromotor catheter into the rectum of the patients without endoscopic guidance.
Results showed that OCTA can play an important role in the clinical management of CRP and

improve understanding of CRP pathophysiology.

The prototype ultrahigh-speed endoscopic OCT system and data acquisition system used
in this work was developed by the team described in Chapter II. All human imaging experiments
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were conducted at the VA hospital by the endoscopy team including Hsiang-Chieh Lee, Kaicheng
Liang and Zhao Wang with the help of our clinical collaborators and the VA staff. The OCT and
OCTA analysis methods were developed by the thesis author and Kaicheng Liang with insight and
inputs from James Fujimoto and Hiroshi Mashimo. Kaicheng Liang performed blinded
assessments of the OCTA images. Hsiang-Chieh Lee and Kaicheng Liang were involved in the

majority of the discussions related to the studies described in this chapter.

4.2. Clinical overview of CRP
4.2.1. Pathophysiology

Overall structure and vasculature of mucosal and submucosal layers of the normal rectum are
given Figure 4.1. Mucosal layer of the rectum consists of intestinal crypt structures with
columnar-lined epithelium and interspersed lamina propria between the mucosal crypts. The
superficial mucosal vasculature consists of a “honeycomb-like” capillary network, which on the
en face plane looks like circular or hexagonal loops with vessel diameters < 15 um. This capillary
network is fed by ascending capillaries that reside within the mucosal layer that connect to the
submucosal arterioles. Similarly, collecting venules exist within the mucosal layer that connect

the superficial capillary network to the submucosal venules.

The exact pathophysiology of CRP is not well elucidated [22], while it is generally agreed
that CRP is preceded by an acute phase that is associated with an acute inflammatory response
to irradiation. However, some patients still develop CRP in the absence of a history of acute
proctitis [182, 183]. The acute and chronic phases of RP have different clinical, symptomatic as
well as histological manifestations [23, 184]. The primary site of injury in the rectum subsequent
toirradiation is hypothesized to be the rectal epithelial cells and the endothelial cells. Damage to
the rectal epithelial cells causes apoptosis and breakage of the crypt epithelial lining. This exposes
underlying lamina propria to luminal bacteria causing an acute inflammatory response involving
T-cells, macrophages, and neutrophils [23]. Inflammation causes further degradation of
extracellular matrix and injury to mucosal and submucosal tissue. After radiation is ceased,
intestinal crypt cells regenerate and the mucosal surface is repopulated, which subsides the acute

inflammatory response.
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Figure 4.1. Overall structure and vasculature of the normal human rectum. A, graphical
depiction of the mucosal and submucosal layers of the rectum. B, scanning electron

microscopy image of honeycomb-like subsurface capillary networks as viewed from the en
face plane. Scale bar is 100 um. Images are modified from [185].

Chronic RP, on the other hand, is associated with angiogenic changes and a corresponding
tissue remodeling. Different models have been hypothesized regarding the onset and
progression of CRP. In the widely recognized model it is believed that CRP originates within the
mucosal layer. The damage to the endothelial cells due to irradiation causes hypoxemia which
degrades the extracellular matrix and basement membrane to provide space for angiogenesis.
[186, 187]. Transcription factors such as hypoxia-inducible factor (HIF) are subsequently induced
which promote angiogenic factors such as VEGF, angiogenin and FGF1, which then leads to
angiogenesis in the mucosal layer. Neovascularization and dilatation of small vessels lead to
telangiectasia formation in the mucosal layer and mucosal atrophy. Progressive ischemia and
fibrosis develop in severely affected portions of the rectum which can cause stricture and fistulae
formation, and in rare cases perforation. According to this model, inhibition of angiogenic factors

such as angiogenin and FGF1 may be a valid approach to treat CRP [187].

In an alternative model it has been suggested that the angiogenic changes during CRP

progression are initiated within the submucosal layer and the vascular changes in the mucosal
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layer occur as secondary compensatory changes [188]. In this study, the researchers collected
fresh surgical rectal specimens from 30 patients with CRP and 29 patients without CRP. The
inclusion of surgical specimens allowed assessment of the entire rectal wall for
immunohistochemistry arrays of angiogenesis-related factors. This was in contrast to most prior
studies which evaluated rectal biopsy samples that only sampled the mucosal layer. This study
found that rectal vessels have angiostatin deposits inside, where a damage to vascular
endothelial cells cause the angiostatins to perfuse throughout the mucosal-submucosal layer.
Angiogstatins suppress microvessel formation, causing vessel stenosis and fibrotic vascular
sclerosis and decreasing microvessel density in the submucosal layer. It is then claimed that
vascular changes and formation of telangiectasias in the mucosal layer are compensatory
changes in response to the alteration of the vasculature in the submucosal layer. This study then
went on to suggest that restoration of vascular functionality by promoting angiogenesis in the

submucosal layer may help in reversing the effects of CRP.

It is worth noting that the two different models of CRP onset and progression discussed in
this section lead to opposing recommendations in terms of inhibiting vs. promoting angiogenesis
for preventing or treating CRP. In order to have a more optimal management, it might be also
possible to use these two approaches synergistically, at different time points during the course
of treatment. Nevertheless, it is critical to have a better understanding on the pathophysiology
of the disease in order to develop improved treatment options. There are several factors that
make it challenging to study the pathophysiology of CRP. First of all, due to progressive nature of
this disease longitudinal studies are required, which is challenging to perform in humans.
Currently, the only way to visually assess CRP is to perform sigmoidoscopy or colonoscopy, which
is not practical to perform in a frequent fashion due to cost and time constraints. When
colonoscopy is performed, it is not recommended to take biopsies due to the potential formation
of ulcers and fistulas. Furthermore, as discussed previously biopsies only sample the mucosal
layer and changes that occur in the submucosal layer cannot be studied. Animal CRP models,
such as rat, have been developed but they have found to not reproduce the same

pathophysiologic changes that occur in humans [187]. Consequently, currently there is no
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method suitable to comprehensively study the pathophysiology and progression of CRP in human

patients which motivates the need for a non-invasive approach to study this disease.

4.2.2. Prevalence and Diagnosis

It has been estimated that in 2016 more than 400,000 patients will be diagnosed with pelvic
cancer (prostate, urinary bladder, uterus, rectum, cervix or anal cancer) in the US [9].
Furthermore, in 30-60% of these cases, radiation therapy will be used as part of the treatment
modality, making this patients prone to develop RP [10, 11]. It is estimated that up to 75% of
patients who receive pelvic radiation therapy have acute RP symptoms [13]. During this phase,
patients exhibit symptoms such as diarrhea, cramping, increased bowel frequency and rectal
discomfort, while rectal bleeding is not typically reported. In the majority of the cases, the acute

symptoms cease within 6 months after cessation of the radiation therapy [14, 15].

Hematochezia (rectal bleeding) is the hallmark of the chronic stage of RP and is the most
commonly occurring symptom [183]. Acute RP symptoms such as diarrhea, incontinence, rectal
discomfort may be present as well [23]. The true incidence of CRP is not well known due to
potential underdiagnoses of the disease [18, 189], but a prevalence on the order of 5-30% for
patients who have received radiation therapy for pelvic cancer has been estimated [190-192]. A

median time of 8 — 12 months have been reported as the onset of the clinical symptoms [182].

Patients who have received pelvic radiation therapy and exhibiting rectal bleeding are
candidates for a CRP diagnosis. In a number of patients, rectal bleeding causes iron-deficiency
anemia necessitating patients to have blood transfusions. The gold standard diagnostic test is
direct rectal examination via sigmoidoscopy and colonoscopy, which assess the rectal mucosa for
the presence of ulceration, friability and telangiectasias [16]. Rectal examination is essential to
render a CRP diagnosis as rectal bleeding can also be caused by reasons unrelated to radiation
[193]. Biopsy can be taken to rule out other conditions that may present similar symptoms such
as inflammatory bowel disease, but as mentioned previously, it is generally not recommended
due to the potential of fistulae formation [17]. Biopsies are also linked to initiation of chronic,

poorly healing wounds [194]. After a CRP diagnosis is given, the severity of the disease can be
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rated using a grading system, such as the previously discussed RTD scoring system, in order to

assess progression and efficacy of subsequent interventions.

4.2.3. Clinical Management and Treatment

The overall treatment strategy for clinical management of CRP involves three tiers, with gradually
escalating treatment invasiveness: 1) observation or medical therapy, 2) endoscopic therapy, 3)
surgical therapy [18]. Initially, patients are observed or given medical treatments which can be
administrated topically (via enema or colonoscopy), orally or intravenously. Medical agents used
to treat CRP include sucralfate, formalin, hyperbaric oxygen, salicylic acid, short chain fatty acid,
probiotics and antioxidants. Endoscopic therapies include cauterization and heater probe, argon
plasma coagulation (APC), Nd:YAG and KTP laser ablation, radiofrequency ablation (RFA) and
cryoablation. Purpose of endoscopic therapies is to control acute rectal bleeding and achieve
hemostasis by coagulating bleeding vessels. Surgical treatment options include local excision,
proctectomy and diverting ostomy. A schematic summarizing the currently recommended clinical

management strategy for CRP is given in Figure 4.2.

In the following sections mechanism of some of the most commonly used medical and
endoscopic treatment approaches of CRP will be outlined and a general overview about their use
and effectiveness will be given. An in-depth review and discussion of these treatment options
can be found in other references [18, 21-24]. Surgical treatment has severe complications and
thus is reserved for refractory cases where medical and endoscopic treatment options fail, and is

outside of the scope of this thesis.

Medical therapy: sucralfate

Sucralfate is an aluminum salt that adheres to mucosal cells and forms a protective coating on
the inner surface of the rectum to mechanically protect it from the GUT microbiome. It is also
thought to promote mucosal healing by increasing angiogenesis [195]. Studies that administrated
sucralfate via topical application reported symptom improvement in 73% to 100% of the patients
within a four to six weeks follow-up period, while a recurrence of symptoms also reported in 10%

to 20% of patients during longer-term surveillance [196-198]. A study with oral administration,
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on the other hand, did not show similar improvement of symptoms, when it was used in
conjunction with APC treatment [199]. Given the relatively high number of studies indicating its
effectiveness as well as high patient tolerance and good safety profile, sucralfate, by topical

administration, has been suggested as one of the best available medical treatment options [22].

Pt exhibits CRP symptoms > 3 months
after radiation therapy of pelvic cancer

!

Rectal examination (colonoscopy or
flexible sigmoidoscopy)

Visible rectal lesions (edema and i :
. : No visible rectal lesions
telangiectasia)

Observation with antibiotics
and/or antioxidants (Vit. A, E, C)

Fibers, corticosteroids

Symptoms continue, patient
requires blood transfusion

Medical therapy (sucralfate
preferred)

Rectal bleeding continues *

Endoscopic therapy (APC
preferred, RFA alternative)

not resolved on follow-up

Rectal bleeding continues, Iesions;

Surgical intervention

Figure 4.2. Optimal clinical management of CRP based on current clinical evidence and
recommendations.

Medical therapy: formalin

Formalin has a direct effect on achieving hemostasis as it induces a chemical-mediated
coagulation necrosis, immediately shutting the bleeding vessels [18, 200]. One study assessed
the use of topical formalin is 24 patients refractory to sucralfate therapy [201]. Authors reported
cessation of rectal bleeding in 19 out of 24 patients, one month after the treatment. 5 out of 16
and 1 out of 9 patients complained of rectal bleeding at 1 and 2 years, respectively. 19 out of 24

patients received only one course of treatment while the remaining 5 patients required a second
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course. Although it has been shown to have benefit in treating CRP in other studies [18, 202],
formalin causes severe pain/discomfort to patient has treatment-related morbidity as it causes
the formation of strictures in as high as 18% of the patients [202]. Given its high complication
rate formalin treatment is only recommended for patients refractory to endoscopic therapy
options [18]. However, it is still worth noting that some recent studies suggested a better safety

profile upon a more refined and controlled application of formalin [201].

Medical therapy: antibiotics

Antibiotics such as Metronidazole terminates the anaerobic and microaerophilic bacteria, which
contribute to hypoxia, as well as have an immunomodulatory effects. Studies who compared the
topical application of Metronidazole to observation (no treatment) or formalin treatment
reported higher rates of symptomatic improvement [203, 204]. Other advantages of antibiotics
are their wide availability and inexpensiveness. However, they also have frequent side effects
which include rash, nausea and vomiting, as well as rare, but life threating reactions known as

Stevens Johnson syndrome [18, 205].

Medical therapy: short chain fatty acids

Short chain fatty acids such as butyrate are preferred nutrient for mammalian colonocytes [206].
In the human rectum, these compounds are mainly produced by the probiotic bacterial colonies.
Since the acute phase of RP is associated with epithelial cell depletion, enhancement of the short
chain fatty acids may bolster healing and regeneration of the epithelial cells [18]. A prospective,
randomized, controlled study with 20 patients, as well as another non-randomized study with 31
patients showed strong evidence for the use of butyrate to treat acute RP [207, 208]. It is worth
noting that butyrate is currently the only medical treatment that has shown to have benefit in
treating acute RP. However, other studies have shown no benefit in preventing the development

of acute or chronic RP, as well as no benefit in treating CRP [209, 210].

Medical therapy: hyperbaric oxygen

Hyperbaric oxygen therapy involves inhalation of 100% oxygen inside a full body chamber with
increased atmospheric pressure. Its mechanism in CRP is thought to be in promoting regrowth of
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damaged endothelial cells and improving the activity of antioxidant enzymes [198, 211]. Although
initial studies showed promising results in its use to treat CRP [212], a recent trial with 88 patients
failed to show a reduction of rectal bleeding in CRP patients [213]. Furthermore, it has limited
availability, it is expensive and requires a significant investment of patients’ time (reduction of
symptoms requires > 30 sessions) [21]. These factors limit the practicality of this treatment

option.
Medical therapy: probiotics and antioxidants

Probiotics and antioxidants are proposed for treating CRP as they have antimicrobial properties
and alleviate oxidative injury due to free radicals [214]. Moreover, they have the most favorable
side effect profile amongst medical therapies used for CRP [18]. However, very few controlled

trials exist regarding the effectiveness of these agents and show mixed results [215, 216].

Medical therapy: salicylic acid

Salicylic acid is the active metabolite of aspirin and acts as an antioxidant to reduce metabolic
byproducts such as free radicals. They also have an anti-inflammatory role. However, it has been
tested only relatively small studies so far which showed mixed results regarding its effectiveness,

and currently is not used as a standalone medical therapy to treat CRP [217, 218].

Endoscopic therapy: cauterization

There are several types of cauterization probes, such as heater probe and bipolar electrocautery
probes, which produce hemostasis by applying direct current or by contacting a heated tip to
coagulate the target tissue. These probes have been found effective in controlling rectal bleeding
in smaller-scale controlled studies [219, 220]. A 30 patient study assessed the effectiveness of
bipolar electrocautery probe in comparison to APC and found them to be equally effective with
only one treatment failure in each of the randomized arms [175]. However, significantly more

complications rates were observed in the bipolar electrocautery arm in comparison to APC arm.

The advantage of the cauterization probes is they are inexpensive and readily available in

an endoscopy setting. On the other hand, direct tissue contact is necessary for these probes and
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control of treatment area and depth is not possible. This makes the use of these probes very
susceptible to serious complications such as perforation. Furthermore, the probe tips need to be
cleaned frequently which makes it to impractical to use them to treat a large area [221].
Therefore, they are typically used in settings to control active rectal bleeding where alternative

endoscopic treatment modalities are not available.

Endoscopic therapy: argon plasma coagulation (APC)

APC is a non-contact coagulation method which uses a jet of sprayed argon gas that is ionized
into plasma by high voltage sparks. The ionized plasma then seeks ground in the nearest tissue
depositing thermal energy [18]. APC is currently the most commonly used endoscopic treatment
modality in CRP, and around 80% of studies with endoscopic treatment are conducted using APC
[21]. Furthermore, extensive animal studies have been conducted in determining optimal energy
and dosing setting to achieve complete ablation of the superficial telangiectasias without
affecting the deeper submucosal layers [222]. Relatively larger scale studies have been conducted
to prove the effectiveness of APC in controlling rectal bleeding in CRP. In a 65 patient study, APC
was successful in 98.5% of the patients after a median of two sessions [222]. A meta-analysis
evaluated studies where APC used as the standalone treatment modality with a total of 416
patients [21]. They reported improvement or complete resolution of symptoms in 406 (98%) of

the patients over a 2 — 60 months follow-up period.

APC is proposed as an alternative to contact based cauterization methods such as
electrocautery to have a better control of the ablation depth. However, it still suffers from the
relatively high rate of complications such as the formation of strictures, rectal ulcers, and
perforations. Reports suggested complications rates between 5 to 20% [223], while some studies
reported ulcer formation in more than >50% of patients [224]. However, these ulcers were
asymptomatic and the majority were resolved without 141 days without any intervention.
Therefore, given its strong track record APC is currently the preferred endoscopic intervention
for CRP, however, the need for comparative studies to further assess its effectiveness has been

acknowledged [21]. Moreover, it suffers from the limitation of being a very focal treatment
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modality, in which potential for overtreatment especially in areas with densely populated

telangiectasias is high.

Endoscopic therapy: Nd:YAG and KTP laser ablation

Nd:YAG and KTP lasers produces coagulation by performing ablation with 1060 nm and 532 nm
wavelengths, respectively. A single center study assessed Nd:YAG laser therapy with 47 patients
who had failed medical therapy to control rectal bleeding [225]. Within 6 months of treatment
number of patients exhibiting rectal bleeding reduced to 11%. KTP laser therapy was assessed in
a 23 patient study and a statistically significant reduction of rectal bleeding was observed after a

median of 2 treatment sessions [178].

The advantage of laser ablation is that it does not necessitate contact with the target
tissue, as opposed to most of the alternative endoscopic therapies. However, control of
treatment area and depth is challenging similar to the cauterization probes and high rates of
complications are observed including transmural necrosis, fibrosis, stricture, and rectovaginal
fistula [23]. The wavelength of the KTP laser (532 nm) has a more favorable depth control profile
as the hemoglobin within the blood has peak absorption at this wavelength, which limits the
ablation to superficial highly vascularized layers. Moreover, laser ablation systems tend to be

expensive and are not widely available, limiting their widespread use in the CRP setting.

Endoscopic therapy: radiofrequency ablation (RFA)

RFA uses tightly spaced bipolar electrodes that make direct contact with the tissue to produce a
controlled and superficial ablation depth. RFA has been extensively used to treat dysplastic
Barrett’s esophagus and became the gold standard treatment modality due to its superiority over
APC and other alternative endoscopic treatment modalities in terms of its effectiveness and low

rate of complications such as stricture formation [128, 226-229].

The use of RFA in CRP was initially proposed by our group and OCT was used to monitor
the treatment and follow-up in a case series of 3 patients [20]. This study has shown that RFA
produced hemostasis in all patients that is conserved over a 19 months follow-up. Furthermore,

using the depth-resolved OCT images a 1-2 cm squamous epithelium growth at the dentate line
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over the previous telangiectatic area was observed. The largest RFA study to date included 39
patients, where all patients had complete resolution of rectal bleeding over a mean follow-up
period of 28 months (with a mean number of 1.49 RFA sessions per patient) [19]. Another study
with 17 patients reported an increase in blood hemoglobin levels in all patients treated with RFA
after 6 months of treatment and symptomatic improvement in 16 of the patients [95]. 9 out of
13 patients who were blood transfusion dependent weaned off transfusions after treatment. The

only observed complication was the formation of ulcers in 2 patients.

Although small in numbers, RFA studies so far showed high efficacy for RFA in controlling
rectal bleeding with favorable safety profile. Formation of strictures and ulcers were rare.
Therefore, RFA may be a promising alternative to APC as an endoscopic therapy for CRP.
However, controlled comparative studies are required to assess the relative effectiveness of both

treatment modalities.

Endoscopic therapy: cryoablation

Cryoablation uses liquid nitrogen to freeze the tissues below -40°C to cause irreversible cellular
damage to the endothelium by producing ischemic necrosis. It is increasingly used in eradication
malignant lesions in upper Gl diseases such as dysplastic Barrett’s esophagus [230] and OCT
studies have found that it produces almost twice treatment depth in comparison to RFA [231].
Only few studies exist yet regarding its use in CRP, but they show promising results in terms of

controlling rectal bleeding with relatively few complications [232].

4.3. Non-endoscopic OCT assessment of CRP
4.3.1. Materials and methods
Study setting and patient requirement

This study was conducted at the Veteran Affairs Boston Healthcare System (VABHS). A total of 8
patients referred for or undergoing endoscopic treatment with RFA for CRP were enrolled in the
study between October 2013 and November 2016. OCT imaging was performed during scheduled
colonoscopy visits immediately before the colonoscopy procedure. Patients were also imaged at

follow-up visits within the study period, yielding a total of 13 OCT/colonoscopy visits. Standard
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rectal examination with the colonoscope was conducted subsequent to OCT imaging. RFA was
performed in patients with active rectal bleeding and/or based on endoscopic indication. A focal
ablation catheter (Barrx 90, Medtronic, MN) attached to the colonoscope (CF-HQ190L or CF-
27160, Olympus, Japan) was typically used in the six o’clock and retroflexed position, as
previously described [19]. In some cases requiring RFA, OCT imaging was also performed
immediately after treatment. Endoscopic RTD scores were assigned by the study physician
(H.M.), who was blinded to the OCT images and OCTA CRP scores. Patient charts were reviewed
to obtain information about the rectal bleeding status and hemoglobin concentrations before

and after the colonoscopy visits.

Ultrahigh-speed OCT system

OCT imaging was performed with a prototype ultrahigh-speed OCT system operating at an axial
scan repetition rate of 600 kHz and a micromotor catheter imaging at 400 frames per second [31]
(More technical details of the clinical ultrahigh-speed OCT system and micromotor catheter were
provided in Chapter IlI). OCT and OCTA images from the distal and proximal anterior side of the
dentate line were acquired by directly placing the micromotor catheter into the rectum and anal
canal of the patients without endoscopic guidance, but with real-time OCT imaging guidance.
Each OCT/OCTA dataset covered an area of 10 mm x 16 mm (circumferential x longitudinal) and
was acquired in 8 seconds, as previously described. Multiple acquisitions were performed by
varying micromotor catheter placement around the dentate line, guided by real-time OCT
imaging, to ensure that the squamocolumnar junction (SCJ) and a longitudinal margin of £2 cm

were captured in the images.

Endoscopic grading of CRP severity and validation of OCTA assessment

Endoscopic RTD scores were assigned by the study physician (H.M.) during or shortly after the
colonoscopy procedure, who was blinded to the OCTA assessment. All OCT and OCTA images
were reviewed by a researcher experienced in OCT and OCTA interpretation (0.0.A.), who was
not blinded to the clinical status of the patients. Rectal mucosal and submucosal
microvasculature was assessed in normal and CRP patients in conjunction with standard histology

references on rectal vasculature to determine normal and abnormal microvascular features. All
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OCTA images were then read by another researcher experienced in OCT and OCTA interpretation
(K.C.L.) to assess the occurrence of abnormal OCTA features in the mucosal and submucosal
layers. Reader assessed depth-resolved en face OCTA images in conjunction with the cross-
sectional and en face OCT images in order to visualize the structure of and delineate between the
mucosal and submucosal layers. The reader was blinded to the clinical status and RTD scores of

the patients.

Normal and abnormal rectal OCTA features

Examples of OCT and OCTA images of rectal microstructural and microvascular architecture of
normal and CRP patients are given in Figure 4.3 — Figure 4.5. Based on a review of the images the
following OCTA features were defined as normal and abnormal rectal microvasculature in the
mucosal and submucosal layers (Figure 4.6): Normal rectal mucosal microvasculature consisted
of a honeycomb-like microvascular pattern corresponding to subsurface capillary network
described in the literature [185]. Abnormal rectal mucosal microvasculature had distortions to
the honeycomb-like microvascular pattern, and had ectatic and tortuous microvasculature.
Normal rectal submucosal microvasculature consisted of arterioles and venules with diameters
< 200 pm, in addition to the projection of the mucosal microvasculature. Abnormal rectal

submucosal microvasculature had unusually high-caliber arterioles and venules (diameters > 200

um).
Statistical analysis

MATLAB (Mathworks, Inc, MA) was used to perform all statistical calculations. Quantitative
metrics were represented as mean * standard deviation. A two-tailed t-test was used to compare
the quantitative metrics between the RFA-naive and RFA follow-up patients. A p-value of < 0.05

was considered statistically significant.
4.3.2. Results
Patient demographics and baseline clinical status

Patient demographics were summarized in Table 4.1. The baseline RFA follow-up patients had a

mean of 2 RFA sessions at the time of initial OCT imaging (range: 1 — 3). Baseline RTD scores were
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significantly different between the RFA-naive and the baseline RFA follow-up patients (mean
score: 2 £ 0.7 vs. 0.3 £ 0.6, respectively, p = 0.007). While the mean hemoglobin concentrations
were higher for the baseline RFA follow-up patients compared to RFA-naive patients, the
difference did not reach statistical significance (mean: 13.7 + 1.8 g/dL vs. 12 + 0.8 g/dL,
respectively, p = 0.23). 4 out of 5 (80%) RFA-naive patients presented with rectal bleeding at the

baseline visit, while none of the baseline RFA follow-up patients exhibited rectal bleeding.

Patient demographics (N = 10)

Age, mean (range) 73 (67 -85)
Sex, male, no. (%) 10 (100)
Race, white, no. (%) 10 (100)
CRP Patients (N = 8)
Prior treatment RFA-naive, N=5 RFA follow-up, N=3
Prior RFA sessions, mean
(range) 0(0) 2(1-3) p - value
Baseline RTD score, mean 2 (1-3) 0.3 (0-1) 0.007
(range)
]:’tzsehne Hgb, g/dL, mean + 137418 12£0.8 0.23
Hgb: Hemoglobin concentration, std: standard deviation.
Table 4.1 Patient Demographics

RFA treatment and response

5 out of 5 (100%) RFA-naive patients and 1 out of 3 (33%) RFA follow-up patients received RFA
based on active rectal bleeding and/or endoscopic indication at the baseline visit. At the end of
the study period, rectal bleeding had resolved in 4 out of 4 RFA-naive patients who initially had
rectal bleeding. For the patients treated with RFA at baseline visit (N = 6), a paired comparison
showed a significant increase in the hemoglobin concentrations at the baseline visit and at the

end of the study period (mean: 13.3 + 1.9 g/dL vs. 14.3 + 1.4 g/dL, respectively, p = 0.03).

Rectal OCT and OCTA features of normal and CRP patients

On average, for each patient, OCT imaging was completed in less than 10 minutes (mean: 8 + 4
minutes, range: 4 — 18 minutes). OCT and OCTA images enabled depth-resolved visualization of
rectal microstructural and microvascular architecture of patients with normal rectum (Figure
4.3). En face OCT images showed regular circular mucosal patterns characteristics of the normal
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rectum (Figure 4.3A and Figure 4.3B). Images at superficial depths showed the outline of the
mucosal crypt architecture (Figure 4.3A) whereas images at deeper depths delineated the
mucosal architecture and patterns in greater detail and contrast (Figure 4.3B). En face OCTA
images at superficial depths showed regular honeycomb-like microvascular pattern
corresponding to the subsurface capillary network in the mucosal layer (Figure 4.3C) [185]. En
face OCTA images at deeper depths showed rectal microvasculature corresponding to arterioles
and venules in the submucosal layer, in addition to the projection of the mucosal
microvasculature (Figure 4.3D). The submucosal arterioles and venules had a diameter typically
less than < 200 um. Cross-sectional OCT image showed the regular columnar architecture of
normal rectum and allowed determination of mucosal and submucosal layer depths (Figure 4.3E)

[233].

OCT and OCTA images enabled depth-resolved visualization of rectal microstructural and
microvascular architecture of patients with CRP (Figure 4.4 and Figure 4.5). OCT, OCTA and
endoscopy images over the dentate line of an RFA-naive CRP patient were shown in Figure 4.4.
En face OCT images showed regular circular mucosal patterns on the rectal side with no apparent
abnormalities (Figure 4.4A). En face OCTA images at superficial depths showed distortions on the
honeycomb-like microvascular pattern with ectatic and tortuous microvasculature in the mucosal
layer (Figure 4.4C). En face OCTA images at deeper depths showed unusually high-caliber vessels
(diameters > 200 um) suggesting the presence of abnormal arterioles and venules in the
submucosal layer (Figure 4.4D). Rectal examination confirmed the OCTA findings and the
corresponding endoscopy image showed ulcerations, and edematous and non-confluent

telangiectasias (Figure 4.4B).

OCT, OCTA and endoscopy images over the dentate line of an RFA follow-up patient were
shown in Figure 4.5.En face OCT images showed regular circular mucosal patterns on the rectal
side with no apparent abnormalities (Figure 4.5A). En face OCTA images at superficial depths
showed a regular honeycomb-like microvascular pattern in the mucosal layer suggesting
normalization of rectal mucosal microvasculature following RFA treatment (Figure 4.5C). En face

OCTA images at deeper depths showed unusually high-caliber vessels suggesting presence of
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persistent abnormal arterioles and venules in the submucosal layer (Figure 4.5D). Corresponding
endoscopy image showed healing of the rectal mucosa with some residual telangiectatic areas

(Figure 4.5B).

Figure 4.3. Depth-resolved en face OCT and OCTA images and cross-sectional OCT image
over the rectum of a patient with the normal rectum. A, En face OCT at 150 um depth and B,
en face OCT at 350 um showing regular circular mucosal patterns characteristics of the normal
rectum. C, En face OCTA image at 150 um showing regular honeycomb-like microvascular
pattern corresponding to the subsurface capillary network in the mucosal layer. D, En face
OCTA image at 350 um showing microvasculature corresponding to arterioles and venules in
the submucosal layer, in addition to the projection of the mucosal microvasculature. E, cross-
sectional OCT image from the solid green lines in A and B, showing the regular columnar
architecture of normal rectum. Submucosal layer can be identified by the vertical layers
traversing across the image (arrows). A dilated mucosal gland can be observed in both en face
and cross-sectional image (asterisks). Dashed and solid lines indicate 150 um and 350 um
depth levels, respectively. Scale bars are 1 mm in A—D, 500 um in E.
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Figure 4.4. Depth-resolved en face OCT and OCTA images, cross-sectional OCT
image, and corresponding endoscopy image over the dentate line of an RFA-naive CRP
patient. A, En face OCT at 150 um depth showing regular circular mucosal patterns on the
rectal side and squamous epithelium with a smooth appearance on the anal canal side. B,
shows the corresponding endoscopy image of the dentate line showing ulcerations, and
edematous and non-confluent telangiectasias (RTD = 2). White arrows highlight areas of
telangiectasias on the rectal side. C, En face OCTA image at 150 um showing distortions
to the honeycomb-like microvascular pattern, and ectatic and tortuous vasculature (red
oval) in the mucosal layer. D, En face OCTA image at 350 um showing unusually high-
caliber abnormal vessels (red oval) suggesting the presence of abnormal arterioles and
venules in the submucosal layer. E, cross-sectional OCT image from the solid green line in
A showing mucosal and submucosal layers. Dashed and solid lines indicate 150 um and
350 um depth levels, respectively. Scale bars are 1 mm in A—=D, 500 um in E.

OCTA reading results

Blinded OCTA reading results were given in Table 4.2. The occurrence of abnormal rectal OCTA
features was higher in RFA-naive patients compared with normal or RFA follow-up patients. 0 out
of 2 (0%) normal, 3 out of 5 (60%) RFA-naive and O out of 8 (0%) RFA follow-up patients had
abnormal rectal mucosal microvasculature. 1 out of 2 (50%) normal, 5 out of 5 (100%) RFA-naive

and 2 out of 8 (13%) RFA follow-up patients had abnormal rectal submucosal microvasculature.

OCTA reading results for the CRP patients were also stratified according to endoscopic RTD
scores (Table 4.3). Occurrence of abnormal rectal OCTA features increased with increasing RTD

scores, suggesting a correlation of abnormal rectal microvasculature, as observed with OCTA,
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with the RTD scores. 0 out of 5 (0%) patients with RTD = 0, 0 out of 3 (0%) patients with RTD = 1,
2 out of 4 (50%) patients with RTD = 2 and 1 out of 1 (100%) patient with RTD = 3 had abnormal
mucosal microvasculature. 1 out of 5 (20%) patients with RTD = 0, 2 out of 3 (66%) patients with
RTD = 1, 3 out of 4 (75%) patients with RTD = 2 and 1 out of 1 (100%) patient with RTD = 3 had

abnormal submucosal microvasculature.

Figure 4.5. Depth-resolved en face OCT and OCTA images, cross-sectional OCT
image, and corresponding endoscopy image over the dentate line of an RFA follow-up
patient. A, En face OCT at 150 um depth showing regular circular mucosal patterns on the
rectal side and squamous epithelium with a smooth appearance on the anal canal side. B,
shows the corresponding endoscopy image of the dentate line showing some residual
telangiectatic areas (arrows, RTD = 1). C, En face OCTA image at 150 um showing a regular
honeycomb-like microvascular pattern. D, En face OCTA image at 350 um showing
unusually high-caliber abnormal vessels (red oval) suggesting the presence of abnormal
arterioles and venules in the submucosal layer. E, cross-sectional OCT image from the
solid green line in A showing mucosal and submucosal layers. Dashed and solid lines
indicate 150 um and 350 um depth levels, respectively. Scale bars are 1 mm in A= D, 500
pm in E.
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Endoscopy En face OCTA
Abnormal
Total Abpormal mucosal submucosal
. RTD =+ std microvasculature, .
Imagmg no (%) microvasculature,
Sessions no (%)
Category
Normal 2 Not assessed 0 (0%) 1 (50%)
RFA-naive 5 20+0.7 3 (60%) 5 (100%)
RFA follow-up 8 0.5+0.8 0 (0%) 2 (13%)
Table 4.2 Endoscopic RTD scores and occurrence of abnormal rectal mucosal and

submucosal microvasculature based on en face OCTA images

Normal

Abnormal

Figure 4.6.

microvasculature

Submucosal
microvasculature

Mucosal

Summary of normal and abnormal microvasculature in the mucosal and

submucosal layers of the rectum. Normal rectal microvasculature of the mucosal layer of
consists of a honeycomb-like microvascular pattern corresponding to the subsurface
capillary network. Abnormal rectal microvasculature of the mucosal layer has distortions
to the honeycomb-like microvascular pattern, and ectatic and tortuous vasculature.
Normal rectal microvasculature of the submucosal layer consists of arterioles and venules
with a caliber < 200 um, in addition to the projection of the mucosal microvasculature.
Abnormal rectal microvasculature of the submucosal layer has unusually high-caliber
arterioles and venules (> 200 um). Scale bars are 1 mm.
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En face OCTA

Total Abnormal mucosal Abnormal submucosal
Imaging microvasculature, microvasculature,
Sessions no (%) no (%)
RTD

0 5 0 (0%) 1 (20%)

1 3 0 (0%) 2 (66%)

2 4 2 (50%) 3 (75%)

3 1 1 (100%) 1 (100%)

Table 4.3 Occurrence of abnormal rectal mucosal and submucosal

microvasculature in the CRP patients based on en face OCTA images, stratified according
to endoscopic RTD scores

4.3.3. Discussion

Given the abundance of treatment options for CRP, with differing reports regarding treatment
success and complication rates, there is a need for comparative studies to evaluate different
treatments and define the optimal treatment strategy [18]. However, in current practice, it is
inherently hard to conduct such studies due to variations in assessing clinical symptoms and
disease severity, and challenges associated with endoscopic procedures and pathological
evaluation over the long-term patient follow-up [24]. Presently, electrocoagulation and APC are
the most widely used endoscopic treatment modalities for CRP [21]. Although these treatments
control rectal bleeding in the majority of patients [220, 234], the depth of ablation is poorly
controlled. Therefore, complications such as strictures, ulcers, fistulas and perforations can occur
in as high as 50% percent of treated patients [175, 223]. RFA has become the clinical standard for
eradicating BE related dysplasia in upper Gl [235] and is an emerging alternative treatment
modality for CRP [19, 20, 95]. The tightly spaced bipolar electrode geometry of the commercial
RFA system restricts the ablation to shallower depths, which can be an advantage for CRP over
treatment modalities such as electrocoagulation and APC [24]. In the largest RFA study to date,
39 patients were treated with RFA and rectal bleeding was stopped completely in all patients
during the mean follow-up of 28 months (with a mean number of 1.49 RFA sessions per patient)
[19]. Furthermore, strictures, ulcers, fistulas and perforations were not observed in any of the

patients, suggesting high safety profile for this treatment modality. This current study also
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showed resolution of rectal bleeding and increase in hemoglobin concentrations for patients who
received RFA during the study period, adding to the body of knowledge on the effectiveness of
RFA. However, larger, prospective, multi-center studies are still needed to confirm RFA as an

effective and safe endoscopic treatment approach for CRP.

So far, OCT studies have been primarily focused on esophageal diseases, specifically on BE
and its related dysplasia. Traditionally, OCT imaging speeds were limited and it was only possible
to generate cross-sectional images compared to endoscopic forward-viewing (i.e. en face)
images. With advances in OCT technology, our group achieved imaging speeds more than 10
times faster than the present commercially-available technology [31, 166]. This enabled depth-
resolved en face images of tissue microstructure as well as microvasculature (with OCTA) to
complement the traditional cross-sectional images. To our knowledge, this is the first study
demonstrating the clinical utility of this next-generation OCT technology in a lower

gastrointestinal tract pathology.

The depth-resolved imaging capability of OCT can make this imaging modality an attractive
tool for assessment of disease severity as well as the efficacy of endoscopic treatment modalities
such as RFA, where it is crucial to assess the treatment area both laterally as well as in depth. A
previous study on BE patients showed that the presence of residual BE glands and the thickness
of BE epithelium in the post-RFA OCT images predicts RFA treatment response [236]. The study
showed that epithelial thickness greater than 333 um, as measured by OCT prior to RFA, predicts
the presence of residual BE on follow-up visit with a sensitivity and specificity of 92.3% and 85%,
respectively. A recent study on ex vivo swine tissue showed that OCT can monitor RFA in real
time (imaging through the ablation catheter) and quantitatively assess the treatment depth
based on scattering changes of the epithelial layer during ablation[237]. Another study showed
that OCT can allow assessment of anal canal in CRP patients undergoing RFA [20]. Study showed
re-epithelialization by neosquamous mucosa over areas of prior hemorrhage, potentially forming
a protective layer to preventing rebleed [20]. This current study demonstrated depth-resolved
en face OCT and OCTA images of the rectum from normal and CRP patients. The study further

showed that rectal microvasculature in the mucosal and submucosal layers can be independently

98



assessed and established OCTA features of normal and abnormal rectal microvasculature.
Blinded reading of the OCTA features demonstrated association of abnormal rectal
microvasculature, as observed with OCTA, with RFA-naive patients in comparison with normal
and RFA follow-up patients (Table 4.2), as well as a correlation of abnormal rectal
microvasculature, as observed with OCTA, with the endoscopic RTD scores (Table 4.3).
Altogether, these studies demonstrate the uniquely suited utility of depth-resolved OCT and
OCTA imaging in assessing disease severity of CRP as well as the efficacy of endoscopic treatment

modalities such as RFA.

The OCTA depth information can also be used to choose optimal endoscopic treatment
modality. For instance, the depth of abnormal microvasculature can be extracted from the OCTA
datasets, and in lesions where the abnormal microvasculature is deeper than a pre-determined
threshold then a treatment modality that results in deeper treatment depth, such as APC, could
be chosen over a treatment modality that results in more superficial treatment depth, such as
RFA. Moreover, the energy/dose of the APC/RFA treatment can be tailored based on OCTA depth

information.

While it is generally acknowledged that CRP is associated with angiogenic changes and a
corresponding tissue remodeling, the pathophysiology of CRP with regards to its onset and
progression is not well elucidated [22]. In a widely recognized model, it is believed that CRP
originates within the mucosal layer, where hypoxemia caused by irradiation damages endothelial
cells inducing transcription factors such as hypoxia-inducible factor (HIF) that promote
angiogenic factors such as VEGF, angiogenin and FGF1 [186, 187]. This leads to neovascularization
and dilatation of small vessels, and telangiectasia formation in the mucosal layer. According to
this model, inhibition of angiogenic factors such as angiogenin and FGF1 may be a valid approach

to treat CRP [187].

A recent study, on the other hand, suggested a strong role of submucosal microvascular
changes leading to onset and progression of CRP [188]. Researchers collected fresh surgical rectal
specimens from 30 patients with CRP and 29 patients without CRP that allowed assessment of

the entire rectal wall for immunohistochemistry arrays of angiogenic factors. This was in contrast
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to most prior studies which evaluated rectal biopsy samples that only sampled the mucosal layer.
This study found that angiostatin deposits that reside within rectal vessels are perfused
throughout the mucosal-submucosal layer upon radiation damage of the endothelial cells.
Angiostatins subsequently suppress microvessel formation, causing vessel stenosis and fibrotic
vascular sclerosis, decreasing microvessel density in the submucosal layer[188]. The vascular
changes and formation of telangiectasias in the mucosal layer are hypothesized to be
compensatory changes in response to the alteration of microvasculature in the submucosal layer.
This study then suggested that restoration of vascular functionality by promoting angiogenesis in

the submucosal layer may help in reversing the effects of CRP.

The ability of OCTA to assess rectal microvasculature in the mucosal and submucosal layers
independently may have implications in studying the pathophysiology of CRP as well as
developing effective prevention and treatment approaches. OCTA allows longitudinal studies of
rectal microvasculature in situ without injected dyes or disrupting tissue integrity as opposed to
taking excisional biopsies or performing surgical resection. The results of this study demonstrated
that only 3 out of 5 (60%) RFA-naive patients had abnormal rectal mucosal microvasculature
while 5 out of 5 (100%) RFA-naive patients had abnormal rectal submucosal microvasculature.
This may support the aforementioned recent hypothesis that CRP may originate in the
submucosal layer and subsequently progress to the mucosal layer[188]. Furthermore, 0 out of 8
(0%) RFA follow-up patient had abnormal rectal mucosal microvasculature while 2 out of 8 (13%)
RFA follow-up patients still had abnormal rectal submucosal microvasculature. This may indicate
that RFA may not be effective for some of the patients to coagulate the abnormal vessels in the
submucosal layer. Treatment approaches such as CSA or APC may be more appropriate in such

patients to target deeper treatment.

Typically, an endoscope is required for introducing the micromotor catheter within the Gl
tract through its accessory channels. This limitation made it hard to argue for the utility of OCT
as a replacement for endoscopic assessment. Recently, a capsule-based micromotor catheter
was demonstrated for upper Gl imaging, which enabled organ-level OCT imaging without the

need of an endoscope [238]. In this current study, we have also performed OCT imaging
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independent of the endoscope by directly placing the micromotor catheter into the dentate line
and rectum of the patients. As OCTA imaging has high sensitivity and does not require
administration of injected dyes, it can be used to assess areas with abnormal vascular lesions and
active bleeding. OCT imaging was fast and it took an average of 8 minutes to image each patient.
These advantages can make OCT a viable tool for rapid, non-endoscopic assessment of CRP,
treatment follow-up, choice of endoscopic treatment modality and optimizing treatment

dose/frequency.

The small diameter of the micromotor catheter used in this study restricted the field of
view of a single acquisition to a 10 mm x 16 mm area. Although multiple acquisitions were
performed to increase the imaging coverage in the longitudinal direction, only anterior side of
the rectal wall was captured in the circumferential direction. Since CRP usually presents itself
over the circumference, this was not an important issue in terms of assessing the correlation
between the OCTA images and endoscopic appearance. However, it is essential to image the
whole circumference of the rectum if OCT is to be used as a standalone imaging modality to
assess CRP. We have recently demonstrated an OCT capsule that is compatible with the ultrahigh-
speed OCT system used in this study, that enabled circumferential imaging over 40 mm x 240 mm
area in 20 seconds [37]. Although only cross-sectional and structural en face imaging have been
demonstrated so far, with further engineering it may be possible to perform OCTA with this
capsule device. Furthermore, we have recently reported high-speed OCT and OCTA imaging in
living swine with a balloon-based OCT catheter that performed circumferential imaging over 50
mm x 26 mm area in 18 seconds [35]. It is conceivable to translate these technologies to lower
Gl or develop a more optimal OCT imaging catheter to increase the coverage of the OCT imaging
[239]. However, this requires further validation as anatomical constraints, such as dilation
immediately adjacent to the anal sphincter, may make it challenging to achieve circumferential
contact with OCT catheters. As an example, if might be challenging to image areas near the
dentate line with a balloon-based OCT catheter due to difficulties in placing the distal balloon

portion of the catheter onto the tissue near that region.
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It should be noted that OCTA images are generated by detecting the OCT signal intensity
changes caused by the moving erythrocytes within the microvascular network. Excessive
pressure exerted by the OCT catheter on the bowel wall may impair vascular flow and affect the
visualization of these microvessel [164, 240]. Precise control of pressure exerted by the catheter
remains difficult, and repeat acquisitions were performed over the same regions while applying
minimal pressure but maintaining contact with the tissue. During analysis, we discarded the
datasets that showed lack of microvasculature over all imaging depths and the datasets that
showed effacement of mucosal patterns (on the rectal side) as a surrogate marker of this
excessive pressure. Future studies would benefit from a better control of the applied catheter
pressure such as using a balloon-based catheter with controlled inflation pressures to standardize

the pressure.

The OCTA reading and endoscopic RTD scoring were performed by independent
researchers who were blinded to the clinical status of the patients as well as each other’s
respective readings. However, inter-observer and intra-observer agreement of these two
readings were not assessed. Previous studies have shown that RTD scoring system has a good
inter-observer agreement, but this has not been widely validated yet [173]. Moreover, this was
a retrospective study and was limited in small patient enrollment, and a fraction of patients (3
out of 8) was not imaged when they were RFA-naive. Furthermore, RFA follow-up patients were
at different stages of their treatment, and there was not a fixed interval between RFA and follow-
up. Overall, this caused a fairly heterogeneous and small sample from which it was hard to draw
strong statistical conclusions. Therefore, prospective studies with larger sample sizes and

multiple readers are needed to further validate the results of this study.

In summary, this study demonstrated that OCTA can visualize depth-resolved tissue
microvasculature and features around the dentate line and rectum, relevant to assessment and
treatment of CRP. We have established OCTA features of normal and abnormal rectal
microvasculature. Blinded reading of these OCTA features demonstrated the association of
abnormal rectal microvasculature with RFA-naive patients in comparison with normal and RFA

follow-up patients, as well as a correlation of abnormal rectal microvasculature with the
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endoscopic RTD scores. OCTA does not require injected dyes and can rapidly image large regions
of the rectum to identify regions of telangiectasias that may necessitate endoscopic treatment.
Rectal microvasculature in the mucosal and submucosal layers can be independently assessed
without the need for an endoscope which may allow comprehensive, longitudinal studies of CRP
pathophysiology, as well as developing more effective prevention and treatment approaches.
(More detailed information on possible future studies were given in the next chapter). All in all,
OCTA may play an important role in clinical management of CRP and improve understanding of

CRP pathophysiology.
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Chapter V

Integrated OCT Imaging and
Electrical Muscle Stimulation (EMS)

5.1. Motivation

One of the challenges with catheter-based imaging in the esophagus is achieving circumferential
coverage of the esophageal tissue around the imaging catheter. One approach is to use balloon-
based imaging catheters that expand to a fixed diameter to achieve circumferential contact and
image the esophagus. This method is used in commercial RFA (Barrx Halo360™ ) or clinical
endoscopic OCT imaging devices (i.e. NinePoint Medical™). However, due to elastic nature of the
esophagus as well as variations in diameter, it is challenging to achieve contact with the full
circumference of the esophagus. This is exacerbated when using smaller diameter balloons or
capsule imaging devices. Lack of contact can cause sampling errors during diagnostic imaging or

missed areas during treatment.

One method to improve contact with an imaging or therapeutic catheter is to stimulate
the esophageal muscles such that they contract around the catheter. Electrical muscle
stimulation of the lower esophageal sphincter (LES) muscle of the esophagus has been
demonstrated in canine models [241, 242]. Furthermore, this technique is used in patients to
normalize the contraction of the LES in treating acid reflux through applying chronic stimulation
to the LES thereby increasing its tone [243, 244]. Electrical stimulation has also been used to
propel capsule devices within the esophagus and small intestine in swine models, independent

of the natural peristaltic movement [245].

In this study, we have developed integrated electrical muscle stimulation/OCT catheters

to test the hypothesis that stimulation is feasible and improves tissue contact of the catheter.
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Electrical stimulation was applied to the distal portion of the esophagus, near the LES. OCT
imaging pre-, during and post-stimulation was performed to assess the increase in tissue
coverage upon the application of the stimulation waveform. We used balloon-based micromotor
catheters that have stimulation electrodes on the outer surface of the catheter sheath to make
direct contact with the esophageal tissue. Stimulation was achieved by a programmed electrical
waveform with a frequency of 4 — 100 Hz. In the following sections, we provide details of the
construction of the integrated EMS/OCT catheters and demonstrate the results of in vivo swine

experiments.

The prototype ultrahigh-speed endoscopic OCT system used in this work was based on a
clinical system developed by the team described in Chapter Il. This endoscopic OCT system was
replicated and adapted by Hsiang-Chieh Lee and Kaicheng Liang to develop a lab porotype that
was used in the swine experiments at the MIT animal facilities. All swine experiments were
conducted at the MIT E25 animal facility by the endoscopy team including Hsiang-Chieh Lee and
Kaicheng Liang, in collaboration with Prof. G. Traverso and with the help and oversight of
veterinary personnel and staff at the animal facility including Alison Hayward. The micromotor
balloon catheter was designed and constructed by Hsiang-Chieh Lee. The fabrication method of
the flexible circuits described in this chapter was initially proposed by James Fujimoto and was
subsequently researched and implemented the author of this thesis. The EMS circuits were
constructed by the author of this thesis with the assistance of Tan Nguyen. Tan Nguyen was
involved in the later stages of this project and assisted the thesis author shortly before, during
and after the second swine experiment. Aaron Aguirre and Hiroshi Mashimo contributed to the
discussion on mechanism of esophageal muscle stimulation, esophageal motility and safety

considerations with regards to possible interference with cardiac rhythm.

5.2. Mechanism and safety considerations of EMS

EMS has been widely used on human skeletal muscles [246-248]. Using pulses with repetition
rates of 2-100 Hz, the aim is to activate motor fibers in order to improve muscle strength in
athletes, to decrease atrophy in disabled patients or to fasten the recovery process of patients
healing from injuries. It was shown that bipolar pulses with small pulse widths produce maximal
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contraction while requiring an overall low stimulation current (see Figure 5.2A for an example of
typical EMS waveform). It was also shown that different muscle types are optimally contracted
at different stimulation frequencies as they are associated with different neuromuscular control
mechanisms [249]. As an example, for esophagus, the inner circular muscles of the muscularis
external layer contract maximally at 5 to 20 Hz while the outer longitudinal muscles of the
muscularis external layer contract at 10 to 40 Hz. In addition, duration of the electrical pulse
determines the penetration of the signal and it was shown that longer pulse durations penetrate
more deeply into subcutaneous tissues [246]. Finally, for complete muscle contraction, it is
important for the electrodes to be placed over the correct muscle groups and ensure that

sufficient stimulation intensity is used.

There are important structural, physiological and biochemical differences between the
constitution and contraction mechanisms of smooth and striated (skeletal) muscles [250].
Striated muscles consist of actin and myosin filaments arranged in sarcomeres, while smooth
muscles have a greater (12 to 1) actin to myosin ratio without an organized sarcomeric structure
[251], allowing the generation of comparable or higher forces than striated muscles [245]. In
ruminant and dogs, all the esophageal muscles are striated. However, in humans and pigs, the
muscularis propria at the distal 2/3 of the esophagus consists of smooth muscles, while at the
proximal 1/3 of the esophagus it consists of striated muscles [252]. Moreover, within ~ 2 cm near
the GEJ, the esophageal wall consist of a tonically controlled muscle (lower esophageal
sphincter), which is in a baseline contractile state that relaxes by neurogenic control. Therefore,
it is important to test positions at distal as well as proximal esophagus to ensure that EMS is

feasible throughout the esophagus that has different muscle constituents.

Electrical stimulation effecting muscular contraction could be aimed toward neuronal or
muscular responses. While neuronal stimulation generally requires far less voltage and would
be deemed safer for internal applications, the smooth muscle of the esophagus is innervated by
both relaxatory (mainly nitric oxide and vasoactive intestinal peptide) and contractile mediators
(acetylcholine and substance P) released for specific nerves to coordination of timing and

sequence of the relaxation followed by contraction that constitutes the peristaltic wave [253,

106



254]. Depending on stimulation parameters and position, this could result mainly in the
simultaneous release of both mediators, leading to little or no sum contraction, and in tonic
regions of the esophagus such as the LES, may lead to largely relaxation. As such, parameters
were chosen to effect direct smooth muscular contraction using generally higher voltage and

frequencies as reported in the literature.

One of the potential risks of EMS arises from the proximity of the esophagus to the heart.
This can potentially cause interference of the stimulation current with the cardiac conduction
pathways and affect the contraction of the atria and ventricles of the heart. Transesophageal
atrial and ventricular pacing methods were developed to exploit this anatomical proximity and
are being used in diagnostic and emergency situations [255-257]. Simulations have shown that
when the separation between stimulation electrodes are kept less than <10 mm in the distal
esophagus, stray currents to the heart are <1 pA, which is one order of magnitude less than the
maximum permissible current above which can cause fibrillation [258]. Therefore, it is desired to
have the separation of the stimulation electrodes as small as possible to prevent a possible
interference to the cardiac rhythm. Here the limiting factor would be the depth of muscles as the
electrical current needs to reach the target muscle to achieve stimulation. At the same time, the
outer longitudinal smooth muscles of the distal esophagus cause shortening/lengthening of the
organ, while the inner circular smooth muscles cause constriction of it [253]. Therefore,
penetration of the EMS current may also affect the contraction of the circular vs. longitudinal

layers.

5.3. Electrical muscle stimulation experiments

5.3.1. Construction of the flexible, semi-transparent EMS circuits

Flexible circuits can be fabricated in-house using a solid-ink printer to draw the circuit mask onto
flexible PCBs and using ferric chloride solution to etch excess copper. Flexible PCBs consist of a
non-conducting base material, typically polyimide, coated with a conducting material such as
copper. An adhesive is applied between the copper and polyimide to achieve bonding. The
thickness of the copper coating depends on the maximum current to be carried over the circuit

and is typically on the order of 10 — 100 um. The thickness of the underlying polyimide material
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depends on the robustness/flexibility required for the application where thicker polyimide
decreases the flexibility of the circuit while increasing robustness. Furthermore, regarding the
integration with OCT imaging, increasing the thickness of the polyimide also decreases the

transparency (i.e. optical transmission) of the material.

Figure 5.1A shows an example circuit with bipolar electrodes drawn onto a flexible PCB
using a solid-ink printer (Xerox™ ColorQube 8580N). The solid ink printer essentially overlays a
circuit mask onto the PCB to protect those regions from being etched in the subsequent step.
When this circuit is immersed into a liquid ferric chloride solution for ~ 20 — 30 minutes then the
copper dissolves, except the masked circuit, revealing the underlying semi-transparent polyimide
(Figure 5.1A, right panel). As previously discussed, polyimide with different thicknesses and
compositions results in a different optical transparency as shown in Figure 5.1B. Therefore, for
the integrated EMS/OCT catheter it is important to select the polyimide thickness as small as
possible in order to maximize optical transmission. For the subsequent experiments we have
used a flexible PCB from Dupont (Pyralux™ 9110R) that had 25 um adhesive thickness, 25 um
polyimide thickness and 35 um copper thickness (sample VI in Figure 5.1B). Optical transmission
of this material, after etching of the copper, was measured to be ~ 85% at 1310 nm wavelength

that is used in the OCT imaging experiments.

After etching with ferric chloride, the ink overlying the circuit layout can be easily removed
by abrasion using a sponge-like material and warm water, exposing the underlying copper (Figure
5.1C, left panel). Without further treatment, when exposed to air and humidity the copper would
be oxidized, reducing the conductivity of the conductor. To prevent this, the circuit is immersed
in a liquid tin solution for ~ 10 — 20 minutes to achieve a tin coating over the copper. This step
also makes it easier to solder electrical connections to the electrodes. Figure 5.2B and C shows
drawing and photograph of a prototype flexible EMS circuit fabricated using the procedure
described in this section. The electrode layout drawn there has subsequently changed to the
layouts shown in Figure 5.3 and Figure 5.5 (by taping the vertical electrode stripes using a

isolating tape), as the larger spacing between those vertical electrode stripes causes current to
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flow over a longer path, causing larger effective electrode spacing and likely deeper than

intended penetration into the tissue.

Figure 5.1. A, A circuit layout drawn on a flexible PCB using a solid-ink printer (left).
After etching with ferric chloride solution the flexible circuit becomes flexible and semi-
transparent and can be wrapped around cylindrical materials. This circuit includes four
separate zones with electrodes with 1 mm width and 1 mm spacing, and can be used to
construct a multi-zone radiofrequency ablation catheter. B, transparency of the resulting
flexible circuit depends on the thickness of the underlying polyimide material. C, coating
of the exposed copper with liquid tin prevents oxidation of the copper and makes it easier
to solder electrical wires onto the electrodes.
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Figure 5.2. A, Drawing of a typical EMS waveform, with a pulse duration of 0.2 ms

and repetition rate of 20 Hz. B, C, drawing and photograph of one the constructed
prototype EMS circuits fabricated on a flexible, semi-transparent polyimide material.

5.3.2. Integrated EMS/OCT balloon catheter and in vivo swine experiments

The in vivo swine experiments were approved under an MIT Committee on Animal Care (CAC)
protocol. Per this protocol, all experiments were conducted at the MIT E25 animal facility in
collaboration with Prof. G. Traverso under MIT (Division of Comparative Medicine) DCM
supervision. Animals under Prof. Langer’s protocol 1215-116-18 were used for the experiments
with the oversight of Dr. Alison Hayward from DCM. Terminal animals were used once for the
electrical stimulation experiments on the day of their scheduled sacrifice. Standard endoscopy
was performed as part of the protocol and used to examine the esophagus after the EMS
experiments in order to confirm that there is no injury to the esophagus. Heart rate, EKG and
other vitals of the animal was monitored during to procedure to confirm that the EMS stimulation
does not interfere with the normal physiological processes. Veterinarians from the DCM,

including Dr. Alison Hayward, were present during the experiments and were advised of the
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potential of cardiac stimulation. They closely monitored any changes in the heart rate, EKG, other
vitals, and any other signs of complications. In the case of any physiological changes (such as a
sudden change in the cardiac rhythm), EMS current was to be immediately ceased. A defibrillator
was on standby in an unlikely case of ventricular fibrillation induction. In swine and canine
models, the thoracic cavity conformation increases the distance of the esophagus to the
ventricles, in comparison to the human, hence the likelihood of stimulating the ventricles was

expected to be minimal [259].

Pilot swine experiment

A micromotor balloon catheter previously developed by our group member Hsiang-Chieh Lee
was modified to construct the integrated EMS/OCT balloon catheter [35]. A flexible EMS circuit
was constructed following the procedures described in the previous sections with a schematic
shown in Figure 5.3A. This circuit was then subsequently glued onto the micromotor balloon
using a low-viscosity epoxy. The longitudinal length of the electrodes and the underlying
polyimide was selected so that a portion of the balloon is not covered by the EMS circuit, as
shown in Figure 5.3B. For this layout, the electrode spacing was 8 mm and the electrode width
was 4 mm. For the connection diagram shown in Figure 5.3C every other electrode was used as
the bipolar electrode pair, resulting in an effective electrode spacing of 16 mm. The electrode

connections were switched between the two indicated states using an electrical switch.

During this experiment, the endoscopic OCT system was operated with the same
parameters as the original micromotor balloon catheter publication [35]. That study had shown
that it was possible to perform OCT angiography (OCTA) with the selected imaging parameters
and we wanted to test the effects of esophageal muscle contraction on the vascular flow. One
concern was the possibility of increased catheter pressure on the resulting in decreased blood
flow and loss of visualization of the vasculature as discussed in Chapter lll. Therefore, we have
selected imaging parameters that would potentially generate OCTA. Briefly, the system was
operated at 600 kHz bi-directional sweep rate resulting in a 1.2 MHz effective A-scan rate. The
tuning range was set to 100 nm. The MZI clock rate was set to the maximum of ~ 1.1 GHz resulting
in a ~ 1.2 mm imaging range in tissue. The power on the sample arm was ~ 40 mW (~ 20 mW
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after the catheter) with a measured sensitivity of 101 dB using a flat-cleaved fiber, which
corresponds to ~ 96 dB including the losses due to the catheter. The micromotor was rotated at
240 Hz and the catheter was pulled back at 1.5 mm/sec for a total pullback length of 30 mm over
a 20 sec acquisition. There were a total of 4800 cross-sectional OCT images (frames) per

acquisition, with 2500 A-scans per frame and 768 samples per A-scan.

During these experiments, three pulse repetition rates were tested: 4 Hz, 20 Hz and 50 Hz.
The pulse duration was 0.2 msec. The EMS intensity was gradually increased. While no
contraction was observed at 10 V peak pulse intensity, contraction was observed at 20 V and
higher voltages. Figure 5.4 shows en face and cross-sectional images prior to, during and after
EMS activation at 20 Hz pulse repetition rate and 25 V pulse intensity at distal swine esophagus,
approximately 10 cm proximal from the GEJ. As shown in the cross-sectional OCT image in Figure
5.4D, prior to EMS activation tissue was not making any contact with the micromotor catheter
over the first imaging window (on the left of the image), while it was making partial contact over

the other two windows.

2cm EMS Circuit || ~1.5cm Sheath
(“circuit portion”) B8 (“clear portion”)

Figure 5.3 A, three-dimensional rending of the distal end of the micromotor balloon
probe showing the size of the balloon. B, photograph of the integrated EMS/OCT catheter
where the electrodes are glued onto the micromotor balloon catheter. C, schematic of
the flexible EMS circuit and connection layout of the electrodes to the EMS signal
generator for the first swine experiment.
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Figure 5.4 En face and cross-sectional image of swine esophagus. En face images of
the swine esophagus (a) esophagus prior to EMS activation, (b) during active EMS, and (c)
after cessation of the EMS signal. Blue and red arrows point to regions where tissue
contact improves upon activation of EMS. Scale bars are 5 mm. r¢: circumferential
direction, z: longitudinal direction. D, prior to EMS activation, and E, during active EMS.
Blue and red arrows point to regions where tissue contact improves upon activation of
EMS. The catheter is placed at the distal swine esophagus, approximately 10 cm proximal
from the GEJ. Scale bars are 500 um.

After EMS was activated, complete circumferential coverage and tissue contact over all
three imaging windows were achieved (Figure 5.4E). Similar observations can be made on the en
face projection maps depicted in in Figure 5.4A — 5.4C. Furthermore, the periodic imaging
artifacts due to cardiac motion observed over the portions where there was partial contact
(middle and bottom imaging windows in Figure 5.4A) were eliminated after EMS activation
(Figure 5.4B). This can have important implications for reducing the imaging artifacts due to
cardiac and other physiological motion described in the previous chapters. We have also
observed that the effect of the EMS was rapid and reversible with no hysteresis or muscle fatigue.

The muscles were contracted within milliseconds upon the activation of the EMS and relaxed to
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the original state immediately after the cessation of the stimulation (Figure 5.4C). No discernible
differences in the muscle contraction were observed between 20 Hz and 50 Hz pulse repetition
rates at the same pulse intensities while no contraction was observed at 4 Hz, consistent with

the previous EMS literature.

EMS currents were not measured during the pilot swine experiments, hence it was not
possible to deduce conductivity of the esophagus with the given electrode geometry.
Furthermore, we have hypothesized that a smaller electrode spacing can achieve muscle
contraction with less pulse intensity/current while having less tissue penetration. All these
factors would improve the safety of the procedure by decreasing the potential interference with
the cardiac rhythm. Furthermore, we decided that assessing the effects of EMS on pressure and
resulting OCTA signal was less critical compared to achieving higher imaging range. Therefore,
we have made several modifications to the EMS circuit, system setup and imaging parameters
and designed a second swine experiment that will be described in the next section. Briefly, we
have constructed two different EMS balloon sheaths with different electrode separation that
could be interchanged during the experiment, in order to test dependency of EMS threshold to
the electrode separation. Furthermore, we have modified the system and acquisition software
so that currents during EMS activation could be recorded. We have also modified the system to
record the EKG signal that was continually displayed by the ECG monitor and monitored by the
veterinary staff. The EKG signal used at the MIT animal facility was a 3 lead EKG with electrodes
connected to L arm, R arm and L leg. Finally, we have reduced the OCT imaging speed to increase
the sensitivity of the OCT imaging as well as the imaging range. These experiments will be

continued by other group members.

Second swine experiment

As previously mentioned, to test the dependency of EMS threshold to the electrode separation,
we have constructed two different EMS balloon sheaths with different electrode separation. The
schematic and connection layout for those EMS circuits are given in Figure 5.5A. The “large
spacing” EMS sheath is the same as shown in Figure 5.3 where the EMS connections are changed
so that all electrodes will be simultaneously active with an 8 mm bipolar electrode spacing. The
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“small spacing” EMS sheath has electrodes with 4 mm bipolar electrode spacing. A photograph
of the integrated EMS/OCT catheter with this EMS sheath is given in Figure 5.5B. This was
constructed very similar to the “large spacing” EMS sheath in which the EMS circuit covered a ~
2 cm longitudinal portion of the balloon while the remaining ~ 1.5 cm sheath was left uncovered

by the EMS circuit.

The OCT imaging parameters were optimized to increase imaging range and sensitivity of
the system. Imaging speed was reduced to 100 kHz bi-directional sweep rate resulting in a 200
kHz A-scan rate. The tuning range was 110 nm. The MZI clock rate was set to the maximum of ~
1.1 GHz resulting in a ~ 10.1 mm imaging range (in air). The VCSEL sweep was linearized to
improve the symmetry of forward and backward sweeps and achieve increased imaging range.
The sensitivity of the system was measured to be 108.6 dB using a flat-cleaved fiber, and ~ 104
dB including the losses due to the catheter. The power on the sample arm was ~ 41 mW (~ 20

mW after the catheter).

The micromotor will be rotated at 200 Hz and the catheter will be pulled back at 5 mm/sec
for a total pullback length of 30 mm over a 6 sec acquisition. This will yield for a total of 1200
cross-sectional OCT images (frames) per acquisition, with 1000 A-scans per frame and 4608
samples per A-scan. These parameters will result in sub-nyquist sampling in the rotational as well
as pullback direction, but sensitivity and imaging range were considered to be more critical than

obtaining nyquist sampled images.

In this experiment, four pulse repetition rates will be tested: 5 Hz, 20 Hz, 50 Hz and 100
Hz. The pulse duration will be 0.2 msec. The main objective will be to determine EMS threshold
currents with the two EMS sheaths that have different electrode spacing. Therefore, the EMS
voltage will be increased by 1V increments until full muscle contraction was observed. Cross-
sectional OCT images at a fixed longitudinal position will be continuously captured during the
EMS voltage ramp-up. The voltage will be increased up to 2 times the observed threshold voltage.
Afterwards, EMS voltage will be continuously reduced from the maximum level while
continuously capturing cross-sectional OCT images at the same longitudinal position, to assess
possible hysteresis effects. This measurement will be repeated 3 times for each EMS setting and
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will be repeated at different longitudinal positions along the esophagus to ensure that different
segments of the esophagus that has different muscle constituents are tested. Finally, stimulation
current and EKG signal will be recorded before, during and after stimulations. 3 lead ECG will be

used with electrodes connected to L arm, R arm and L leg.

Large spacing Small spacing
4mm electrode width, 2mm electrode width,
8mm electrode spacing 4mm electrode spacing

>
2cm EMS Circuit ~1.5¢cm Sheath
(“circuit portion”) (“clear portion”)
Figure 5.5 A, schematic of the flexible EMS circuit and connection layout of the

electrodes to the EMS signal generator for the second swine experiment. B, photograph
of the integrated EMS/OCT catheter with the small spacing electrode.
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Chapter VI

Conclusion and Biography

6.1. Summary of thesis work

In summary, this thesis presented a subset of novel clinical and engineering applications that
were enabled by the next generation ultrahigh-speed endoscopic OCT technology as well as
hardware and software developments to improve endoscopic OCT instrument robustness and

clinical imaging workflow.

Chapter Il described methods to improve the scanning stability and robustness of the
ultrahigh-speed endoscopic OCT system, as well as hardware and software improvements to
optimize data acquisition and visualization. Pullback of the micromotor catheter was optimized
by using an uncoated stainless steel torque coil pulled back within a PTFE sheath. Rotation of the
micromotor catheter was optimized by developing a computationally efficient algorithm for
correcting the non-uniform rotational distortion (NURD). This method improved NURD
performance of the catheter by more than an order of magnitude, allowing robust visualization
of en face mucosal patterns and OCT angiography (OCTA). Parallel and asynchronous data
acquisition, processing and saving schemes have been implemented to the endoscopic OCT
acquisition and control software to improve data acquisition efficiency and clinical imaging
workflow. Image processing methods such as high-dynamic-range filtering, depth projection and

false colormaps were applied to improve en face image visualization.

Chapter Il demonstrated two clinical studies with the ultrahigh-speed endoscopic OCT
system related to Barrett’s esophagus and dysplasia. In the first study, we investigated a novel
approach of interpreting OCT data by assessing a combination of depth-resolved en face and

cross-sectional OCT features. In en face OCT, readers identified irregular mucosal patterns in
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100% of neoplasia datasets, and in 35% of NDBE datasets (43% of short and 28% of long-segment
NDBE, respectively). In cross-sectional OCT, mucosal layering was absent and surface signal >
subsurface in 35% and 29% of neoplasia datasets (21% and 21% in the treatment-naive
subgroup), and in 53% and 30% of NDBE datasets, respectively. Atypical glands (>5) were present
in 75% of neoplasia datasets (96% in the treatment-naive subgroup) and in 59% of NDBE datasets.
Atypical glands under irregular mucosal patterns occurred in 75% of neoplasia (96% of treatment-
naive neoplasia) versus 30% of NDBE datasets (43% of short and 18% of long-segment NDBE).
Mucosal layering was absent in 35% of neoplasia and 53% of NDBE datasets, and surface signal >
subsurface in 29% of neoplasia and 30% of NDBE datasets. This study demonstrated that atypical
glands either under irregular mucosal patterns or independently might be a potential marker for
dysplasia, especially in long-segment BE in proximal regions further from the GEJ, where
interpretation is not confounded by non-neoplastic cardiac glands and where dysplasia most
frequently occurs. In the second study, we have demonstrated the clinical utility of the ultrahigh-
speed endoscopic OCT and OCTA for assessing a dysplastic lesion at the gastroesophageal
junction (GEJ), its lateral margins before and immediately after EMR, and at 2-months follow-up.
OCT/OCTA prior to EMR visualized the dysplastic lesion and its lateral margins. Immediately post
EMR, when WLE/NBI visualization can be compromised by tissue distortion, electrocautery and
blood, the OCT probe allowed direct lavage over the area, and OCT/OCTA showed residual
dysplasia at the distal resection margin. This was confirmed at the follow-up endoscopy visit. This
study suggested that probe-based OCT/OCTA may improve diagnostic capabilities and enhance
clinical utility by identifying dysplastic areas, assessing lesion margins, and evaluating regions

immediately post-treatment and on follow-up.

Chapter IV discussed an application of OCT in the non-endoscopic assessment of chronic
radiation proctopathy (CRP). A detailed overview of CRP pathophysiology and shortcomings of
current clinical management strategies were discussed. An OCT study was reported, in which the
rectum and anal canal of 8 CRP patients undergoing RFA treatment and 2 normal patients were
assessed non-endoscopically by directly placing the micromotor catheter into the dentate line
and rectum of the patients without endoscopic guidance. OCTA features of normal and abnormal

microvasculature were assessed in the mucosal and submucosal layers of the rectum. Blinded
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reading of the OCTA features was performed to demonstrate the association of abnormal rectal
microvasculature with CRP and RFA treatment, and endoscopic rectal telangiectasia density
(RTD) scoring system. Abnormal rectal mucosal microvasculature had distortions to the
honeycomb-like microvascular pattern, and had ectatic and tortuous microvasculature, which
was observed in 0 out of 2 (0%) normal, 3 out of 5 (60%) RFA-naive, and 0 out of 8 (0%) RFA
follow-up patients. Abnormal rectal submucosal microvasculature had unusually high-caliber
arterioles and venules with diameters > 200 um, which was observed in 1 out of 2 (50%) normal,
5 out of 5 (100%) RFA-naive and 2 out of 8 (13%) RFA follow-up patients. The occurrence of
abnormal rectal OCTA features increased with increasing RTD scores, suggesting a correlation of
abnormal rectal microvasculature with the RTD scores. This study concluded that OCTA can play
an important role in the clinical management of CRP and improve understanding of CRP

pathophysiology.

Chapter V discussed development of esophageal electrical muscle stimulation (EMS)
techniques and their integration with a balloon-based micromotor catheter. EMS has the
potential to improve circumferential coverage of the esophageal tissues around the imaging
catheter as lack of contact can cause sampling errors during diagnostic imaging or missed areas
during treatment. We demonstrated methods to fabricate flexible, semi-transparent EMS circuits
that can be integrated with the OCT catheters. Feasibility of esophageal muscle contraction was
subsequently demonstrated with in vivo swine experiments conducted at the MIT animal facility.
Muscle contraction and full circumferential coverage were observed at 20 V and higher
stimulation voltages with 20 and 50 Hz pulse repetition rates. Moreover, periodic imaging
artifacts due to cardiac motion observed over the portions where there was partial contact were
also eliminated after EMS activation. The muscles were contracted within milliseconds upon the
activation of the EMS, and relaxed to the original state immediately after cessation of the

stimulation.

Possible future research directions will be discussed in the next section.
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6.2. Future work and conclusion

In conclusion, as exemplified in this thesis, ultrahigh-speed endoscopic OCT technology powered
by the next generation swept-source light sources and precision scanning micromotor catheters
opened new research directions. The following studies can be envisioned to extend the research
presented in this thesis and to further explore the potential and establish the clinical utility of

this technology.

The structural reading study discussed in Chapter lll showed the potential of a combined
en face and cross-sectional OCT assessment in identifying dysplasia. However, one of the
technical limitations of this endoscopic OCT system was the limited diameter of the micromotor
catheter (3.4 mm). The catheter covered only a fraction of the esophageal circumference, so
comprehensive imaging would require repositioning the catheter to different esophageal
quadrants. This approach is valid for an exploratory study as the one reported in this thesis,
however, it would be cumbersome to perform standard BE surveillance with this approach. On
the other hand, we have demonstrated circumferential imaging with balloon [35] and capsule
[37] catheters that can improve coverage within a single data acquisition. OCTA was
demonstrated with the micromotor balloon catheter in living swine, however, translation of this
catheter into human use requires further engineering to improve image quality and validating
methods for sterilization of the internal aspects of the balloon. Capsule catheter also requires
further engineering to improve the pullback uniformity (the entire capsule is pulled pack within
the esophagus, rather than within a sheath) as well as to improve the circumferential coverage

(capsule has a smaller diameter than the balloon).

Furthermore, the PIVI criteria mentioned in Chapter Ill requires certain diagnostic
performance metrics to be achieved under specific study designs. Specifically, it requires a “per-
patient sensitivity” of at least 90% and a negative predictive value (NPV) of at least 98% for
detecting HGD or EAC compared with the current standard protocol of “WLE with Seattle
protocol and targeted biopsies”. However, the study reported in this chapter was not
prospectively designed to assess the PIVI criteria. Particularly, the limitation on circumferential
coverage made it unfeasible to image the entire BE segments circumferentially, so that a “per-
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patient” sensitivity/specificity could be extracted. Rather, areas suspicious of dysplasia were
imaged only for the dysplasia cases. Moreover, the fact that suspicious areas were detected by
NBI/WLE, rather than with OCT guidance, prevented the assessment of incremental OCT yield for
dysplasia detection compared with the current standard protocol (random and WLE/NBI targeted

biopsies). Therefore, future studies should be designed by taking these factors into consideration.

A prospective, tandem study design that would assess PIVI in BE surveillance patients
would be the following: In one arm of the study, OCT with either a capsule or balloon catheter
could be used to image entire circumferential BE segments before endoscopy and mark areas of
suspicion by a technique such as laser marking [47]. During the subsequent endoscopy, those
areas marked by OCT would be biopsied, followed by performing standard endoscopy
surveillance with the Seattle protocol and WLE/NBI guided biopsies. This study may also have a
second arm, in which patients would undergo standard endoscopy surveillance with the Seattle
protocol and WLE/NBI guided biopsies first, followed by OCT imaging and OCT-guided biopsies
from additional areas of suspicion. The first arm of the study would assess “per-patient”
sensitivity/specificity of OCT, without being biased by the WLE/NBI examination. The second arm
of the study would assess added dysplasia yield of OCT, i.e. additional areas detected by OCT
examination. This would strengthen the OCT sensitivity results compared with the standard
surveillance protocol. Similar prospective, tandem studies have been extensively conducted in

the NBI/WLE literature and can be studied for more information [260, 261].

Chapter IV highlighted the potential of OCT for non-endoscopic assessment of rectal and
anal canal pathologies. This study had limited patient enrollment but showed promising clinical
applications about elucidating CRP pathophysiology as well as developing more optimal
intervention strategies. As discussed in that chapter, the clinical challenges about CRP can be

approached from various angles and a number of studies can be designed.

One study can investigate the development of CRP and CRP pathophysiology
longitudinally. Although as high as 120,00 — 240,000 patients will receive pelvic radiation therapy
each year in the US, there is a radiation dose dependence on the subsequent CRP development

[262]. Hence patients more likely to develop CRP can be pre-selected and enrolled in this study.
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These patients can be imaged with OCT at regular time intervals (2 — 4 weeks for a total of 10 —
12 months) until CRP develops. OCT and OCTA changes during the progression of CRP can be
assessed. Depth-resolved OCTA can provide better insights in terms of the origin of CRP (mucosal
vs submucosal layer) as discussed in Chapter IV. Moreover, patients who develop CRP can be
compared to the patients who do not develop CRP, and OCT, OCTA as well as clinical factors can
be assessed to understand markers that may be predictors of CRP development. This study can
establish OCT and OCTA features that can predict bleeding and worse prognosis that would
warrant earlier or a more aggressive treatment. This study can also include another arm where
patients receive a compound for prophylaxis (prevention) such as antibiotics and antioxidants.
Efficacy of these compounds and their effect on rectal microstructure and microvasculature can

be assessed by OCT and OCTA.

A second study can focus on patients who have developed CRP and can be designed as a
comparative study to assess efficiency and safety of different endoscopic treatment modalities.
For this purpose, RFA can be compared to APC, as APC is the current gold standard of endoscopic
CRP treatment and RFA has been emerged as an alternative to APC with superior safety and
efficacy profile. In this study, it would be critical to have the treatment intervals in both arms to
be standardized, as this was noted to be a major limitation in comparing the previous RFA and
APC literature. OCT imaging can be performed before and immediately after each treatment
session. OCT information can be used to compare treatment depth and other structural changes
due to RFA vs APC treatment in a quantitative way, similar to previously referenced OCT/RFA
studies. Healing after endoscopic therapy and normalization of microvasculature can be assessed
with OCT and OCTA. OCT and OCTA differences related to response to RFA vs APC can be
assessed. Complications rates can be compared in these two arms to establish comparative
safety profiles of these two interventions. Patients can be continued to followed-up with OCT
imaging for another 1 — 2 years after achieving hemostasis to assess factors related to possible

recurrence.

As described in the previous paragraphs, studies to assess CRP generally require repeated

follow-up visits. Hence it will be important to improve the ergonomics and ease of use of the OCT
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imaging system. The small diameter of the micromotor catheter is a major limitation to assess
large and circumferential regions. Hence a larger diameter catheter tailored for rectal and anal
canal imaging would be needed. For the majority of CRP cases the lesions are localized to the
rectum, hence a rigid catheter may be sufficient for this application as maneuvering into the
sigmoid colon might not be needed. Moreover, a rigid catheter can allow better placement over
the areas near the dentate line in comparison to a balloon-based catheter. Similar to the reported
study, OCT imaging can be performed non-endoscopically. Furthermore, except the time points
where endoscopic visualization is necessary, such as time points for treatment, non-endoscopic
OCT imaging can be performed in an office setting without the need for sedation or other
endoscopic preparation. A rectal enema might be sufficient for patient preparation. All these
factors can make it feasible to perform a longitudinal study with OCT imaging and can put OCT
imaging modality in a unique position to study CRP pathophysiology and CRP treatment

efficacy/response.

Chapter V demonstrated the feasibility of EMS to achieve esophageal muscle contraction
and circumferential imaging coverage in in vivo swine experiments. This study can be continued
from different aspects in an effort to translate the technology to clinical use. As discussed in that
chapter, one of the major potential limitations of EMS is its unknown safety profile, especially its
potential to interfere with cardiac conduction pathways and cardiac rhythm. The commercial
esophageal EMS devices to treat GERD have been shown to be safe, however, the electrodes for
those devices are implanted into the GEJ, which may not have the closest proximity to heart along
the esophagus. An integrated EMS/OCT catheter could be activated at an arbitrary longitudinal
position along the distal esophagus that can include positions that would have closer proximity
to heart (as it is the case of transesophageal pacing methods). Although it is unlikely that pacing
can be induced at EMS-relevant pulse repetition rates (20 — 50 Hz), it is possible to induce atrial
or ventricular fibrillation if the stray currents are high enough. Therefore, proving the safety of

EMS would be of paramount importance.

This chapter also discussed follow-up experiments with varying electrode separations. If

EMS can be demonstrated with a small electrode separation (2 — 4 mm), then further
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mathematical modeling, simulations and/or experimental work can prove that it would be
unlikely to have penetration to the heart with these electrode geometries. Experiments in animal
models closer to human esophageal and heart anatomy, such as macaque models could then be
conducted with EKG monitoring to demonstrate the safety of esophageal EMS. During these
experiments, EMS threshold currents can be determined and an increased threshold current (by
a factor of 5 — 10) can be used to establish a safe margin. Currents can be potentially increased
until a cardiac event or change in cardiac rhythm is observed. To further reduce the possibility of
interfering with the cardiac rhythm, electrical stimulation can be gated by the EKG signal in a way
to avoid cardiac hyperexcitable states such as the supernormal period within the T wave [263,
264]. Theoretical demonstration of the safety, followed by macaque experiments might make a
strong case for an investigational device exemption (IDE) application to the FDA so that EMS can

be tested in pilot human studies.
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Appendix — training materials

Volumetric (En face and Cross-sectional) OCT Reading -
Overall Study Design

Part 1 - Training:

En face and cross-sectional OCT images of normal squamous esophagus,
non-dysplastic BE and neoplasia will be shown.

En face and cross-sectional features will be taught.

Several volumetric datasets will be assessed by the researcher.

Part 2 — Pre-test:
Reader will go over several datasets by himself/herself and then will receive
feedback from the researcher.

Part 3 — Validation:
Reader will read the remaining OCT datasets.

Overall Reading Workflow
w enabled

Assess En Face Images of Set 1

Set shows : Set shows
regular pit i irregular pit
patterns _ patterns

-3

Mo marking is required Mark the region of irregular patterns

Note confidence level
Volumetric view enabled

Assess Cross-sectional Images of Set 1
Mark presence of cross-sectional features

Note confidence level

Load ther taset and
Perform second round of reading on : t
datasets with low confidence
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Workflow Overview on the Visualization Software

“En face only” view

Workflow Overview on the Visualization Software

Enable volumetric view to
assess cross sections
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Concept of Pit Patterns
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* |ntestinal tissues have specific mucosal en face features (pit patterns)
that are associated with disease presence and progression.

Endo, GIEO2

Size and Morphological Variation of Pit Patterns, Narrow band Imaging
Literature

Note, the
features can
be large,
small, oval,
curved etc.
The main
feature is to
look at the
regularity of
the features.

Kara, GIEOG
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Normal Squamous Esophagus

Lamina
propria/Muscularis
mucosa layer

Epithelial
layer

The main defining criteria for normal squamaous esophagus is the presence of a
featureless appearance (i.e. no pit patterns) within the superficial epithelial layer. When
you go deeper to the lamina propria/muscularis mucosa layers you expect to see some
complex structures.

There can be local areas that look different in a normal squamous esophagus due to
differences in contact, pressure, erosion, sheath reflection, epithelial thickness etc.

Variations of Regular Pit Patterns in Non-dysplastic BE

= Pit patterns in non-dysplastic BE can have different shape and sizes. Main feature
to look at is presence of regular pit patterns.
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Irregular Pit Patterns in Neoplasia

1mm

* MNeoplasia is characterized by irregularity of the pit pattern architecture, which
manifests itself as a combination of abnormally elongated, enlarged and branched pit
pattern structures, and areas with loss of pit pattern structures.

Concept of Variations of Pit Pattern Morphology on a
Large FOV Image

Narrow band
Image
of Non-
dysplastic BE

Bergman, Sharma, GUT13
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Concept of Variations of Pit Pattern Morphology on a
Large FOV Image

Narrow band
Image

of Neoplasia

Bergman, Sharma, GUT13

Examples of Pit Patterns as seen with en face OCT

: ” c
¢ \

Some commonly observed pit pattern structures.

The exact shape and size can vary from these examples.

Motion artifacts, loss of contact etc. can cause further changes in the
appearance within a given region of a dataset as well as at different
regions of the dataset.
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Examples of Regular and Irregular Pit Patterns

@
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oo %y
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Overall homogeneous Sparse distribution of pits (regions

appearance with mostly similar with loss of pit patterns). Some pits

type of pits within the region. are enlarged. Heterogeneity in the
Patterns are densely packed. observed pit pattern types.

Examples of Regular and Irregular Pit Patterns

Motion artifacts cause Pits are distributed sparsely.
disruption of Regions with loss of pit pattern
structures. structures.
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Examples of Regular and Irregular Pit Patterns

=

Motion artifacts cause Patterns look
disruption of “significantly”

structures. There can enlarged. Some of the

be a few pits that look pits show branching
enlarged compared to structures.

others.

Examples of Regular and Irregular Pit Patterns

D e
® -—
'y |

“Significant” heterogeneity in the
observed pit patiern types.
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Examples of Artifacts on Regular Pit Patterns

Stretched and wavy A region where no
appearance, followed clear patterns can be
by a compressed observed within

appearance. normal, densely
packed pit patterns.

3 Depth Levels of En Face Stack

1 — Out of Tissue

* |dentify parts with high
sheath reflection and
struts. Ignore anything
below those.

Sheath
reflection
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3 Depth Levels of En Face Stack

2 — Tissue Surface

Normal
squamous
esophagus |

-

» |dentify regions of BE and
normal squamous
esophagus (if exist).

3 Depth Levels of En Face Stack

3 — Evaluation Depth

P

g F

* Between 100 - 300 um below
“Tissue Surface” level. Shows
best visualization of pit
patterns. Reading should be
focused around this level.
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Reading Examples
Non-dysplastic BE 1

Reading Examples
Non-dysplastic BE 2

* Scroll back and forth in depth. Evaluation
depth can be different in different parts
of the tissue.

* Structures below high sheath reflection
can look distorted.

144



Reading Examples
Non-dysplastic BE 3

Reading Examples
Non-dysplastic BE 4
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Reading Examples
Non-dysplastic BE 5

* Be careful to the contact and signal
variations along the circumference.

Reading Examples
Non-dysplastic BE 6
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Reading Examples

Non-dysplastic BE 8
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Reading Examples
Neoplasia 1

Reading Examples
Neoplasia 2
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Reading Examples
Neoplasia 3

.]:r'rqgﬂl"ﬁri_l

Reading Examples
Neoplasia 4
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Reading Examples
Neoplasia 5

Example Cross-Sections of Normal Squamous Esophagus

Muscularis mucosa

High
reflection
artifact

Improper contact
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Example Cross-Sections of Barrett’s Esophagus

Hormal Barrett's LGD HGD Invasive
Esophagus Carcinoma

Epithelium shows crypt(columnar) features

- Bl - =

Epithelium does not show crypt{columnar) features

(A) Mucosal Layering (present vs. absent)

Mucosal layering present

Mucosal layering absent
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(B) Surface/subsurface Intensity (lower vs. higher)

Surface signal lower or
equal to subsurface signal

e e— R
e ——

Surface signal higher than subsurface signal

(C) Atypical Glandular Structures (<=5 vs. >5)

Normal appearing gland with round and smooth
confour

Atypical gland with abnormal contour and
debris
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(C) Atypical Glandular Structures (<=5 vs. >5)

Atypical glands with heterogeneous size
and clustering

(C) Atypical Glandular Structures (<=5 vs. >5)

Atypical gland with debris

——

Atypical glands with heterogeneous size
and clustering
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