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ABSTRACT

Diseases of the gastrointestinal (GI) tract are typically diagnosed by random biopsy of tissue,
which samples only a small area and often misses focal neoplasias. Existing endoscopic
visualization tools including white light endoscopy, narrowband imaging and confocal laser
endomicroscopy have enabled in vivo assessment to guide biopsies, but suffer from technical
limitations and have demonstrated suboptimal sensitivity and specificity to neoplasia. Optical
Coherence Tomography (OCT) can generate in vivo, 3-dimensional microscopic imaging. Recent
efforts in ultrahigh-speed OCT systems for endoscopic applications have shown promise, but
devices had limited fields of view and imprecise beam scanning mechanisms, limiting image
quality and coverage.

This thesis develops a wide range of new fiber optic devices that substantially extend OCT
capabilities in the GI tract, either by greatly increasing field of view for wide field mapping of
entire luminal organs, or achieving high precision 2-D beam scanning with compact actuators for
in vivo microscopy. Piezoelectrically actuated fiber scanning devices enable forward viewing for
focal inspection, while micromotor actuators combined with pneumatic or piezoelectric
mechanisms enclosed in tethered capsules generate side viewing over large areas. The work also
advances the emerging paradigm of gastrointestinal screening without use of sedation, which
promises to lower costs of screening and improve access for a broader population. Design,
fabrication and benchtop evaluation of devices, as well as pre-clinical and clinical imaging
protocols are reported. Results from validation studies in living swine, and human patients in
collaboration with the Veterans Affairs Boston Healthcare System are discussed. The thesis work
demonstrates new imaging modalities for in vivo detection and diagnosis of GI pathology that
could have important applications in disease screening, surveillance, and therapeutic procedures.

Thesis Supervisor: Professor James G. Fujimoto

Title: Elihu Thomson Professor of Electrical Engineering and Computer Science
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Chapter 1

Introduction: Clinical motivation and state of the art

Imaging of luminal organs in vivo can have enormous impact on clinical decision making,

including diagnosis, treatment planning, and real-time therapeutic guidance. In gastroenterology

and the gastrointestinal (GI) tract, where advanced endoscopes have been used for decades,

clinicians are no strangers to cutting edge technology for imaging and therapy. This chapter will

briefly review some important clinical needs for real-time in vivo imaging, as well as a number of

existing commercially available technologies that have attempted to meet these needs, with a focus

on applications in the upper GI tract including the esophagus and proximal gastric cardia.

Barrett's Esophagus (BE) and dysplasia

Barrett's Esophagus (BE) is a premalignant condition that is associated with, and believed

to be a consequence of, chronic (>5 years) gastroesophageal reflux disease (GERD). Acid exposure

in the distal esophagus over a prolonged period can lead to metaplastic changes in the squamous

epithelium, producing a columnar phenotype. BE can be observed during standard

esophagogastroduodenoscopy (EGD) as having a salmon pink appearance of the mucosa, and is

confirmed histologically by specialized intestinal metaplasia (IM) with presence of goblet cells,

although presence of goblet cells is not required by Britain and Japan for BE diagnosis and is being

debated[l]. The standard definition of BE progression is from non-dysplastic BE to low-

grade/high-grade dysplasia (LGD/HGD) to esophageal adenocarcinoma (EAC), however the

pathogenesis of BE and dysplasia still lacks consensus [2]. BE is thus an important precursor to
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EAC, which in recent decades has become the cancer with the fastest growing incidence in the

Western world, although the actual incidence in the United States is still relatively low at less than

5 cases per 100,000 people[3]. Specific demographics including male gender, Caucasian race, and

obesity are important risk factors for BE and EAC. Although chronic GERD is one of the most

important risk factors to indicate endoscopic screening for BE, it has been noted that over 40% of

EAC patients never report GERD symptoms[4]. After BE is diagnosed, patients are enrolled in

regular endoscopic surveillance, during which biopsies are obtained every 2 cm of BE length in 4

quadrants, known as random biopsy or the "Seattle protocol". After a surveillance endoscopy is

negative for dysplasia, risk of neoplastic progression is deemed reduced, and patients are recalled

after a year and then every 3-5 years for follow up endoscopies and biopsies.

Pathogenesis and natural history of BE

The pathogenesis of BE remains unclear, and there are multiple controversies regarding

the onset and progression of the disease. BE is observed manifesting as different lengths in

different patients, therefore it was previously believed that BE may be occurring at the GEJ and

then progressing longer over time due to increased acid exposure from a weakened lower

esophageal sphincter[5]. However, multiple recent studies found that BE lengths remained

relatively stable over a follow up of several years[6], suggesting that a short/long BE phenotype

may be occurring relatively rapidly, and then subsequently changing little.

In general, BE develops from 'multi-potential' stem cells, which can develop into a mixture

of gastric and intestinal cells. As a result, a BE segment can contain a range of mucosal phenotypes,
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where gastric and intestinal epithelium coexist as a mosaic, although the former decreases in

prevalence when moving from distal to proximal esophagus. As the BE evolves proximally, glands

multiply by gland fission, resulting in 'patches' or clusters.

There are disagreements[7] on whether BE originates from squamous epithelium of the

normal esophagus, or from the proximal gastric cardia. In the first and more traditional theory,

esophageal glands and ducts of the squamous epithelium contain stem cells that are stimulated by

acid reflux and encouraged to differentiate abnormally into intestinal metaplasia. Esophageal

glands have been observed to contain dysplasia, adenoma, or even carcinoma in situ, further

boosting this theory. In the competing theory, the columnar cells of the proximal cardia migrate

up into the acid-damaged distal esophagus. This was initially dismissed because gastric-type

mucosa does not contain goblet cells, unlike intestinal mucosa including intestinal metaplasia.

However, it has been consistently found that regions of BE can contain a range of tissue types

including gastric-type epithelium, suggesting that intestinal metaplasia is a two-step process -

migration of gastric epithelium into the distal esophagus, which then undergoes intestinalization.

This further implies that columnar-lined mucosa without goblet cells may simply be a precursor

lesion to BE, and is thus of no less malignant potential.

Supporting this theory is the histological observation that there exists a region of

'junctional' tissue between the stomach and the esophagus that has been termed 'cardiac

mucosa'[8], which appears to exist in all adult individuals but becomes longer in patients with BE.

The cardiac mucosa consists of both cardiac glands and oxyntocardiac glands, the former with

metaplastic potential. In patients with prior esophagectomy[9], cardiac mucosa (columnar
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metaplasia) is said to develop at the neo-GEJ within the first 1-2 years, with BE only manifesting

years after. These observations appear to support the theory that BE arises from the stomach.

Ablative therapy and challenges

Fortunately, there are now a multitude of endoscopic techniques for the treatment of

dysplasia and early carcinoma in the esophagus that do not require surgery. Radiofrequency

ablation (RFA) is now largely the standard of care, due to notable success in a large clinical trial

that showed complete eradication of dysplasia in 91% of LGD patients and 81% of HGD

patients[10]. Other modalities including endoscopic mucosal resection[1 1] and cryogenic

ablation[ 12] are also available, which are often combined with RFA to further improve outcomes.

In these treatment protocols, ablation is used to completely eradicate an entire segment of BE,

which at completion is termed complete eradication/remission of intestinal metaplasia

(CEIM/CRIM). However, in esophagectomy studies where large segments of esophagus were

histologically analyzed[13], dysplasia was found to be highly focal, such that random biopsy

would likely miss these regions. Without a confirmatory biopsy to diagnose dysplasia, therapies

however effective would not be administered in a timely fashion. Therefore, there is great interest

in imaging modalities that can be used during endoscopy to evaluate the esophageal mucosa for

abnormalities, possibly detecting dysplasia in real time without excisional biopsy and the

consequent delay for histopathology. Such a rapid protocol for dysplasia detection might motivate

immediate treatment for dysplasia during the same endoscopy procedure, reducing delays to

treatment and risk of loss to follow up.
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While RFA has found widespread success in the eradication of dysplasia, recent large scale

studies of durability at academic centers have raised serious concerns of recurrent IM and dysplasia

after completion of a treatment course. In one large study of a single center where the RFA

technique was first developed[14], 24% of patients developed recurrence of BE or dysplasia, at an

incidence rate of 9.6% per year. The mean time to recurrence was 1.88 years after CEIM. In a

larger multi-center study[15], the incidence rate of recurrence was 33% at 2 years after CEIM, and

22% of all recurrences contained dysplasia. It was observed that up to half of recurrences were

found at the gastroesophageal junction (GEJ) and ~1 cm distal to the top of the gastric folds,

however standard endoscopic visualization has been poor at identifying accurately the GEJ

especially after ablation[ 16]. Therefore, there is an unmet need to rigorously evaluate the GEJ after

RFA treatment for recurrent disease and dysplasia. The high rate of recurrence also suggests that

patients will need continued endoscopic surveillance for an indefinite period, further motivating

the enhancement of diagnostic yield/efficacy of endoscopic visualization.

Narrow band imaging (NBI) for enhanced wide field assessment

Since over a decade ago, there has been substantial effort by multiple research and clinical

groups to improve the superficial visibility of mucosal structure and vasculature in the GI tract. A

technique known as chromoendoscopy, in which the superficial mucosa is stained with a dye and

then assessed with an endoscope, was found to be highly diagnostic in multiple studies[17-19], but

has fallen out of favor due to perceived procedural complications and time expense. A Japanese

group proposed a type of 'electronic chromoendoscopy', whereby the use of blue (415 nm)

illumination and a combination of detection filters (415 nm, 445 nm, 500 nm) could enhance the

11



visualization of the mucosal surface[20]. This became known as 'narrow band imaging' (NBI).

After initial pilot studies by clinicians in Japan, the technique began to catch on internationally

after a number of high profile studies by leading groups in the US[21] and Europe[22]. NBI was

found to enhance the visibility and contrast of the superficial mucosa, which contained both a

mucosal and vascular pattern. NBI was marketed by Olympus as an enhanced imaging technology

that was integrated into conventional endoscope systems and could be switched on/off whenever

needed. Early seminal papers by Japanese groups using magnification and chromoendoscopy

obtained and categorized a range of mucosal/vascular patterns observed in both upper[23] and

lower[24] GI pathology, part of which became known as the Kudo pit pattern system. It became

clear that NBI could visualize similar mucosal structure without the procedural difficulty of

chromoendoscopy. A multitude of pattern classification systems were later developed using NBI

over time[25, 26], however it became well established that NBI was extremely high performing.

Early studies demonstrated up to 100% sensitivity and 99% specificity in detecting HGD in BE[21 ],

and while later multi-center studies reported more conservative results, sensitivity/specificity

performance for dysplasia detection hovered in the range of 80-90% when assessed by experts[26].

While NBI in the upper GI tract continues to be a leading diagnostic technique, it has

notably failed to perform adequately when assessing the GEJ after RFA treatment for recurrence

of BE, despite high quality visualization of the mucosal patterns. In a study of 21 patients by a

leading European group, the sensitivity/specificity for identifying recurrent intestinal metaplasia

were 65% and 46% respectively[27]. Another study of 198 patients found that any endoscopic

finding using white light endoscopy (WLE) or NBI had only 59% sensitivity and 81% specificity

to recurrence[16]. It has been suggested that high resolution imaging for the detection of goblet
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cells would confirm the presence of specialized intestinal metaplasia, however ongoing

controversies over histological criteria for BE also apply. Therefore, mucosal patterns and any

modalities that enhance exclusively enface microstructure may not be sufficiently diagnostic for

this specific yet extremely important application.

Confocal laser endomicroscopy (CLE) for high resolution inspection

WLE or enhanced endoscopy with NBI has yet to achieve optimal sensitivity/specificity to

dysplasia, even in expert hands. Upon locating a region of interest using a wide field modality such

as WLE/NBI, it may be desirable to examine the region with high resolution. There have been

successful efforts in miniaturizing confocal microscopy into compact endoscopic devices, which

is known as confocal endomicroscopy[28]. Using intravenous or topical fluorescent agents, and a

blue laser for excitation, cellular imaging could be achieved. For example, when using intravenous

fluorescein or topical acriflavine, an excitation wavelength of 488 nm may be used. About a decade

ago, Pentax commercialized an endoscope system with an integrated confocal microscope at the

distal end, in collaboration with Optiscan. Tissue could be imaged in contact with a viewing

window adjacent to the endoscope optics. The distal microscope contained an electromagnetic

mechanism for actuating an optical fiber in 2 axes, and a third mechanism for depth (axial) focus

scanning, which led to substantial bulk but generated high quality images. This became known as

endoscopic confocal laser endomicroscopy (eCLE), and quickly led to a number of compelling

studies[29] such as the detection of BE-associated neoplasia with sensitivity/specificity of 93%/98%

in 63 patients[30]. A competing technology also became commercially available, developed by

Mauna Kea Technologies (in reference to the telescope observatories on the Hawaiian summit)
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and branded as Cellvizio. The device was a small diameter catheter probe that could be passed

through the 2.8 mm diameter accessory channel of a standard endoscope. Images were acquired

via a 2-dimensional fiber bundle, thus no bulky scanning mechanisms were necessary. This device

became known as probe-based confocal laser endomicroscope (pCLE).

Pentax/Optiscan (eCLE) Mauna Kea Cellvizio (pCLE)

Field of view 475 pm 240-600 ptm

Transverse resolution 0.7 Vtm 1-5 ptm

Axial (depth) resolution 7 pm 20-30 ptm

Imaging depth 250 pm 60-130 im

Frame rate 0.8-1.6 frames/sec 12 frames/sec

Device diameter 13 mm 2.5-2.7 mm

Table 1. Summary of specifications for commercial endomicroscopy. Adapted from [28, 29].

pCLE images were objectively lower quality than eCLE (poorer resolution and depth

penetration, see Table 1) however a number of ergonomic advantages proved to be the winning

recipe, including the small diameter catheter size (allowing use in any existing endoscope systems)

and the rapid frame rate (minimizing motion artifacts) of pCLE. Eventually Pentax discontinued

their confocal endomicroscopy product, while the Mauna Kea Cellvizio continued to be used in a

number of clinical studies, although reports have complained of difficulty in obtaining stable

motion-free images with adequate cellular visibility, suggesting need for substantial operator

skill/experience[3 1]. The approximately half millimeter, highly limited field of view exacerbates

problems with stabilizing images, particularly at the GEJ where there is substantial patient motion,
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and also precludes the ability to efficiently inspect a large BE segment, such that a widefield

modality is typically required in combination. In a large multicenter trial of 101 patients[32], the

sensitivity/specificity of pCLE in combination with WLE/NBI for detection of BE neoplasia was

76%/84%. Notably, use of pCLE alone had poor performance (63% sensitivity, 93% specificity).

A group at Rice University has worked on developing a low cost but functionally equivalent analog

to the Mauna Kea system, using proflavine as a topical stain and 450 nm for the excitation laser.

A number of clinical studies have been performed with this technology[33], some notably in low

resource communities[34], to great success and highly promising diagnostic performance.

Volumetric laser endomicroscopy (VLE)

Optical coherence tomography (OCT) in the GI tract has been studied extensively for

nearly two decades; in the year 2000 some of the first GI OCT images were reported from virtually

the entire GI tract, including the esophagus, stomach, colon, duodenum and terminal ileum[35].

Early imaging speeds were infeasible for in vivo imaging, but the swept source speed revolution

promised a wide range of realistic applications for OCT in gastroenterology[36, 37]. A group at

Massachusetts General Hospital (MGH) developed an OCT balloon for a much larger field of view

coverage than previous small-diameter catheter probes[38, 39]. This device was later

commercialized by NinePoint Medical with their OCT product Volumetric Laser Endomicroscopy

(VLE)[40]. VLE generates a volumetric scan over 6 cm length of the esophagus and the entire

circumference, with balloon diameters 14/17/20 cm. Over a 90 second pullback scan, 1200 cross-

sectional frames are acquired. The system imaging speed is 50 kHz axial scan rate, and the
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rotational frame rate is 12.2 Hz[41]. The transverse and axial resolution is 40 urn (FWHM) and 7

um (tissue).

Early studies with VLE focused on understanding tissue features using precise ex vivo

histological correlation[42, 43], namely visibility of layered structure, signal intensity of surface

layer versus subsurface, and the presence of atypical glands/ducts. These studies were largely

inspired by OCT studies nearly a decade ago that first proposed these features[44, 45]. Leggett et

al.[42] showed 86% sensitivity and 88% specificity for BE dysplasia in 50 EMR specimens (34

HGD, 16 LGD + NDBE) from 27 patients, although important limitations of the study include

images acquired ex vivo and one of the image readers was also responsible for developing the

diagnostic criteria. Swager et al.[43] found worse performance of 83% sensitivity and 71%

specificity, and used only selected cross-sectional images as well as a variable scoring system for

each VLE feature arbitrarily adjusted to optimize diagnostic performance. Clinical studies by a

number of leading groups investigating interobserver agreement[46] and learning curve have also

been recently published.

In vivo studies of diagnostic performance will require precise histological correlation to

imaging features in order to validate diagnosis. The MGH group had previously pioneered the use

of a laser to produce marks on tissue guided by imaging[47, 48]. While the concept laser marking

generates an impression of precision, the production of a visible mark with continuous-wave lasers

can take from one to several seconds, which is likely to be compromised by physiological motion.

The latest VLE systems carry this marking capability, and clinical trials of feasibility and accuracy

of laser marking to guide biopsies indicated by VLE features are ongoing.
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Scope of the thesis

The primary aims of this thesis are the development of innovative, minimally invasive

imaging devices with applications in studying diseases of the gastrointestinal tract, pre-clinical and

clinical validation of these new technologies, and comprehensive analysis of novel imaging data

to assess potential clinical utility in future diagnostic and pathogenesis studies. While these studies

focus on the use of OCT to deliver ultrahigh speed 3-dimensional (3-D) optical imaging, these

devices are optical scanners that can be generalized for any flying spot optical imaging or

microscopy modality.

Chapter 2 is a continuation of the author's Master thesis work in developing ultrahigh

speed forward imaging probes based on piezoelectric actuation of a resonant scanning fiber, and

describes clinical translation and validation in patients. The technology was further miniaturized

and packaged for in vivo endoscopic OCT imaging, where the probe was introduced in the

accessory channel of a colonoscope. OCT angiography could be obtained by reducing the scan

field to achieve oversampling. Imaging was performed in patients undergoing colonoscopy.

Imaging of a range of GI mucosa was performed, including a hyperplastic polyp, for which an

altered crypt pattern was observed in enface views.

Chapter 3 describes a tethered capsule device for imaging at speeds of 10-20x faster than

previously reported OCT capsules. Capsules can cover large areas of luminal organs but require

high imaging speeds and precision optical scanning for high quality 3-D and enface imaging. In
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this work, a tethered capsule with two independent scan mechanisms - a micromotor and a

pneumatic scanner was developed, imaging at 1 MHz axial scan rate for rapidly acquired enface

views. Validation results in living swine esophagus and rectum are presented.

Chapter 4 describes the successful clinical translation of high speed, en face imaging

capsule technology to patients with BE. Wide field luminal imaging has the potential to detect

focal areas of dysplasia. A simplified scanning capsule containing only a micromotor for precise

circumferential scanning was used to image up to 24 cm length of the esophagus, in sedated

patients during endoscopy. 18 patients were imaged to investigate optimal design and imaging

parameters. Novel en face OCT features of dysplasia including dilated glands and irregular

mucosal patterns were reported, in combination with traditional cross-sectional OCT features.

Chapter 5 describes a substantial improvement in tethered capsule precision scanning by

the introduction of resonant fiber scanning. The combination of resonant scanning and micromotor

scanning dramatically improved scan precision and speed from the earlier pneumatic design

(Chapter 3). The device generated a novel scan trajectory known as a cycloid. Using the

micromotor as the slow axis scanner, the cycloid scan could rapidly acquire 2-D en face images

(or 3-D volumes) with no flyback or reset downtime. The micromotor could be slowed down to

achieve oversampling for OCT angiography. This rapid 2-D scan mechanism has applications not

only in OCT but any benchtop flying spot microscopy modality. Imaging was performed in the

living human rectum at 3 volumes/sec over a 1 mm x 38 mm strip field of view.
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Chapter 6 reports a clinical case series of 16 patients imaged with a micromotor tethered

capsule without use of sedation. Volumetric and enface imaging of the esophagus and BE segment

was performed over large fields of view of 4 x -10 cm in 10 seconds. Image quality metrics

including tissue contact and longitudinal uniformity were assessed in relation to BE segment length

and presence of sliding hiatal hernia. Image features including atypical gland clusters and irregular

mucosal patterns were investigated to discover associations with patient history (pathology and

treatment history).

Chapter 7 concludes the thesis.
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Chapter 2

Forward viewing endomicroscopy with

piezoelectrically actuated fiber scanning

Introduction

Endoscopic optical coherence tomography (OCT) using minimally invasive catheters is an

emerging imaging modality in gastroenterology[42, 49]. Early studies demonstrated side viewing

catheters that scanned the OCT beam by proximal rotary and pullback actuation of a torque

cable[50]. This design enabled imaging of luminal organs and continues to be the workhorse of

commercially available catheter OCT systems[42]. Proximal actuation via a long catheter with

multiple bends produces non-uniform rotational and/or longitudinal distortion[41, 51]. Recent

catheters have used distal rotary scanning micromotors, reducing rotational distortion[52-54]. Our

group developed new methods for side viewing OCT that use distal actuation for 2-dimensional

scanning[55]. Distal scanning enables OCT angiography (OCTA), which uses repeated scans to

detect motion contrast from blood flow to visualize microvasculature and has been used

extensively in ophthalmology[56]. Our group recently demonstrated endoscopic OCTA using

distal micromotor scanning[52, 57].

Forward viewing OCT catheters are of clinical interest because they generate images

analogous to endoscopic views[24], and can examine small regions of interest (ROLs) at high

resolution. Forward viewing devices using microelectromechanical system (MEMS) [58] or
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piezoelectric actuators[59, 60] enable distal 2-D scanning, and are thus immune to catheter bending.

These devices exploit mechanical resonances for scanning and are uniquely suited for high speed

OCT due to their high scan speed[61, 62].

This chapter reports a forward viewing OCT piezoelectric probe and endoscopic imaging

in the human gastrointestinal (GI) tract in vivo. The probe has a 3.3 mm diameter and 20 mm rigid

length, and can be used into the endoscopic accessory channel, enabling use in existing endoscopic

workflows. Volumetric OCT and OCTA was performed at 1 MHz axial scan (A-scan) rate to image

colonic mucosa and a hyperplastic polyp in human patients. The high speed laser was a critically

enabling factor in clinical translation of OCT/OCTA, particularly in endoscopy where patient

motion is significant and rapid volumetric display with adequate image sampling is essential. The

ability to perform high A-scan speed endoscopic forward viewing OCT has clinical potential for

providing volumetric and enface microscopic tissue assessment.

Materials and Methods

This work was performed in collaboration with the VA Boston Healthcare System (Dr.

Hiroshi Mashimo MD PhD and staff at the Endoscopy Unit), Thorlabs (Dr. Benjamin Potsaid) and

Praevium Research (Dr. Vijaysekhar Jayaraman) for use of prototype swept source technology.

Our early investigations into piezoelectric scanning were supported by Prof. Xingde Li's group at

Johns Hopkins University who provided us with designs for high voltage amplification circuits

and imaging probes for testing purposes.
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The OCT system[52] (Fig. IA) used a dual circulator interferometer with a MEMS vertical

cavity surface emitting laser (VCSEL) swept source at 1310 nm (Thorlabs/Praevium)[63] running

at ~500 kHz sweep rate, producing a ~1 MHz bidirectional A-scan rate. The exact VCSEL

repetition rate was set to a high integer multiple of the probe resonant frequency, and the waveform

generator used to drive the VCSEL was also used to clock the D/A board (National Instruments),

simplifying electronic synchronization. The OCT interferometer and detector sensitivity was 103

dB at an incident power of 35 mW on the sample. The probe one-way transmission was 80%;

therefore, the effective system sensitivity was ~100 dB. Losses were due to imperfect

circulators/couplers (AC Photonics), use of fiber mating sleeves instead of splices, and imperfect

optical surfaces of the probe lens and fiber cleave (Oxford angle cleaver). The imaging range was

2.1 mm in air and the axial resolution was 9 pm in tissue. The A/D board (AlazarTech 9370) was

optically clocked up to 1.1 GHz by a Mach-Zehnder interferometer. Optical clocking with linear

in k sampling enabled direct Fourier transformation, simplifying post-processing. A D/A board

(National Instruments PCIe-6323) generated amplitude-modulated sinusoidal waveforms to drive

a piezoelectric actuator, which were synchronized to the start of each volumetric acquisition. The

phase shifted sinusoidal waveforms produced a spiral (Fig. 3B) fiber scanning trajectory.
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Fig. 1. (A) Ultrahigh speed OCT system. HVA: high voltage amplifier, AWG: arbitrary waveform

generator, P: photodetector, C: circulator, RM: reference mirror, OC: optical clock, DA:

differential amplifier. (B) Schematic and (C) photo of forward viewing probe (scale bar 1 mm).

The resonant fiber scanning probe (Fig. I B-C) was similar to previous devices [5 9, 60, 64].

An optical fiber was mounted to the tip of a piezoelectric (lead zirconate titanate) tube (Boston

Piezo-Optics, Bellingham MA) of 6 mm length, 1.5 mm outer diameter, 0.3 mm wall, and

quartered electrodes for 2-axis actuation. <20 mm rigid length of the probe was necessary for

passage through the 3.7 mm endoscopic accessory channel; therefore, piezoelectric actuator length

was minimized, costing a reduction in actuating range. The fiber was aligned to a 1.8 mm diameter

gradient index lens (Go! Foton, Somerset NJ) for 1: 1 magnification to the focal plane (~200 ptm
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deep in tissue contacting with lens). The piezoelectric actuator, optical fiber, and lens were housed

in a 12G hypotube. The entire device was encapsulated in American Wire Gauge 9 fluorinated

ethylene propylene tubing (Zeus) with no exposed conductive surfaces, and sealed watertight using

medical epoxy.

The piezoelectric tubular actuator was commercially available (e.g. Boston Piezo-Optics).

At this dimension (1.5 mm OD and smaller), electrically separate electrodes on the outer surface

are typically unavailable; the tubes are shipped with the outer surface uniformly metallized. The

tubes were sent out to a separate vendor for laser etching of the electrodes. The depth of etch was

selected based on the piezoelectric actuator vendor's specification of the electrode thickness (Fig.

2). The laser etching vendor was asked to verify electrical isolation of the electrode sectors after

each etch, since there is variation in the electrode thickness and a preset etch depth may not fully

separate the sectors.

0O
0.005 NO

Fig. 2. Dimensions (inches) of piezoelectric tube cross section and etch specifications.

The piezoelectric tube was hand-soldered under a magnifier to a multi-conductor cable

(Cooner Wire) with 4 connections to each electrode and one earth connection to the metallic

hypotube housing. Soldering to the piezoelectric tube's nickel electrode required a specialized flux
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(Superior Flux) and so did soldering to the stainless steel housing (LA-CO flux). Care was taken

to solder to the nickel at around 500'F (under 600'F) to prevent oxidation. The piezoelectric

actuator was driven by waveforms from a 4-channel current limited 50x amplifier. This amplifier

circuit was previously constructed by Tsung-Han Tsai PhD based on designs from Prof. Xingde

Li's group. The output voltage after amplification was 40 V peak amplitude A.C., within the

recommended limit (42 Vp) from the International Electrotechnical Commission 60601-1 medical

electrical apparatus standards[65]. Electrodes on the actuator were precision laser etched (Laser

Impressions, Sunnyvale CA) for symmetric actuation. It was also important for the fiber mount to

be centered and symmetric in the tube, so that resonance frequency and amplitude would be similar

in both axes. The fiber was centered in the tube with a ring jewel bearing (Swiss Jewel,

Philadelphia PA) and fixed with heat-cured epoxy for optimal rigidity, ensuring a high (>100)

resonant quality (Q) factor. The ring jewel was custom fabricated with a center hole very closely

fitting the diameter of 125 ptm stripped bare fiber, and outer diameter very closely matching the

inner diameter of the piezoelectric tube. The resonating fiber deflection was measured using a

consumer webcam CCD sensor fitted with a microscope objective.
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Fig. 3. (A) Frequency response of the fiber scanner. Range refers to the scan diameter (peak to

peak deflection). (B) Illustration of spiral scan showing sparse/dense sampling. (C) Enface OCT

image of a nylon grid (pink arrow) of pitch 140 ptm placed over an absorbent fiber pad (orange),

acquired with the probe (scale bar 100 pim).

The scanner resonance frequency was determined by fiber length, estimated using the

fixed-free cantilever formula[64]:

f = 2 (1.194 2
16 pL

E = 72GPa and p = 2200kg / m3 are the Young's modulus and mass density of fused

silica, R = 63 x 10-6 m is the radius (for standard SMF-28 fiber) and L is the length of the fiber

cantilever, and 1.1942 is a numerically obtained constant representing the fundamental vibration

mode. The fiber length was 7.5 mm, producing a theoretical resonant frequency of -1800 Hz on
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the fast circular scan. A useful rule of thumb for the resonant frequency is f = 2.1 which can be

obtained simply by plugging in the values of the constants.

The piezoelectric tube has a deflection width governed by the following:

2Jid1 VL2Ay =
7rDh

V is the voltage, L is the length of the tube, D is the outer diameter, h is the wall thickness,

and d3 l is a piezoelectric constant relevant to the material, which is about 300 x 10-2i m/V for the

tube used (PZT-5H material). The fiber deflection depends in part on the fiber material, length and

resonance response and is thus not exactly proportional to the tube deflection, however there is

similar linear dependence with voltage. The fiber scanned a ~900 prm diameter, which was equal

to the field of view (FOV) at 1:1 magnification. The 9 pm mode field diameter (I/e 2) of SMF-28

gave 5 pm full-width at half maximum (FWHM) transverse resolution and ~600 resolvable spots

on the outermost circle. At 1 MHz A-scan rate, each resonant period had -600 A-scans, such that

the outermost circle was sampled at half-Nyquist (5 pm pitch). Each volume had 300 circular scans;

the FOV radius was ~450 pm (~90 resolvable spots), therefore the slow radial axis was sampled

at 3x Nyquist. For OCTA, volumes were acquired at half the scan field (-450 pm diameter), such

that the outermost circle was Nyquist sampled, and the slow axis sampled at 6x Nyquist.

After probe assembly was completed, the fiber was scanned in a spiral and the trajectory

assessed using a position-sensitive detector (PSD, On-Trak, Irvine CA). The phase difference and

amplitudes of the two axes driving the fiber were tuned for optimal circularity[60]. The trajectory

measured by the PSD was recorded and used to generate a nearest neighbor look-up table (LUT)
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for converting the spiral to a 512x512 Cartesian grid. The nearest neighbor interpolation did not

account for oversampling, thus multiple 'nearest' samples were not averaged. The trajectory was

stable regardless of probe orientation, and re-calibration was required after 1-2 weeks. Each

volume was acquired in 0.17 sec, and processed by the acquisition software (C++) for en face

display before the next acquisition. The volume was acquired with the fiber actuated with

increasing amplitude (outward spiral) because an inward spiral did not follow the drive waveform

phase accurately. The spiral had 300 circular scans, which at ~1800 Hz frequency amounted to a

volumetric acquisition time of 0.17 sec and acquisition rate of-6 volumes/sec. However, the repeat

volume rate was limited by time required for the fiber to damp naturally, an additional -0.2 sec.

Processing introduced a further delay resulting in ~2 volumes/sec rate. Improving processing and

damping times would allow the true volumetric display rates to approach acquisition rates.

Processing of spectral data was performed in MATLAB. Each OCT volume was remapped to the

spiral using the LUT. Cross-sectional images analogous to traditional B-scans were extracted from

the remapped volumes. OCT angiograms were post-processed and calculated by intensity

decorrelation[52, 66] of the raw circular scans, which did not require registration. Remapping was

performed after decorrelation. OCT volumes were used to generate OCTA, therefore the OCT and

OCTA images were intrinsically co-registered at all depths.

28



Fig. 4. (A) Endoscopic image showing probe in contact with normal colonic mucosa. (B) Cross

section of OCT volume acquired. Enface OCT slices of 40 pLm depth mean intensity projection at

(C) 40 ptrm depth and (D) 200 pm depth in tissue (dashed lines indicate depth) showing crypt

lumens (orange arrow). Scale bars 100 pm.

Imaging was performed at the Veterans Affairs Boston Healthcare System (VABHS) with

IRB approvals at the Massachusetts Institute of Technology, VABHS, and Harvard Medical

School, and written informed consent obtained. Inclusion criteria was colonoscopy. The probe was

introduced into the accessory channel and placed in gentle contact with ROIs in the endoscopic

view to minimize compression. Multiple volumes were acquired at each location to overcome

potential imaging artifacts from bulk motion.
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Results and Discussion

The fiber scanner had a measured resonance of 1762 Hz (Fig. 3A). The resonance peak

frequency for either axis was the same; however, the amplitude for one axis was lower at the same

driving voltage. This might be related to asymmetry in fiber mounting or etching of actuator

electrodes. It was possible to reduce amplitude on one axis to improve circularity; however, it was

preferable to optimize FOV. Fig. 3C shows a test image of a nylon grid placed on top of an

absorbent fiber pad, just before the endoscopy. The probe was held by hand and placed in contact

with the grid. The image had stable reconstruction of the grid, with minor distortions due to the

non-telecentricity of the field. The resolution was sufficient to visualize the absorbent fibers that

were tens of microns thick.

Imaging was performed on normal colonic mucosa (Fig. 4). Cross-sectional OCT images

showed vertically projecting features associated with colonic crypts. The enface plane at shallower

depth showed circular/elliptical crypts, and structural features reminiscent of crypt lumens. At

deeper depths, OCT shows integrated effects of light propagation/backscattering; crypt walls

produced high OCT signal, while lumens and stroma produced dark vertical features, resulting in

contrast inversion[54]. Imaging of a benign hyperplastic polyp (Fig. 5) showed regular crypts but

slightly enlarged and more sparsely distributed, in this single illustrative example. OCTA of the

polyp (Fig. 6) showed vascular patterns varying with depth and encircling the crypts.
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Fig. 5. (A) Endoscopic image showing probe coming into contact with hyperplastic polyp (arrow).

(B) Cross section of OCT volume from polyp. En face OCT slices of 40 jim depth projection at

(C) 40 pm depth and (D) 200 pm depth showing enlarged crypts. Scale bars 100 pim.

In endoscopic and minimally invasive scenarios using catheters, 2-D distal actuation for

scanning is attractive. The repeat volume rate in this study was limited because of the time for the

fiber to damp before rescanning (Fig. 7). A large resonant deflection was required to maximize

FOV, but the high Q resonance produced a -0.2 sec damping time, limiting the volume rate. The

fiber resonant motion may be actively damped by driving with a waveform of the opposite

quadrature, but accurate phasing is required[60]. Graphics processing units could reduce the

processing delay.
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Forward viewing devices are an important complement to side viewing. While side viewing

probes have large FOV, they are inefficient for targeting small regions flagged on the endoscopic

view and requiring a closer look. Proximal scan errors exacerbate the difficulty of visualizing small

regions. Forward viewing has small FOV but is suited for close-up inspection.

The resolution of scanning fiber devices depends on the number of resolvable spots, which

is calculated from the fiber mode field diameter and the scan range. Constraints of the probe rigid

length and driving voltages impose a limit on resolvable spots. Smaller actuators (~400 ptm

diameter) have been reported[60] but are not yet commercially available. Deflection is inversely

proportional to tube diameter and wall thickness[67]; smaller actuators scan larger fields for a

given voltage, which will increase resolvable spot numbers and relax requirements for high Q

factors. With improvements made to the assembly process and more experimentation with various

epoxy options, it should be possible to achieve more precise control of the fiber mount rigidity and

resultant Q factor. More conservative Q factors will reduce ring-down time of the fiber resonator

and potentially improve scan reset rates.
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Fig. 6. Zoomed enface OCT images at (A) 150 pm and (C) 200 pm depth (40 ptm depth projection)

of polyp. Intrinsically co-registered, depth-resolved OCT angiography from (B) 150 pm and (D)

200 pm depth showing vascular morphology. Scale bars 100 pm.

The resonant scan sampled at constant angular velocity, such that sampling decreased with

increasing radial distance. While this resulted in non-uniform sampling, it enabled sequential

circular scans to be decorrelated to generate OCTA because the spots were radially aligned. The

fast resonance produced scan overlap, but the short (0.57 ms) interscan time reduced sensitivity to

slow flows in small vessels. Constant linear velocity would produce uniform sampling but cannot

easily generate OCTA. Although there was oversampling in the fast axis towards the center due to

decreasing length of the circular scans, the latter increased uncertainty in scan-to-scan alignment;

therefore, decorrelation noise did not necessarily decrease towards the center. Noise artifacts
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mimicking the spiral were likely due to small synchronization errors between the laser and scanner,

and small parasitic motion.

Input and measured trajectories
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Fig. 7. Illustrative figure from the author's Master's thesis [68] showing the input ramp drive to a

piezoelectric actuator and the resultant resonant response from a deflecting fiber. There is a long

decay time related to the fiber damping.

In GI endoscopy, the concept of 'resect and discard' i.e. assessing polyps to be benign in

situ and discarding them without histopathological analysis is gaining traction as a potentially more

cost-effective surveillance protocol, given the significant cost of histology processing[69]. The

polyp in this study did not exhibit marked structural anomalies on imaging, and later showed

benign histology. In this context, forward viewing OCT has promise in providing real-time tissue

assessment during endoscopy.
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Ultrahigh speed OCT at 1 MHz A-scan rate with a forward viewing probe generated high

quality volumetric and enface images of colonic microstructure and vascularity. Future work will

assess adenomas and other colonic pathology to assess the diagnostic potential of forward viewing

OCT in GI surveillance.

35



Chapter 3

Ultrahigh speed OCT capsule for enface imaging: studies in swine

Introduction

Catheter based optical coherence tomography (OCT) enables high resolution, volumetric

imaging of organ surfaces and luminal walls [50]. The rapid advancement and speed improvements

of wavelength swept laser sources [70] enable in vivo three-dimensional (3D) OCT imaging at

high frame rates. Increases in laser sweep rate have been accompanied by advances in optical

scanning probe technologies. Early work with swept source OCT (SS-OCT) and a rotary scanning

fiber optic probe with pullback demonstrated the feasibility of generating 3D gigavoxel image

volumes [36, 37]. Later SS-OCT studies used novel probe designs such as a balloon catheter [38,

39, 71], MEMS scanner [72], and resonant fiber scanning [59, 61, 73]. The distally scanning

micromotor OCT probe was first demonstrated a decade ago [74, 75] and more recently, multiple

groups have achieved high frame rate 3D-OCT imaging over large fields using micromotor

scanners [76-78]. Using ultrahigh speed MEMS tunable VCSEL laser technology and micromotor

scanners, our group recently demonstrated endoscopic OCT angiography (OCTA) and en face

OCT in the upper and lower gastrointestinal (GI) tract in human subjects [52, 79].

However, rotary scanning to acquire volumetric data in a luminal organ has traditionally

been performed using a proximal motorized pullback for the longitudinal, slow scan direction.

Proximal actuation transmits force via a long tether, such as a torque cable, which is subject to

mechanical deformation such as stretching and twisting. This limits the actuation stability at the
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distal end of the probe and degrades scan accuracy along the longitudinal axis. Probes with distal

resonant fiber scanning have been widely investigated [59-61, 80], but the scan speed is not

adjustable, image sampling is non-uniform because of the need for resonant scan patterns such as

the spiral or Lissajous, and imaging is primarily in the forward direction. Two-dimensional (2D)

non-resonant fiber scanners have been developed [81-84], but typically require high voltage

actuation for the non-resonant axis/axes, which could limit clinical utility. A novel side-viewing

probe based on the piezoelectric 'squiggle' motor achieved 2D distal side scanning using a rotating

leadscrew [85], but the scan axes could not be controlled independently.

Wireless capsule endoscopy is a well-known and clinically accepted modality for

comprehensive imaging of the entire gastrointestinal tract [86]. However, the wireless capsule

travels rapidly down and away from the esophagus, and it is not possible to slow down or steer the

device for high resolution, closer inspection of the esophageal wall. It was found that simply tying

a string to a capsule endoscope was a useful and well tolerated method for diagnosing Barrett's

Esophagus (BE) with good diagnostic sensitivity [87-89]. Seibel et al. developed a tethered capsule

endoscope with forward viewing capability based on resonant fiber scanning which could perform

white light imaging of the esophageal wall at video rates [90, 91]. The tethered capsule had the

advantage that it could be swallowed by unsedated patients for screening applications, without the

need for conventional endoscopy which requires sedation. More recently, the tethered capsule

concept was demonstrated using SS-OCT for circumferential 3D OCT imaging [92], as well as

spectrally encoded confocal microscopy [93]. These devices had a highly flexible and soft tether

that was shown to be easily swallowed and well tolerated by patients [94]. In this design, the distal

optics were scanned in the rotary direction via a proximally actuated torque cable and the capsule
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was allowed to passively traverse the esophagus by peristalsis, then manually retracted (pullback)

by the soft tether in order to scan the longitudinal extent of the esophagus. Manual pullback in

order to perform the longitudinal scan is rapid and convenient in a screening context, but may not

be stable or precise enough to achieve high resolution volumetric OCT for enface OCT, especially

at limited frame rates supported by proximal torque cable actuation. In addition, precision

longitudinal beam scanning is required for scanning microscopies such as confocal, fluorescence

or multiphoton microscopy imaging. Therefore, there is a need for device technologies which can

perform high speed rotary beam scanning combined with precision longitudinal scanning,

maximizing image quality and reducing intraluminal device time.

Enface features in the GI tract, such as mucosal surface patterns or 'pit patterns', are known

markers for disease [24, 95]. The ability to resolve these patterns with enface OCT could improve

diagnostic sensitivity. However, image quality depends on optical resolution and scan pattern

repeatability. Accurate and stable beam scanning enables imaging of structural features in the en

face plane, as well as more advanced functional methods such as OCTA [51]. Previous probe

designs for circumferential luminal scanning such as balloon and capsule catheters were limited

by scan instability due to proximal rotary and longitudinal actuation, and relatively poor transverse

resolution because the optics have to be centered in the large diameter probe. Small diameter

probes can have better transverse resolution, but cover only a limited portion of the luminal

circumference, such that multiple pullbacks over different sectors of the esophagus are required to

survey the entire circumference.
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This chapter describes a capsule probe that incorporates 2D circumferential and

longitudinal beam scanning in the distal end, thus eliminating mechanical instability from proximal

torque cable actuation. The device has a 3.8 mm diameter tether that is semi-rigid to allow manual

positioning, pulling back or advancing the device, depending on the mode of operation, such that

peristaltic propulsion is not necessarily required. The rotary scanner is a micromotor, and the

longitudinal scanner is a novel pneumatic actuator. The optical design enables focusing elements

to be positioned close to the tissue surface, to improve transverse resolution. Additionally, the path

length of the OCT sample arm is designed to vary with the longitudinal pneumatic scan, enabling

non-uniformities in the longitudinal scan trajectory to be tracked and corrected in post-processing.

The longitudinal scan can also be performed by proximal manual actuation of the entire capsule

(large field coverage) via the tether, versus by distal pneumatic actuation of an internal carriage

with the capsule kept stationary (small field, high stability inspection). Compared to our previously

reported micromotor probe [77], the capsule probe has significantly improved field of view and

2D distal scanning capabilities. Images were acquired in the living swine esophagus, rectum, and

anal canal. This study serves as an important translational step in validating the ultrahigh speed

capsule OCT technology for potential clinical applications in screening and surveillance. In

particular, the ability to image a wide range of field sizes, in both the upper and lower GI tract,

and in sedated subjects promises to enable new applications of OCT as a next-generation GI

imaging modality.
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Materials and Methods

This work was performed in collaboration with Dr. Giovanni Traverso and veterinary staff

at the MIT Division for Comparative Medicine, Thorlabs (Dr. Benjamin Potsaid) and Praevium

Research (Dr. Vijaysekhar Jayaraman) for use of prototype swept source technology.

Imaging system

The OCT system used a dual circulator Michelson interferometer as shown in Fig. 1. The

data acquisition card (AlazarTech, Quebec, Canada) had 12 bit resolution and was rated at up to

1.8 GS/s with internal clocking, but was limited to lower sampling rates when externally clocked.

The acquisition card was optically clocked by a Mach-Zehnder interferometer with a variable

fringe frequency of up to 1.1 GHz, which was the maximum frequency that the A/D card could

perform variable clocking. The laser source was a 1300 nm MEMS-based vertical-cavity surface-

emitting laser (VCSEL) [63], and was driven sinusoidally at 500 kHz by an arbitrary waveform

generator and high voltage amplifier. Both forward and backward wavelength sweeps of the laser

were used to achieve an effective axial scan rate of 1 MHz. The VCSEL sweep bandwidth was

115 nm, the measured axial resolution was 12 tm in air (8.5 pm in tissue), and the Nyquist imaging

range was 2.3 mm in air (1.6 mm in tissue). Sensitivity roll off was negligible across the imaging

range because of the long coherence length of the VCSEL and high bandwidth of the detectors.

The coherence length of the VCSEL has been previously reported to be more than 100 mm in air

[96]. The power emitted from the imaging capsule was 35 mW. System sensitivity was measured

using an isolated reflection from a flat-cleaved fiber patch cord with 0.6% reflectivity, with
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additional attenuation from a 17 dB single pass attenuator in the sample arm. The sensitivity was

measured to be 105 dB, defined by the ratio of the OCT signal to the standard deviation of the

magnitude of the OCT signal with the reflection blocked. The transmission through the capsule

probe was 70 percent. The backcoupling efficiency of a mirror reflection into the probe was

estimated to be 50 percent. The effective sensitivity of the OCT imaging engine with the capsule

was -102 dB.

A custom C++ software was used to control the beam scanning and data acquisition. The

OCT interferometer reference mirror was on a motorized translation stage that was triggered by

the acquisition software at a preset timing delay. The translation range of the pneumatic actuator

in the capsule is about 3.5 mm, which is larger than the system imaging range. Thus, the reference

mirror position was scanned at a speed matched to the maximum speed of the pneumatic actuator,

in order to enable imaging over the full longitudinal translation range. The system was installed

on a portable cart for convenient transport to the animal housing facility for imaging experiments.
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Fig. 1. Schematic of OCT system. HVA: high voltage amplifier; AWG: arbitrary waveform

generator; MZI: Mach-Zehnder interferometer; OC: optical clock; RM: reference mirror; DA:

differential amplifier.

Catheter design and assembly

A schematic of the capsule device is shown in Fig. 2(a), and photographs in Figs. 2(b) and.

2(c). A collimated beam was reflected at a right angle by a prism and focused by a microlens to a

focal plane outside of the glass tube enclosure. The microlens was mounted on a counterweighted

lens holder on the shaft of a micromotor. The micromotor rotated the lens holder to

circumferentially scan the focused beam. The micromotor was mounted on a carriage, which was

centered in a glass tube by multiple contact points with non-marring set screws. The carriage was

attached to a bellows that was expanded and contracted by pneumatic inflation and deflation via

an inflation tube. When the bellows was actuated, the carriage slid smoothly along the glass tube,

generating a precision longitudinal scan.
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A commercially available, low cost miniature fiber coupled collimator (AC Photonics, CA)

with 1.4 mm diameter and 6 mm rigid length was used to generate the input beam. The objective

was a stock telecom-coated planoconvex lens (Edmund Optics) with 2.0 mm diameter and 4.0 mm

focal length. The objective was mounted in a lens holder that was rapid-prototyped by high

resolution stereolithography (SLA) (In'Tech Industries, IN). The material used was Accura 25, a

proprietary SLA-specific material that has ABS-like properties. A stock 2.0 mm prism was

mounted in a square hole in the center of the lens holder. The prism was angled at 6 degrees to

minimize backreflections from the glass tube surface into the collimator. The lens was

counterweighted by an identical lens to minimize vibration during rotation. The focal plane was

located 1 mm from the glass surface assuming tissue contact, with a 26 pm full width at half

maximum focused spot diameter.

The lens holder was designed and rapid-prototyped such that the prism and lens were

aligned. The collimator (centered in the torque cable and mounted in the center of proximal end

cap) and lens holder (mounted on the micromotor shaft and centered in glass tube) were also

aligned coaxially. High precision, rapid-prototyped parts enabled the optical components to be

self-aligning when assembled. In this design, longitudinal translation of the optical assembly

varied the optical path length in the OCT interferometer sample arm, but did not change the focal

plane of the optical system. This path length variation enabled the OCT instrument to precisely

measure the longitudinal position of the carriage assembly.
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Fig. 2. (a) Schematic of capsule. Photographs of capsule with motor carriage at (b) beginning

position and (c) ending position of the longitudinal pneumatic scan.

The end caps of the capsule were also rapid-prototyped. The proximal end cap had internal

channels for the micromotor electrical cable and pneumatic inflation tube, and an extruded slot for

management of the electrical cable over the imaging region. The distal end cap had an L-channel

for passage of air or other fluid. A glass tube with outer diameter 12.0 mm and inner diameter 10.0

mm was cut to length with a diamond saw from stock fused quartz tubing (Technical Glass

Products, OH). Glass was chosen for high optical clarity and close dimensional tolerances of

commercial manufacturing. Future iterations designed for human use would use medical grade

plastics. An elastic nitrile bellows was cut to length and attached on one end to the distal end cap
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such that the bellows could be pneumatically inflated via the L-channel. Kink-resistant Tygon

tubing with outer diameter 0.8 mm (US Plastic Corp, OH) was attached to the opening of the L-

channel, folded back outside the glass tube and inserted into a channel on the proximal end cap.

A brushless DC micromotor with 4 mm diameter (Namiki Precision, CA) was mounted in

the center of a rapid-prototyped carriage. The carriage was designed with 2 sets of 3 through holes

spaced radially apart. The holes were tapped through for 2-56 thread non-marring set screws. The

set screws were screwed into the through holes such that the tips emerged from the opposing side,

producing 2 parallel sets of 3 radially distributed contact points. In order for the diameter of the

carriage with set screw contacts to match the inner diameter of the tube, a simple alignment tool

was constructed. A short segment of glass tube was fitted on one end with a closely toleranced

Teflon insert. The insert was drilled with a 4 mm through hole. To align the set screws on the

carriage to the inner diameter of the glass tube, the carriage was temporarily mounted on a 4 mm

rod, which was slid smoothly through the Teflon insert such that the carriage could be slid into the

alignment tube while centrally aligned. The radial protrusion of each set screw could then be

systematically tuned with a wrench until the carriage was found to slide smoothly yet snugly

through the alignment tube. The protrusions of each set screw were carefully optimized such that

the carriage was well centered in the glass tube and were then fixed in position with adhesive. The

carriage was then affixed to the open end of the bellows. To check for leaks, the carriage-bellows

assembly was fully immersed in water and the bellows inflated. Leaks were sealed with adhesive.

After the bellows and carriage were assembled, the motor was mounted in the carriage, and

the motor cable passed through one of the unused threaded holes on the carriage. The motor shaft
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was fitted with a precision jewel bearing (Swiss Jewel, PA), which allowed accurate mounting of

the lens holder on the central axis of the motor. The collimator was centered in a torque cable of

outer diameter 1.9 mm (ACTONE, Asahi-Intecc, Japan) that was then centered in the proximal

end cap. The torque cable was used to increase the tether rigidity and was not used for any internal

actuation. The carriage was qualitatively evaluated for low friction actuation, radial or angular fit,

and alignment with the collimated beam. The laser spot was verified to be circular by a beam

profiler (DataRay Inc., CA). Both end caps were snap fitted with adhesive on each end of the glass

tube. Proximal to the capsule, the optical fiber, motor cable and inflation tubing were organized

into a bundle that was passed through an FEP AWG8 tubing (Zeus Industrial Products, SC), which

was then affixed to the proximal end cap of the capsule. At the proximal end of the entire tether,

the optical fiber and motor cable were connectorized. The inflation tube was connected to a female

Luer lock fitting and 20 mL syringe containing air, which was actuated by a motorized linear

translation stage modified to work as a syringe pump.

Scan actuation and characterization

The rotary speed of the motor was set according to the spot size, capsule circumference

and axial scan rate. For a 26 prm (FWHM) focused spot and a x 12 mm ~ 38 mm circumference,

~3000 axial scans per revolution were required for Nyquist sampling. At 1 MHz A-scan rate, this

corresponded to a maximum rotary speed of 330 Hz. The motor was driven at 250 Hz, sampling

at 1.3 times Nyquist, with a three-phase D/A output (National Instruments) to an audio amplifier.

In the longitudinal scan direction, the Nyquist translation speed was '/2 x 26 ptm x 250 Hz = 3.3

mm/s. The syringe pump for the pneumatic actuation generated a maximum longitudinal carriage
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translation speed of -1 mm/s, sampling at 3 times Nyquist. The longitudinal speed could be

increased with a larger syringe or a faster translation stage. The capsule was hermetically sealed,

therefore there was a pressure build up and significant infusion pressure was required to expand

the bellows within the capsule. This limitation can be addressed by future redesigns. Figs. 2(b) and

2(c) show the pneumatic actuator in the start and end positions. The varying path length during

longitudinal scanning of the carriage could be used to track the precise position of the carriage.

The actuator had an acceleration phase, a near constant-speed phase, and a deceleration phase. The

longitudinal actuator could be improved in the future by using hydraulic actuation to reduce the

non-uniform speed artifacts.

The longitudinal scan position and trajectory (Fig. 3(a)) were obtained by automatically

detecting a reflection from the glass tube (Fig. 5) that was present in all frames, and measuring the

frame to frame longitudinal translation. A ramp offset was then added to account for the constant

speed translation of the reference mirror, to obtain the actual carriage displacement. The noise in

the trajectory plot was generated by micromotor vibration that produced small displacements in

the longitudinal direction as well as segmentation errors. The compressibility of the air in the

bellows resulted in the vibrations being undamped. A linearized trajectory was obtained by

smoothing the measured trajectory with a moving average filter and fitting a line to the central,

nearly linear portion. Before longitudinal distortion correction, the frames were circular-shifted to

the same interferometric delay by using the reflection from the glass tube. Frames were then

interpolated by cubic spline to the linearized trajectory to correct for longitudinal distortion from

the nonlinear longitudinal actuation. For each pneumatically scanned dataset, the longitudinal

trajectory from that dataset was obtained and used to correct distortions. All data post-processing
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was performed in MATLAB (MathWorks, MA). Fig. 3(b) shows the filtered and linearized

trajectory used for the spline resampling. Figs. 3(c) and (d) show an image of rectal crypts, before

and after longitudinal position correction, respectively. Both images appear similar in the central

region corresponding to the pneumatic near-constant speed phase, but the regions corresponding

to the acceleration and deceleration phases are distortion-corrected.
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Fig. 3. (a) Measured trajectory of longitudinal pneumatic actuator. Maximum translation speed

was ~1 mm/s. (b) Filtered and linearized longitudinal trajectory for spline resampling. Zoomed

portion of an endoscopic enface OCT image of the rectum (c) before and (d) after correction.
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Animal imaging procedure and scan protocols

Imaging was performed under protocols approved by the Committee on Animal Care (CAC)

at the Massachusetts Institute of Technology. Three Yorkshire swine of approximately 50 kg were

imaged in two sessions with the same capsule device. Sedation in the swine was induced with

intramuscular injection of 5 mg/kg telazol and 2 mg/kg xylazine, and atropine at 0.04 mg/kg was

given to maintain heart rate after sedation and to control mucus secretions. For upper GI imaging,

a 16.7 mm inner diameter overtube (US Endoscopy, OH) was slid over and up to the proximal end

of an endoscope (Pentax Medical) before introduction into the animal. The endoscope was then

introduced into the esophagus, the overtube slid over and into the esophagus from the distal end

of the endoscope, and the endoscope withdrawn from the esophagus, leaving the overtube in place.

The capsule was introduced directly into the overtube by advancing the semi-rigid tether. The

overtube was then withdrawn from the esophagus and mouth, and slid up to the proximal end of

the tether. Thereafter, the distal end of the probe could be longitudinally positioned by advancing

or retracting the semi-rigid tether. For lower GI imaging, a tap water enema was administered to

clear the rectum of stool. The capsule was then inserted via the anal canal and then advanced

forward using the tether into the rectum. X-ray images (Hudson Digital Systems, NJ) were

acquired to confirm positioning of the capsule in the upper and lower GI tract (Fig. 4).
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Fig. 4. Representative X-rays showing the position of the capsule in the (a) stomach and (b) anal

canal. The tether (red arrow) and capsule (blue) are indicated.

For 2D distal scanning, the capsule was positioned at an area of interest based on real-time

cross-sectional OCT display, and left stationary while the pneumatic actuator performed the

longitudinal scan. The data size of each pneumatically scanned acquisition was 960 samples x

4000 A-scans x 1750 frames for a 7 second acquisition over a longitudinal range of -3.5 mm,

corresponding to a total OCT scanned area of -1.3 cm2 . For manual actuation to obtain a large

field of view, the pneumatic actuator was disabled while continuing distal rotary scanning. The

entire capsule was pulled back or advanced manually at a speed of -3 mm/s via the semi-rigid

tether. The data size of each manually actuated acquisition was 960 samples x 4000 A-scans x

7000 frames for a 28 second acquisition over a longitudinal range of-80 mm, corresponding to a

total OCT scanned area of-30 cm2 .
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Results and Discussion

Cross-sectional OCT

Fig. 5 shows representative OCT cross-sections of the esophagus and rectum in polar and

Cartesian coordinates. Cross-sectional OCT images (B-scans) were displayed in logarithmic

grayscale. Each B-scan consisted of 4000 A-scans and was acquired at 250 frames per second. The

squamous epithelium (e), lamina propria (lp), muscularis mucosa (mm), submucosa (s), and

muscularis propria (mp) in the esophagus were visible, and OCT imaging depth was over 1 mm

(Figs. 5a and 5c). In the rectum, the OCT cross-sectional images showed the characteristic

columnar structure of crypts with vertical shadowing and increased OCT signal attenuation (Figs.

5b and 5d). The outer glass surface of the capsule was approximately index matched with the tissue

and generated minimal reflections. The inner glass surface (white arrow) appeared as an aliased

reflection, which was detected to obtain the longitudinal trajectory for pneumatic scans, as

described in Section 2.3. The features which appear as discontinuities at the tissue surface were

produced by the micromotor cable (aliased, blue arrow) and inflation tube (orange arrow).
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Fig. 5. Representative in vivo endoscopic OCT images of swine (a,c) esophagus and (b,d) rectum.

Images are displayed in unwrapped (Cartesian) and circumferential (polar) views, respectively.

The characteristic layered structure of the esophagus and the columnar structure of the rectum are

visible. The blue and orange arrows in (a) indicate the motor cable and inflation tube, respectively.

The arrow in (b) indicates the aliased inner surface of the glass tube. Scale bars are 1 mm in tissue.

Fig. 6. En face OCT image from acquired volume with the fast distal rotary scan and no

longitudinal actuation in order to assess motion artifacts. Large hyposcattering (dark) regions

indicated areas where the esophageal wall is not in contact with the capsule. The horizontal axis
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corresponds to time and spans 28 seconds. Periodic motion artifacts are consistent with cardiac

and respiratory cycles.

Motion artifacts in the en face plane

In order to qualitatively assess the effects of cardiac motion and other possible motion

artifacts, the capsule was positioned mid-esophagus and left stationary while images were acquired

for 28 seconds with distal rotary scanning (no manual or pneumatic longitudinal actuation). Fig. 6

shows a representative en face OCT image (4000 x 7000 pixels) from about 600 pm below the

esophageal surface, projected over a 100 p~m depth range. The motor cable (blue arrow) and

inflation tube (orange arrow) appear as horizontal shadow artifacts. Notably, the motor cable

artifact appears as a straight line. The motor cable was located inside the capsule, therefore it was

not subject to tissue motion or perturbations relative to the micromotor. Any instability in the distal

rotary scan would manifest as oscillations in the shadow artifact, but these were not visible at this

scale. Therefore, the image oscillations were not due to the distal rotary scan.

Along the time axis, there were about 40 oscillatory periods at higher frequency, and about

12 oscillations at lower frequency. The total acquisition time was 28 seconds. Therefore, the higher

frequency was about 1.4 Hz, and the lower frequency was about 0.4 Hz. These frequencies

correspond approximately to heart rate and respiratory rate respectively, as described in veterinary

literature [97]. Both heartbeat and breathing produced significant motion in the esophagus due to

its close proximity to the heart and lungs. The capsule appeared to be in continuous, periodic
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motion in the transverse plane. Motion in the longitudinal direction was harder to detect using the

transverse scanning acquisition protocol.

En face OCT by manual scanning

Enface images were displayed in square root of OCT signal in grayscale. Ultrahigh speed

OCT enabled the visualization of en face structural features, even using a relatively rapid and

uncontrolled manual longitudinal actuation via the tether, and with significant motion of the

esophagus. Each volumetric acquisition took 28 seconds and consisted of 7,000 frames. About 5%

of the start of each image was cropped due to a brief delay between the start of data acquisition

and the start of manual longitudinal scanning. Assuming a longitudinal actuation speed of~3 mm/s,

the pullback length was ~8 cm and the OCT field size was -30 cm2 .

Volumetric data was acquired by manually advancing the capsule from the proximal to

distal esophagus. Fig. 7 shows enface OCT views of the esophageal wall at different depths and

projections. The full projection (mean over 600 pm depth) image (Fig. 7(a)) produced a relatively

low contrast image with some shadowing reminiscent of a vascular network (indicated by arrows),

similar to an endoscopic image. Fig. 7(b) shows an en face OCT image at ~200 prm below the

surface and projected over a 100 ptm depth range, where the lower and higher hyperscattering areas

correspond to the epithelium and lamina propria layers, respectively. The varying contact and

resultant compression of the esophageal wall on the capsule led to tissue layers being tilted relative

to the capsule surface and thus spanning a range of depths. Fig. 7(c) shows an enface OCT image

at ~600 pm below the surface and projected over a 100 pm depth range, which shows high contrast
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features resembling a vascular network of large and small vessels. Dark hyposcattering areas

represent regions not in contact with the esophageal wall, due to esophageal dilation or folding.

Enface OCT images were also obtained from the squamo-columnar junction ('dentate line')

by manually advancing the capsule from the anal verge to the rectum. Fig. 8 shows an enface OCT

image at ~300 pim below the tissue surface and projected over a 50 ptm depth range. The anal canal

exhibited squamous epithelium and tissue folds, which transitioned to crypt structures in the

rectum. Crypts were generally round and densely packed. Distortions from the regular crypt pattern

in the longitudinal direction were due to varying speed of the manual insertion of the capsule.
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Fig. 7. Enface OCT image of swine esophagus in vivo (a) projected over 600 pm depth range from

the tissue surface, (b) at 200 p~m below the surface and projected over 100 pm depth range, and (c)

at 600 pm below the surface and projected over 100 pm depth range. The capsule was manually

advanced for the longitudinal scan. Shadow patterns resembling a vascular network (red arrows)
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were visible. The horizontal scale was based on an estimate of manual longitudinal pullback speed

of -3 mm/s. Scale bar is 1 mm.

(a)I

Fig. 8. (a) Enface OCT image of swine dentate line in vivo at 300 pm below the tissue surface and

projected over 50 pm depth range. The capsule was manually advanced for the longitudinal scan.

Insets (b, c) show zoomed in regions. The transition from squamous epithelium to columnar crypts

(arrow) is clearly visible. Scale bar is 1 mm.

En face imaging by 2D distal scanning
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Volumetric OCT data was also acquired with the pneumatic actuator for longitudinal

scanning in order to demonstrate precision 2D scanning over a smaller field of view. Each 3D

OCT dataset consisted of 1,750 frames over a -3.5 mm longitudinal distance, acquired in 7 seconds.

The scanned area was ~1.3 cm2 . Since the squamous epithelium of the normal upper GI tract is

relatively featureless in en face OCT, imaging was performed in the lower GI tract. Fig. 9 shows

an enface OCT image at the dentate line in the rectum, at -400 pm from the surface and projected

over a -50 pm depth range. The motor cable was visible as an aliased artifact. The inflation tube

was in a region of tissue non-contact, such that it sagged away from the glass surface (Fig. 2) and

was not visible at this particular en face depth. The longitudinal position of the carriage was

measured using OCT, and non-uniform scanning in the longitudinal direction was corrected as

described in section 2.3. Oscillation artifacts in the rotary direction are visible when the en face

image is zoomed. These oscillations are highly regular, suggesting that they are due to non-uniform

rotational distortion (NURD) of the micromotor. The deviation in rotary position was about 50 ptm

as measured from the image, which over a circumference of 38 mm corresponded to an angular

deviation of about 8 mrad. The NURD can be corrected with methods such as a fiducial-based

scan correction technique reported by our group, which can reduce NURD by over an order of

magnitude [51]. This is necessary for accurate en face visualization, and is demonstrated in the

capsule human studies reported in later chapters.

Discussion

The ability to accurately scan and image a larger circumferential region of luminal

structures than previous small diameter probes is important for many endoscopic imaging
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applications. This study demonstrated a novel imaging capsule in living swine as a translational

step towards human imaging and clinical studies. The capsule combines large field coverage (~30

cm 2) with proximal manual longitudinal actuation, and small field inspection (~I cm 2) with

precision distal pneumatic longitudinal actuation, for volumetric and en face imaging at

microscopic resolution. These field sizes are orders of magnitude larger than existing

endomicroscopy technologies such as magnification narrow band imaging with 1-2 mm 2 fields [98]

and confocal laser endomicroscopy with <0.3 mm2 fields [29]. In addition to large field of view

imaging, the option to inspect a small field for fine structural anomalies could be important for

real-time detection of dysplasias, which are known to be focal. The 2D distal scanning can generate

undistorted en face features that, in future clinical studies, may resolve pit patterns which are

markers of disease. The ultrahigh speed swept laser source was critical in order to image en face

features over a large field.
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(a) D J*F

Fig. 9. (a) Enface OCT image of swine rectum at ~400 pm depth from tissue surface and projected

over -50 pm depth range. Insets (b, c) show enlargements of regions demonstrating the high

precision distal pneumatic scanning. Non-uniform rotational distortion (NURD) of the micromotor

was visible. Scale bars of large image and insets are 1 mm and 100 pm, respectively. Scanned area

was approximately 1.3 cm2 . The motor cable (covered by plastic extrusion on proximal end cap)

appeared aliased at a different depth as indicated.

The device incorporates several technical innovations, many of which were made possible

by the design flexibility of rapid prototyping. The availability and low cost of stereolithography

suggests that even precision components with relatively small dimensions can be economically

produced in prototype quantities or larger. Moreover, the resolution and dimensional accuracy was

sufficient for parts to be used as optical mounts, making self-alignment of optical beams and bulk

optics simple and accurate. The design can also be scaled to different focused spot sizes and

transverse resolutions. Having the focusing optics perpendicular to the tissue surface, rather than
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reflecting 90 degrees as in previous generation proximally scanned catheters, allows higher

numerical aperture focusing. The ability of the capsule to scale to high numerical aperture,

combined with precision distal longitudinal scanning should enable these devices to be used for

optical coherence microscopy (OCM) [99, 100] or other scanning microscopy techniques. The

primary challenge in designing the precision distal longitudinal scanning optical system was the

requirement that the translating carriage had to remain aligned to the collimated beam over the full

longitudinal travel. Careful adjustment of the carriage contacts to ensure optimized centration and

alignment in the glass tube was important. The uniformity and optical clarity of glass tubing was

advantageous; however, future clinical devices would use medical grade plastics.

The requirement of precise but slow scanning in the longitudinal direction is extremely

challenging, because it is difficult to achieve precision at slow speeds. The pneumatic longitudinal

actuator is a novel method for performing precise distal longitudinal scanning. It is cylindrically

symmetric, simple, extremely compact when deflated, and capable of actuating at different speeds

dependent on the proximal inflation. Using a bellows with optimized material and structural design,

together with a shorter motor would further improve the longitudinal scan length. Expanding the

bellows within the sealed capsule required a relatively high pressure. Also, the compressibility of

air resulted in inefficient and nonlinear actuation. Use of hydraulic actuation with an

incompressible fluid would enable more accurate and rapid longitudinal translation, even with a

hermetically sealed capsule. An incompressible fluid should also reduce parasitic oscillatory

motion of the carriage due to motor vibrations. Finally, it should also be noted that the inflation

tube was located outside the capsule due to space constraints, but a custom designed plastic

enclosure could have the inflation tube fabricated inside the capsule or within the capsule wall.
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While the speed may be marginally improved with better designs in the future, multi-volume/sec

rates are likely too difficult to achieve, and the nonlinearity of the pneumatic trajectory may be a

persistent limitation of this type of scan.

The ability to distally actuate longitudinally while simultaneously measuring the

longitudinal position for post-acquisition volumetric data correction is important not only for

applications such as enface OCT and OCTA, but also promises to enable high precision scanning

microscopy modalities such as confocal fluorescence or multiphoton microscopy. Our group

previously reported a fiducial based scan correction method for the fast rotary scan [51]. The

present study demonstrated feasibility of correcting the slow longitudinal scan by measuring its

trajectory using OCT. Translation of the mirror in the reference arm to vary the path length was

required to maintain the OCT image within the limited imaging range. The long coherence length

of the VCSEL light source supports long-range imaging with minimal sensitivity roll-off [101]

and higher speed data acquisition cards of up to 4 GS/s are now commercially available, suggesting

that imaging range could be increased in the future. Endoscopic OCTA using a small ~3 mm

diameter micromotor probe compatible with the working channel of the endoscope [52] has been

previously demonstrated, but the field of view is limited. Extending to wider fields of view

provided by the capsule is challenging because OCTA requires precise and repeatable scanning in

two dimensions in order to calculate scan-to-scan phase or intensity decorrelation. This is an

important topic of continuing research and development.

The feasibility of the manual longitudinal actuation for generating enface images depends

largely on the imaging speed of the OCT system. It is difficult to manually actuate a semi-rigid
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tether at a constant speed slower than a few millimeters per second, which would be required to

achieve Nyquist sampling at limited axial scan rates. Anatomic variations and resultant tensional

changes in the tether during the scan further exacerbate the difficulty in scanning smoothly. Length

calibrated actuation using motorized translation stages, position sensors [102] or image-based

tracking [103] would help to localize the capsule and/or control its speed. The availability of even

higher speed swept source systems would relax the requirement for slow manual actuation, and

even enable increased manual longitudinal scan speeds for more rapid volumetric data acquisition

over large fields of view. Higher speeds are also important for functional OCTA imaging. Swept

sources with multi-megahertz A-scan rates [70] would enable longitudinal actuation speeds of up

to 1 cm/s, which is moderately fast and should be easier to perform than slower speeds.

In the upper GI tract, the capsule can cover virtually the entire length of the esophagus by

proximal manual actuation. Dense optical sampling and enface imaging would enable mapping of

the unwrapped esophageal surface to identify focal pathology. However, the generation of

complete and unobscured enface views depends on contact of the full esophageal circumference

with the capsule surface during the proximal actuation. Achieving uniform tissue contact was

challenging in the sedated swine; in the esophagus, full circumferential contact occurred only

occasionally, and en face OCT images often showed large areas of non-contact. Previous OCT

capsule imaging studies in humans reported good contact, with 94% of acquired frames having

more than 50% coverage when the capsule was swallowed by non-sedated, sitting patients [94].

This is likely due to the peristalsis produced when the patient swallows the capsule, causing the

esophageal wall to contract around the capsule, while the peristaltic wave propels it downward.

The muscular tone of the lower esophageal sphincter may also have a role in imaging of conscious
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patients. These issues are discussed further in later chapters. In a sedated animal model, peristalsis

could not be induced, which may have resulted in highly variable tissue contact, exacerbated by

the effects of cardiac motion. It is likely that swallow-induced peristalsis in either conscious or

moderately sedated human patients will improve tissue-capsule contact.

The capsule could be clinically applicable to not only upper GI screening in unsedated

patients, but also as an adjunct to the endoscope during standard upper GI endoscopy. Previous

imaging studies in unsedated patients used a highly flexible tether to optimize patient comfort [92,

93]. For imaging during standard endoscopy, the tether should be semi-rigid, allowing arbitrary

longitudinal positioning and actuation regardless of esophageal motility or gravitational force. In

the swine study, the semi-rigid tether enabled large field of view imaging by pulling back or

advancing the capsule, as well as small field of view imaging using precision distal pneumatic

scanning while maintaining the capsule's orientation and longitudinal position. Although

swallowing could not be induced in the swine and thus an overtube was required to introduce the

capsule, a moderately sedated patient is able to swallow to open the upper esophageal sphincter

for introduction of the capsule, as is done for an endoscope. After introduction of the capsule, the

small-diameter tether remaining in the patient's mouth and throat should be well tolerated and

more comfortable than a larger diameter endoscope. We have performed preliminary clinical

studies in patients which suggest that the capsule can be introduced independently into the

esophagus prior to introduction of the endoscope and obtain good tissue contact and en face

imaging. It should be noted that the tether flexibility can be changed, independent of the distal

device design, enabling variations of this device to be used for multiple endoscopic and possible

intraoperative imaging applications such as surgical cavities. The semi-rigid tether might also be
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used in a non-sedation setting; there are ultrathin (<6 mm diameter) endoscopes and capsule

catheters used transorally without sedation [104, 105] that have semi-rigid tethers. The ability to

perform capsule OCT imaging as an adjunct to endoscopy suggests applications for surveillance

as well as targeting of specific areas for ablative therapies based on real-time image guidance.

In the lower GI tract, the ability to position the imaging device is particularly critical since

peristalsis cannot be used as in the upper GI tract. In the swine study, there was minimal motion

in the lower GI tract, enabling high resolution enface visualization of surface pit patterns, although

circumferential contact was variable and dependent on lumen size. Tissue contact was good in the

anal canal and slightly worse in the rectum. Suboptimal tissue contact may be related to residual

fluid from prior enema administration leading to lumen dilation; suction via a separate catheter

may improve contact. The ease of introduction into the rectum suggests that the capsule could be

used for non-endoscopic evaluation and other clinical studies of anal and rectal cancers,

inflammation, and vascular pathologies [106]. For imaging further up in the transverse and

ascending colon, the capsule could be carried on the distal end of the endoscope with a band or

mount. The capsule would not be able to image the full luminal circumference of the colon, but

when placed in contact with a region of interest would image a much larger angular field than a

small diameter probe. Distal pneumatic longitudinal actuation is particularly well suited for this

application; once the capsule is positioned in contact with a region of interest, the distal scan can

cover a field of view that is larger than magnification endoscopy or confocal laser endomicroscopy.

Clinical enface OCT imaging can enable volumetric visualization of pit patterns that have

been used as diagnostic markers with conventional endoscopic imaging in both the upper and
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lower GI tract. The swine study results suggest that depth resolved imaging could generate large

field en face views of tissue morphology and vasculature with higher contrast than standard

endoscopy. Recent studies with endoscopic narrow band imaging use image evaluation criteria

based on surface and vascular pattern morphologies and have only moderate sensitivity and

specificity [107]. OCT will enable high contrast subsurface enface visualization as well as cross-

sectional imaging, providing more comprehensive structural information [44]. This could improve

detection of not only BE in a screening setting, but also might enable detection of dysplasia in a

surveillance setting without requiring conventional sedation endoscopy.

Future versions of the capsule could integrate endoscopic capabilities such as marking [47,

48], ablation, and biopsy that would be guided by real-time imaging. Circumferential ablation

catheters [108] and biopsy capsules [109] are known in endoscopic practice, and could be

significantly improved with real-time image guidance. Laser marking of sites for biopsy using an

imaging capsule has also been demonstrated [72, 110]. However, the difficulty of delivering focal

therapies using a capsule (unlike an inflated balloon, which is more stable but produces lower

image quality) given motion between the capsule and the esophageal wall, is a challenging problem.

Nevertheless, the modularity of the capsule design suggests that multiple medical technologies

could be incorporated, such that a toolbox of multiple imaging / treatment capsules, each with

different specialized capabilities could be a powerful addition to the endoscopy clinic.
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4. Conclusion

In this study, capsule OCT was demonstrated at 1 MHz A-scan rate and 250 frames per

second. The ultrahigh speed volumetric imaging was able to generate enface OCT over large fields.

The capsule had two independent and orthogonal distal scanning mechanisms, a micromotor rotary

scanner and a pneumatic longitudinal actuator, which produced accurate 2D beam scanning. The

pneumatic actuator was shown to enable compact and robust optical scanning, and also

longitudinal position measurement and correction. Images were acquired in the living swine

esophagus and rectum, with proximal manual actuation and distal pneumatic actuation. En face

and depth resolved visualization of surface features was demonstrated over large fields. This work

was a translational study as a step toward performing clinical imaging studies in patients.

Capsule OCT with en face imaging may have significant clinical impact, particularly in the

volumetric visualization of enface pit patterns in both the upper and lower GI tract. The device

would be able to comprehensively image large fields of view for mapping of surface features by

proximal manual actuation, and perform distal scanning for high resolution, small field of view,

volumetric OCT imaging or scanning microscopy. Future work will investigate imaging in human

patients with upper and lower GI pathologies.
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Chapter 4

Tethered capsule enface OCT of Barrett's Esophagus and

dysplasia: initial results in sedated patients

Introduction

Dysplasia in Barrett's Esophagus (BE) is patchy [13] and sometimes missed by random

biopsies. Optical coherence tomography (OCT) can image large areas of the esophagus, however

slow imaging speeds in earlier studies limited visualization to cross-sections. Cross-sectional OCT

detected high-grade dysplasia with sensitivity/specificity -80% [42, 111]. Tethered OCT capsules

were demonstrated for cross-sectional imaging in unsedated screening to detect BE [92, 112]. Our

group recently developed ultrahigh-speed OCT for en face and angiographic imaging using

micromotor probes in patients [51, 52] and large field-of-view tethered capsule devices in swine

[55]. Narrow-band imaging (NBI) visualizes surface mucosal patterns to detect dysplasia, but

multi-center trials reported suboptimal dysplasia detection [113]. In this report, we demonstrate an

ultrahigh-speed OCT tethered capsule enabling large field-of-view, subsurface enface and cross-

sectional volumetric imaging of BE and dysplasia. Subsurface en face OCT provides

complementary information to cross-sectional OCT and NBI.
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Materials and Methods

This work was performed in collaboration with the VA Boston Healthcare System (Dr.

Hiroshi Mashimo MD PhD and staff at the Endoscopy Unit), Thorlabs (Dr. Benjamin Potsaid) and

Praevium Research (Dr. Vijaysekhar Jayaraman) for use of prototype swept source technology.

The OCT prototype instrument was 20x faster than commercial OCT instruments [42].

Imaging was performed using ~30mm long x 12mm diameter tethered capsules (Fig. 2C), with

micromotor scanning at 300 frames/second. The semi-rigid tether enabled capsule introduction

into the esophagus of sedated patients prior to introducing the endoscope for examination and

biopsy/resection. The tether could be pulled/pushed to volumetrically map the esophagus. The

capsule used a single micromotor scanner for rotary scanning, and did not use 2-D distal actuation

as described in the previous chapter, for simplicity. An earlier capsule design investigated the use

of proximal actuation for pullback of an internal optical carriage similar to the pneumatic design,

but the range was too small and pullback was highly nonuniform due to friction.

Fig. 1. An earlier design for clinical capsule imaging that used a proximal pullback for translation

of an internal carriage for longitudinal scanning. This was found to be impractical and later

discontinued in favor of manual pullback scanning.
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Fig. 2. (A) Enface OCT obtained by averaging from -200-280plm below esophageal surface. Only

the distal 12cm out of 24cm data is shown. Dark regions are due to non-contact of the capsule with

the esophagus. Scale bar 1cm. (B) Representative cross-section (blue) from EMR region (red).

Scale bar 1mm. (C) Photograph of capsule used for imaging. Scale bar lcm. (D) Enlargement

(pink) from (B) showing layer effacement, surface signal greater than subsurface, and multiple

dilated glands (arrows). (E) Cross-section (brown) showing layered BE which is likely non-
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dysplastic. (F) Cross-section (yellow) showing the squamo-columnar junction at a tongue of BE.

Inset scale bars 1mm.

Results and Discussion

Eighteen patients were imaged with different resolutions and pull/push speeds to optimize

the imaging protocol; 3 were imaged with the optimum protocol presented here. The initial 7

patients were imaged at 600 kHz axial scan rate, and had the capsules introduced after endoscope

introduction, which seemed to dilate the esophagus and produced little or no contact on the capsule,

similar to the earlier swine studies. For the remaining patients, imaging was sped up to 1 MHz

axial scan rate to try and improve image sampling and scan speeds. 4 patients were imaged at

~0.25 cm/sec pullback speeds (5 cm in 20 sec) to achieve oversampling for OCTA (see later bonus

supplement), but longitudinal image artifacts were excessive. The next 4 patients were imaged at

~0.5 cm/sec, and thereafter 3 patients had imaging pullbacks at ~1cm/sec, which was below the

Nyquist oversampling requirement but was attempted in order to overcome potential frictional

effects and eventually yielded optimal data.

One patient, a 68 y.o. male with dysplasia history and treatment-nave C4M5 segment is

presented; the other two patients had non-dysplastic BE. After sedation, the capsule was advanced

to the gastro-esophageal junction (GEJ) under OCT guidance. The capsule was pulled back ~24cm

in ~20 seconds to acquire an OCT volume, advanced to acquire a second volume, then withdrawn.

The endoscope was then introduced for standard examination.

71



A slightly raised lesion at 6 o'clock, ~Icm distal to the squamo-columnar junction (SCJ)

appeared irregular on NBI and was removed with endoscopic mucosal resection (EMR).

Histopathology showed extensive low-grade dysplasia. The EMR region was registered using

OCT capsule fiducials and endoscopic landmarks such as the SCJ. In the EMR region, cross-

sectional OCT showed atypical glandular architecture, dilated glands, layer effacement, and

surface signal intensity higher than subsurface (Fig. 2D), OCT features associated with dysplasia

[42]. Subsurface en face OCT at 200im and 400 pm depths exhibited irregular mucosal patterns

and dilated glands respectively (Figs. 3A-B), features associated with dysplasia on NBI [113] and

OCT. Near the SCJ, cross-sectional OCT showed layered BE (Figs. 2E-F), while enface OCT at

200pm depth (Fig. 3C) exhibited regular circular and ridged/villous mucosal patterns, features of

non-dysplastic BE.

The registered cross-sectional and enface views facilitated interpretation of OCT data. The

near-vertical columnar epithelium of crypts was associated with high optical scattering and

transmission, producing bright vertical features in OCT cross-sections, which were projected to

deeper depths in enface OCT. Conversely the crypt lumen and lamina propria between crypts were

associated with low optical scattering, producing dark vertical features in cross-sections and en

face OCT. These effects imply that en face OCT visualizes the integrated effect of light

transmission and backscattering. Disruption of vertical crypt architecture by dysplasia increased

OCT signal at shallow depths and attenuated signals at deeper depths in both cross-sectional and

enface OCT.

72



Fig. 3. (A) En face OCT (red) enlarged from Fig. 1(A) (averaged from -200-280ptm depth)

showing the region from which EMR was taken, with irregular mucosal patterns (circled). (B)

Deeper enface OCT from same region as (A) (averaged from ~400-480ptm depth) showing dilated

glands (arrows). (C) En face OCT (green) from Fig. 1(A) (~200-280ptm depth) showing regular

circular and ridged/villous mucosal patterns (circled), likely non-dysplastic BE. Inset scale bars 1

mm. (D) EMR histopathology showing LGD. (E) Endoscopic NBI image of EMR region.

The study was limited because the full esophageal circumference was not imaged; non-

contact regions appeared dark in the enface images. Non-uniform longitudinal capsule actuation
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from manual pull/push, respiratory/cardiac motion, or peristalsis produced enface image distortion.

Motion artifacts were ameliorated by the ultrafast imaging speed and -1cm/s longitudinal

pull/push (-300 frames/cm) which yielded smoother motion than slower pull/push speeds. OCT

reading was not blinded to histopathology. The EMR was smaller than OCT field-of-view,

therefore many OCT regions were histologically unverified.

Introducing the capsule with a semi-rigid tether prior to endoscopy was well tolerated with

no adverse events and enabled endoscopic/histology correlation with OCT findings. The semi-

rigid tether preserved capsule orientation enabling registration to endoscopic views. These

capabilities will facilitate larger studies correlating OCT with histology. Imaging can also be

performed with a soft tether in non-sedation screening/surveillance.

Enface OCT capsule imaging enables rapid mapping of the esophagus. Enface features at

shallow depths corresponded with known NBI features, while subsurface enface views visualized

gland morphology. Cross-sectional and enface views were intrinsically co-registered and showed

features of BE and dysplasia. Enface capsule OCT provides information which is complementary

to cross-sectional OCT and NBI, and promises to improve sensitivity/specificity for detecting

dysplasia.

Bonus supplement: OCT angiography

This section presents unpublished work that attempted to obtain OCT angiography (OCTA)

using tethered capsules. By rescanning over vascular areas and comparing sequential OCT frames,

motion contrast from moving blood can be obtained. Vascular changes and angiogenesis are
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associated with cancer progression and are a known marker of BE pathology. To date the only

demonstrations of OCT angiography with endoscopic instruments has used high speed micromotor

scanning in a small 3mm diameter probe and a proximal pullback. A slow pullback of 2 mm/sec

enables the rapid micromotor frames to be sequentially compared. It was of interest to explore the

possibility of dramatically increasing the field of view of endoscopic OCTA by using tethered

capsules in a similar pullback scheme but with simple manual control.

Using the micromotor probe, the fast axis is 2x Nyquist (4x oversampled) and the slow

axis is 3x oversampled. With typical capsule parameters (30 um FWHM transverse resolution, 300

Hz frame rate, 1 cm/sec pullback), the fast axis is Ix Nyquist and the pullback is 0.5x Nyquist.

These parameters were adjusted for oversampling. The capsule resolution (Fig. 4) was adjusted to

40 um, similar to a VLE balloon. The worsened resolution will make oversampling easier, but does

reduce OCT signal and sensitivity due to the lower numerical aperture.

Fig. 4. Capsule design for low numerical aperture imaging. Motor rotates a prism only (no lens

carriage) and the working distance of the focusing optics is long.
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The imaging speed was 1 MHz A-scan rate, and the motor was scanned at 250 Hz frame

rate, giving ~2x Nyquist sampling in the rotary direction. The manual scan speed was determined

to be ~0.25 cm/sec (5 cm in 20 seconds), which was -2x Nyquist in the pullback direction. Imaging

was performed during sedation endoscopy, by the endoscopist performing pullback and push-

forward scans via the tether. In post-processing, fiducial based non-rigid registration of OCT

frames was performed to reduce nonuniform rotational artifacts and improve spot overlap. OCTA

contrast was obtained by standard OCT amplitude decorrelation computations of adjacent OCT

frames.

Fig. 5 shows an example cross-sectional image over squamous mucosa. Despite good tissue

contact, the OCT signal was relatively low, and likely attributable to the large spot size (low

numerical aperture signal collection).

Fig. 5. Example cross-sectional OCT image from tethered capsule at 40 um transverse resolution.

OCT signal is suboptimal with poor penetration. Scale bar 1 mm.

Two BE patients imaged with this protocol are described here. Imaging in squamous

mucosa yielded some appreciable OCTA signal at various depths. Vertical bands of noise artifacts

likely corresponded to respiratory motion artifacts (about 6 periods in 20 sec = 0.3 Hz). Fig. 6-7

show OCTA from 200 um and 400 um depth respectively. The superficial layer shows pillar-like

structures extending down into deeper depths, likely drainage vessels originating from intra-
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papillary capillary loops in the epithelium[1 14] that are likely too small or have too slow flows to

be resolved with endoscopic OCTA.

Fig. 6. OCTA of normal squamous mucosa at 200 um below surface. Image is 4 cm x 5 cm.

Dots/streaks likely transverse sections of pillar-like vertical drainage vessels. Scale bar 1 cm.

The deeper layer closer to the lamina propria at 400 um depth (Fig. 7) shows a high density

of complex vasculature, some of which with larger calibers. The features appear much smaller

than typical vessel shadowing from OCT signal, which mainly picks up only the largest vessels.
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Fig. 7. OCTA of normal squamous mucosa at 400 um below surface. High density of complex

vascular networks can be observed.

Fig. 8 shows an example of imaging in BE. At the superficial 200 um depth, the normal

squamous region showed only minimal vascular contrast, but the BE region showed distinctive

honeycomb network associated with the columnar epithelium. The high frequency vertical noise

bands (1.3 Hz) are likely from cardiac motion. There is substantial longitudinal stretching from

nonuniform translation, likely due to friction occurring at slow pullback speed. In Chapter 6, an

optimized material for the capsule that appears to reduce frictional effects is discussed.
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Fig. 8. OCTA from patient with BE. Despite high noise, the SCJ can be discerned based on

superficial vasculature from BE vs squamous epithelium.

It will be of great interest to continue these efforts to improve the quality of capsule OCTA

in the esophagus. The transverse resolution of 40 um appears to generate sufficiently oversampling

but the OCT image quality may be unacceptably poor. Also, a slow manual scan of 0.25cm/sec is

infeasible and likely to generate longitudinal distortions from frictional effects, therefore higher

axial scan rates and frame rates are needed to correspondingly scale up manual scan speed. If

accepting poor OCT image quality as a tradeoff for OCTA, using 2x faster OCT imaging speed at

2 MHz and 2x faster frame rate at 500-600 Hz would preserve sampling and enable 2x faster
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manual scanning at 0.5cm/sec. If using 30 um resolution (standard capsule specification) to

preserve OCT image quality, and assuming a 4 cm capsule circumference, there are 5400 A-scans

required per frame for 2x Nyquist transverse sampling. Assuming 600 Hz frame rate is technically

feasible, this requires ~3 MHz axial scan rate and ~0.5cm/sec manual scan for 2x Nyquist

longitudinal sampling. These proposed 2-3x increases in axial scan rates will need to be matched

by corresponding gains in A/D sampling rates and/or linearized laser sweeps to preserve imaging

range. Substantial system upgrades will be needed, but the rewards are likely worth it.
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Chapter 5

Cycloid scanning for wide field side viewing endomicroscopy

Introduction

Optical imaging catheter devices have had a longstanding clinical impact in the endoscopic

imaging of luminal organs such as the gastrointestinal (GI) tract, particularly with optical

coherence tomography (OCT)[39, 40, 50] and confocal microscopy[29, 30]. Side-viewing optical

probes, such as for 3-dimensional (3-D) OCT imaging, were traditionally scanned with rotary and

pull-back mechanisms at the proximal end[36, 37]. Proximal scan actuation was known to result

in non-uniform rotational distortion (NURD) and longitudinal distortion[41, 115, 116]. Early

studies proposed the use of a micromotor to perform rotary scanning at the distal end[74, 75],

which was recently revisited by multiple groups[52, 76-78, 117]. However, these studies still relied

on a proximal motorized actuation for the slow pullback scan, and the micromotor still exhibited

NURD[51]. 2-D scanning with purely distal mechanisms has been largely limited to forward

viewing probes, using microelectromechanical systems (MEMS)[1 18] or piezoelectric

actuators[60, 64, 82, 83]. The piezoelectric tubular actuator producing a 2-D spiral forward scan

has been demonstrated with multi-spectral imaging[1 19], OCT[59, 62], and nonlinear

fluorescence[120-122]. However, the spiral scan inefficiently samples towards the center, results

in non-uniform optical exposure, and is known to require frequent trajectory calibration due to

amplitude-dependent phase variation of the fiber scanner[60, 120]. Lissajous scanning has been

proposed[123-125], which also has non-uniform sampling and requires careful control of
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frequency and cross-coupling between scan axes. Forward viewing piezoelectric probes for OCT

and other scanning microscopies have been typically limited to small fields[59] of <3 mm2 .

Tethered capsules as optical probes have been studied for interrogation of the GI wall[88]

where more precise spatial control is possible compared to the well-known wireless version[86],

and the potential for capsule imaging without sedation has applications in disease screening. A

tethered capsule using a piezoelectric fiber scanner delivering white-light forward imaging was

reported previously[90]. This was followed by an OCT variant[92] and another variant with

spectrally encoded confocal microscopy (SECM)[93] for side viewing of the esophageal

circumference. Our group developed a micromotor tethered capsule using proximal manual

pullback for volumetric and enface esophageal OCT imaging of up to 100 cm2 field-of-view (FOV)

in patients, but the manual pullback could not generate rapid volumetric rates[54]. Recently, we

demonstrated one of the first distal 2-D scanning, circumferential side viewing scanners

incorporated into a tethered capsule, using a micromotor for the rotary (circumferential) scan and

a pneumatic scanner for the longitudinal scan[55]. This study suggested the potential for catheter-

based 2-D scanning side-viewing microscopy in vivo, but the pneumatic scanner was bulky and

difficult to drive rapidly, limiting volumetric rates.

In addition to OCT imaging of microstructure, OCT angiography (OCTA) has also been

previously reported for imaging of vasculature without contrast agents[56, 66, 126-128]. Early

endoscopic studies used Doppler OCT to visualize relatively large vessels[38, 129]. Recently, our

group demonstrated ultrahigh speed endoscopic OCTA for visualizing 3-D microvasculature in

the GI tract, using a small diameter micromotor probe[52], a balloon for larger FOV[57], and a
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piezoelectric scanning probe for forward imaging[ 130]. The use of distal scanners with high scan

stability is critical for endoscopic OCTA.
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Fig. 1. (a) Schematic and (b) photograph of cycloid scanning capsule for distal 2-D scanning in

luminal organs such as the GI tract.

In this study, we report a new distal 2-D precision scanning technology that can achieve

rapid volumetric side view imaging with a large FOV using a capsule device. A piezoelectric tube

is used to perform a precision fast scan of an optical fiber, and the scanned beam is reflected to the

radial direction and rotary scanned around the circumference, generating a cycloid scan trajectory

which covers a large circumferential strip. Sequential strip volumes can be acquired using

proximal pullback (or push forward) to image centimeter-long regions. We demonstrate 1.17 MHz

A-scan rate ultrahigh speed swept source OCT with an imaging area of 1 mm x 38 mm and volume

rate of 3 volumes/sec, and OCTA at 0.5 volumes/sec in the human rectum. The combination of the
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resonant fiber scanner and micromotor, which are some of the fastest-in-class microscanners

available, promises to not only increase frame or volume rates for higher data acquisition rates in

OCT, but also enable precision 2-D scanning for other scanning modalities including fluorescence

confocal and nonlinear microscopy.

Materials and Methods

This work was performed in collaboration with the VA Boston Healthcare System (Dr.

Hiroshi Mashimo MD PhD and staff at the Endoscopy Unit), Thorlabs (Dr. Benjamin Potsaid) and

Praevium Research (Dr. Vijaysekhar Jayaraman) for use of prototype swept source technology.

A schematic and photograph of the cycloid imaging capsule is given in Fig. 1. A

piezoelectric tubular actuator scanned a fiber cantilever at its resonant scan frequency 7030 Hz to

produce a 1 mm diameter circle in the focal plane. The circle was then scanned circumferentially

by a micromotor at 3 Hz to produce a 1 mm x 38 mm 2-D strip FOV in a cycloid scan pattern[ 131]

(Fig. 2a-b), which could be continuously acquired without scanner flyback.
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Fig. 2. (a) Schematic of cycloid scanning geometry when unwrapped on to a flat plane. The red

dots indicate spots of each circle scanned at equal temporal frame intervals, showing the slow local

rotation of the circle about its center during the scan due to the mirror inversion effect. (b) 3-D plot

of the cycloid scan in the device geometry. (c) Ultrahigh speed OCT system. HVA: high-voltage

amplifier. AWG: arbitrary waveform generator. C: circulator. RM: reference mirror. P:

photodetector. OC: optical clock. DA: differential amplifier.

A. Cycloid scan

The scan geometry is known as a 'prolate cycloid', which is part of the larger family of

trochoid curves[132]. The scan pattern consists of a circle translated by a length many times the

circle diameter to produce a densely sampled strip. As the circular scan is reflected radially by the

prism and rotated around the central axis of the motor, the circle is also incrementally rotated about

its center (Fig. 2a), due to the mirror property of inverting (or 'reversing') an image in the axis
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perpendicular to its surface. Therefore, a fast 1 -D line scan in this configuration would not generate

a raster-like scan or sweep out a strip, but instead generate a translating and rotating line scan. This

motivates the need for a 2-D circular scan. The mathematical equations defining the cycloid

trajectory are derived as follows:

x Rot(6) r sin(27ffy,t) + 0

y rcos(27rff,,,t) L2;rRf,10 t]

cos(2zf,,,t+0) - sin(2;zf,,t +#)

sin(2r f,,,t +q) cos(27rf,10t + )

r sin(2zff,,,tt) + 0

r cos(2 zfftt) 2 rRf,10,,t

r sin(27(ff, - fsiw)t -#) F 0

r cos(27( - f,, )t - 0) 21Rf,,,tl

Rot(9) is a rotation matrix, where 0 is the instantaneous angle of local rotation that is applied to

the circular (fast) scan trajectory, and is a function of the instantaneous angular position of the

prism on the micromotor circumferential rotation (slow) axis. The linear term in the slow axis is

due to the micromotor scan producing a translation along the circumferential axis. The local

rotation has the effect of slowing down (or speeding up) the effective speed of the circular scan,

depending on the micromotor direction of rotation. ffast and f, 10, refer to the resonant frequency

of the fast circular scan and the rotational speed of the slow micromotor scan, respectively. r and

R are the radii of the circular scan in the focal plane, and capsule respectively. The angular offset

# refers to the initial rotational orientation of the circular scan due to the initial angular position

of the circle on the capsule circumference at the start of the scan volume. 0 is a critical parameter
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in achieving accurate reconstruction since all other parameters in the equations are pre-determined

design constants.

One-time calibration
1. Perform imaging of grid

pattern over entire
field of view

2. Process raw volume from
data acquisition hardware,

note position of fiducial strut

3. Generate candidate cycloid
remapping functions by tuning
parameter phase 0 over 0-2 n

4. Convert raw volume to
candidate cycloids, assess
grid distortion, select best 4)

Reconstruction

1. Perform imaging over
region of interest

2. Process raw volume from
data acquisition hardware,

note position of shifted fiducial

3. Calculate new value of 4
based on fiducial position

shifted relative to calibration

4. Generate remapping
function with new 4, convert

raw volume to cycloid

Fig. 3. Flowchart of one-time calibration and reconstruction procedures for cycloid scan trajectory.

B. OCT system

The OCT system (Fig. 2c) was a dual-circulator interferometer and used a 1.3 ptrm tunable

MEMS-VCSEL swept light source [63] running at 583,490 Hz bi-directional sweep rate, which

produced 1,166,980 Hz A-scan rate. The A-scan rate was tunable and chosen based on the

piezoelectric resonant scan frequency 7030 Hz to have an integer (166) number of A-scans per

circular scan frame, to facilitate synchronization and reconstruction. The A/D card (ATS 9370,

AlazarTech) was optically clocked by a Mach-Zehnder interferometer up to a fringe frequency of

1.1 GHz to achieve an imaging range of 2.0 mm in air. The power incident on the sample from the

capsule was 20 mW. The VCSEL sweep bandwidth was 115 nm, and the axial resolution was 12
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ptm in air (8.5 ptm in tissue). The measured system sensitivity was 102 dB using a single reflection

from a flat-cleaved fiber in the sample arm, and 98 dB overall after subtracting 4 dB to account

for a round trip through the imaging capsule, which had ~60% one-way (-36% round trip) optical

transmission.

C. Capsule construction

The cycloid scanning capsule was assembled as follows. A quadrupole piezoelectric tube

fiber scanning device was first constructed; this has been reported previously by other groups[60,

64]. An angle-cleaved optical fiber was mounted to the tip of a 1.5 mm diameter piezoelectric

tubular actuator (Boston Piezo-Optics, MA), which was enclosed in a 12G (2.8 mm diameter)

hypodermic tube. The piezoelectric tube was 4 mm length, cut using a diamond saw from a

standard half-inch length provided by the supplier. The actuator was centered within and

electrically separated from the hypodermic tube housing by a sapphire spacer. The resonant

frequency was determined by fiber length and could be mathematically predicted (see Chapter 2)

[64] and experimentally verified. The resonance was selected to be about 7 kHz (corresponding to

a scanning fiber length of ~3.8 mm), and measured to be 7030 Hz. The resonant fiber construction

technique was similar to the previous description in Chapter 2, thus Q-factors were similarly >100.

This was generally necessary to achieve large deflections at moderate voltages, although the

scanning fibers were not driven to full amplitude in this study, due to prior failures where the

scanning fiber broke at large amplitudes possibly due to the short fiber length. A 0.25 pitch gradient

index (GRIN) lens (Edmund Optics) was inserted into the tube housing in front of the fiber at a

separation that determined the working distance of the optical system. The transverse resolution
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was designed to be 30 ptm FWHM based on simulations (Zemax) with diffraction-limited

performance on- and off-axis. Best efforts were made to adhere to the simulated design, including

use of GRIN lenses with factory cut pitch, and optical alignment performed under a magnification

stereoscope. The resolution was verified by a knife edge (90-10) power measurement. The focal

plane had slight variation in position around the circumference due to imperfect centration of the

micromotor and scanning fiber, and the non-telecentric scan. Aberrations due to the off-axis scan

rotated with the circular scan after reflection by the prism, and the plastic outer tube contributed

additional aberration, although these were minimal. These effects will be exacerbated in future

higher numerical aperture systems which will likely require custom lens designs. The piezoelectric

actuator was soldered to a multi-conductor cable (Cooner Wire, CA). The shaft of the 4 mm

diameter micromotor (Namiki, Japan) was mounted with a 6 mm diameter brass disc, which

increased moment of inertia for smooth rotation at low speeds. The disc was then mounted with a

2 mm Al-coated prism. The fiber scanner and micromotor were then mounted in 3D-printed

holders, which fit snugly and were self-centering within a medical grade polycarbonate plastic

machined tube with hemispherical ends.

D. Scanner control and data acquisition

Custom software written in C++ controlled the resonant fiber scanner, and OCT image

acquisition/display. A National Instruments D/A board generated 2-channel sinusoidal output with

equal and constant amplitude and a phase difference to actuate the fiber scanner and produce a

circular scan. The sinusoidal outputs were amplified by a custom voltage amplifier circuit with

current limiting capability, to 30 V amplitude a.c., which generated a rapid ~1 mm diameter
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circular scan in the focal plane. This is below the International Electrotechnical Commission

60601-1 stipulated limit of 42 V amplitude a.c. for medical devices [65]. The micromotor was

driven by a driver board (Namiki), generating a slow 38 mm scan around the capsule circumference.

The acquisition was synchronized to the resonant fiber trajectory, while the micromotor was

externally driven by the driver board, and thus a one-time calibration procedure was required for

image reconstruction (section E, Fig. 3, and Supplementary Information). In this study, the

resonant frequency was 7030 Hz (166 A-scans per circular scan for -2 Nyquist sampling in the

fast axis) and the micromotor rotation was 3 Hz (2322 circular scans per volume for ~Nyquist

sampling in the slow axis) for structural OCT imaging, and 0.5 Hz (13932 circular scans per

volume) for OCTA. The volume was then remapped to a 100 x 3800 pixel Cartesian grid based on

the theoretical scan trajectory equations from section A above.

E. Image calibration and reconstruction

A circular scan of the resonant fiber was generated by applying two phase-separated

sinusoidal drive signals to the piezoelectric tube. The phase difference is theoretically 900, but

required a one-time adjustment due to slight asymmetry of the fiber scanner mount and quadrupole

electrodes on the piezoelectric tube. With the micromotor stationary, the phase difference between

the sinusoids was empirically tuned until the scan was assessed visually to be sufficiently circular.

The only parameter to be determined in the scan trajectory was the phase term # (see section A

above), which described the initial rotational orientation of the circle at the start of each acquisition,

and is determined by the starting angular position of the micromotor.
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a Motor cable

Strut fiducial

Fig. 4. Benchtop imaging. (a) Enface OCT strip image of printed paper grid. (b) Large field mosaic

of 10 sequential strip volumes acquired continuously while manually translating over

alphabetically ordered letter grid. (c) Enface OCT of human fingers/palm, showing fingerprints

and skin creases. (d) Cross-sectional image from center line of volume. Enface images are mean

projections of 800 pm depth. Scale bars are 1 mm.

The acquisition was always triggered at the same phase within the period of the sinusoidal

drive waveforms (in phase), therefore the acquisition always started at the same angular position

within the circular scan relative to the fiber scanner mount, before reflection by the prism. However,

the initial angular position of the micromotor was unsynchronized to the acquisition, which at the

start of every acquisition imparted an arbitrary rotational orientation to the circular scan after

reflection by the prism. In order to achieve accurate remapping and reconstruction, a one-time

calibration procedure (Fig. 3) was carried out. First, a one-time imaging of a grid pattern was

performed, in which a 'calibration phase' 0 was empirically tuned in post-processing until the

grid was correctly reconstructed. Thereafter, images acquired at different micromotor angular start

positions could be reconstructed by calculating the shift 0 of the micromotor angular position

relative to the calibration image, which could be determined by locating a fiducial (Fig. 4) in the
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image produced by an internal strut. The fiducial was well-resolved, albeit distorted in the raw

unreconstructed image, enabling its use as a marker of micromotor relative angular position even

before reconstruction. The absolute shift # = +#, could then be applied to the scan trajectory

for reconstruction (Supplementary Information).

Raw data volumes were converted to Cartesian coordinates by remapping data points to

their theoretical location in time based on the mathematical trajectory. For rapid reconstruction

and preview in the acquisition software, trading off image quality, lookup tables were created in

MATLAB (MathWorks, MA) based on nearest neighbor interpolation of a Cartesian grid, such

that each grid coordinate was mapped directly to a single A-scan in the acquisition. 12 lookup

tables were pre-generated using 12 equally spaced values of # from 0 to 271 and used as remapping

functions. One of the 12 lookup tables could then be user-selected upon viewing the real-time

previews, for an approximate reconstruction using CPU processing in C++. For the purposes of

previewing, it was not necessary to use a more precise # since this could be further tuned in post-

processing. When the volume rate was 3 Hz, the acquisition time per volume was -0.3 sec, and

the nearest neighbor reconstruction took -1.5 sec, for a volumetric display rate of-0.5 volumes/sec.

Future graphics processing unit (GPU) implementation should improve these speeds. When post-

processing for optimal image quality, a more precise # was calculated based on the exact fiducial

location, and remapping was performed with cubic spline interpolation for higher quality

reconstruction, which took several minutes for each volume in MATLAB. This can also be sped

up in the future using GPU-accelerated processing. Larger FOVs were imaged by translating the

capsule via the tether, and sequential strip volumes were mosaicked by manual alignment with

visual inspection. OCTA was generated by computing OCT signal decorrelation between
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sequential circular scans (Supplementary Information). Enface images were displayed in square

root scale and depth-projected down to 800 ptm depth for optimal contrast, although depth-resolved

imaging at specific depths was also possible. Cross-sections analogous to traditional B-scans were

extracted from reconstructed volumes and displayed in logarithmic scale. Parasitic reflection

artifacts were cropped from cross-sections in regions of low/no signal deep in tissue. Images of

living tissue were displayed in sepia for improved contrast. Co-registered OCT/OCTA images

were depth projected over 400 pm depth, because deeper image depths had low-signal OCT and

generated OCTA that had decorrelation arising from noise rather than blood flow.

F. Clinical imaging protocol

The imaging protocol was approved by Institutional Review Board committees at the

Massachusetts Institute of Technology (MIT), Veterans Affairs Boston Healthcare System

(VABHS), and Harvard Medical School. Written informed consent was obtained prior to imaging.

Imaging was performed at the VABHS endoscopy unit. The patient underwent bowel preparation,

and was sedated as per colonoscopy protocol. The capsule was introduced by the endoscopist into

the patient's anal canal and rectum, before performing colonoscopy. Capsule positioning was

guided by real-time enface and cross-sectional OCT imaging. For mosaicking, sequential image

volumes were continuously acquired while the operator pulled back or advanced the capsule

manually at about 1-2 mm/s, which enabled at least partial overlap of the sequential strip volumes.

For structural OCT imaging, the micromotor was set to rotate at 3 Hz. For decorrelation-based

OCTA imaging, the micromotor was set to rotate at 0.5 Hz. After OCT imaging was complete, the

capsule was withdrawn and the endoscope was introduced for standard colonoscopy.
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Results and Discussion

A. Benchtop validation

A printed paper grid pattern of 250 pm pitch was imaged to validate the scanning

mechanisms and reconstruction algorithm. En face OCT imaging of the grid wrapped around the

capsule circumference showed good scan accuracy with minimal distortion (Fig. 4a). To

demonstrate image mosaicking for a larger FOV, imaging was performed on an alphabetically

ordered letter grid rolled into a paper tube, with the capsule pulled back by hand at ~1-2 mm/s

through the tube during continuous volumetric acquisition (Fig. 4b). 10 sequential image volumes

were acquired over 3.3 seconds and could be approximately mosaicked to achieve a -4.5 mm x 38

mm field. The 10 volumes were part of a longer 30-volume acquisition that was used to generate

a I 0-second video at 3 volumes/sec (Supplementary Video 1). The video enables an assessment of

volume-to-volume repeatability, as well as overall performance of high volume rate cycloid

scanning OCT.
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Fig. 5. Imaging in human subject. (a) En face OCT image of human rectum. (b, c) Enlargements

visualizing crypt structures (pink arrow) of columnar epithelium. (d) Cross section showing

vertical crypt architecture (blue arrow). (e) En face OCT image of the dentate line (squamo-

columnarjunction). (f, g) Enlargements showing the tissue boundary between columnar epithelium

(CE) and squamous epithelium (SE). (h) Cross section showing crypt architecture, and squamous

epithelium from anal canal. Enface images are mean projections of 800 pm depth. Scale bars are

1 mm.

The slow manual longitudinal pullback of the capsule produced a tilt in the letter rows,

because the capsule was translated longitudinally during the concurrent rotary scan in the

orthogonal direction. The non-uniform speed of the pullback caused the tilts to appear misaligned.

Certain letters appeared repeated when the manual pullback was momentarily slower. Loose

contact of the paper tube on the capsule allowed the latter to slide, but led to varying contrast along

the length of the strips, and contributed in part to apparent misalignment of the lettering. The

micromotor exhibited non-uniform rotational distortion (Supplementary Information) that also

contributed to misalignment. Imaging was performed with the capsule gripped in the hand, such
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that the enface plane showed well-resolved fingerprint contours and palm skin creases (Fig. 4c).

Cross-sectional images were also extracted from the reconstructed volume along the slow

circumferential axis, which showed depth-resolved imaging into the dermis, similar to traditional

OCT B-scans (Fig. 4d).

B. Clinical imaging

Imaging was performed with a patient scheduled for routine surveillance colonoscopy,

during which there were no notable endoscopic findings. OCT structural imaging in the rectum

showed regular patterns indicative of rectal crypt structures in the enface plane (Fig. 5a-c), while

cross-sectional images showed vertical features from crypt architecture and good tissue penetration

to about 800 pm depth (Fig. 5d). Imaging at the dentate line showed tissue transition from intestinal

crypts of the rectum to relatively smooth squamous epithelium in the anal canal (Fig. 5e-g), and

the cross-sections showed strong OCT signal from regions of squamous epithelium (Fig. 5h).

Large FOV mosaics were generated by manually advancing the capsule into the rectum and

continuously acquiring sequential image volumes.
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Fig. 6. (a) Large field mosaic of 10 sequential strip volumes covering a -7 mm x 38 mm FOV

acquired continuously while pushing capsule into rectum at 1-2 mm/s. En face images are mean

projections of 800 pm depth. (b, c) Co-registered OCT and OCTA in rectum. Enface images are

mean projections of 400 pm depth. (d, e) Enlargements showing regular crypt patterns and a

honeycomb vascular network encircling the crypts. Arrows point to a crypt encircled by

vasculature. Scale bars are 1 mm.

The volumes generated a large FOV with en face features approximately mosaicked by

manual alignment (Fig. 6a). Each strip of the mosaic showed accurate scanning and undistorted

features. Despite non-uniform speed of the manual longitudinal scan, the partial overlap of each

image volume enabled approximate registration and mosaicking based on en face features. Co-

registered structural and angiographic OCT in the rectum showed regular crypt patterns and a

honeycomb vascular network encircling the crypts [133] (Fig. 6b-e), corresponding to lamina

propria regions between crypts. In the center of the enlargement (Fig. 6d-e), the crypts appear

compressed, which could have resulted in slower flow and reduced vascular contrast in that region

of the OCT angiogram. The arc-like noise artifacts mimicking the cycloid trajectory were likely
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due to 1. synchronization errors between the D/A output and the resonant fiber scanner resulting

in small fluctuations in output frequency, 2. the incremental local rotation of the circular scan about

its center during the slow micromotor scan, and 3. parasitic tissue motion. These factors produced

small frame-to-frame misalignment, which were indiscernible in the structural OCT images but

produced OCTA decorrelation noise.

To our knowledge, this study is the first demonstration of cycloid scanning for rapid, wide

field endoscopic OCT imaging. The combination of piezoelectric resonant scanning and

micromotor scanning enables high precision while also covering a large FOV. The cycloid

promises to enable minimally invasive catheter / endoscope imaging not only for high speed OCT

systems, but also for fluorescence confocal and nonlinear microscopy. The study also shows the

potential of tethered capsules to image the rectum without endoscopy, extending previous capsule

esophageal imaging applications. ~50% of colorectal cancers occur in the rectum and distal

colon[134], which suggests that tethered capsules could be a screening tool for a large subset of

colorectal cancers.

The cycloid scanner is an important technology for enabling distal 2-D scanning side view

endomicroscopy. SECM was previously reported for rapid 2-D reflectance confocal microscopy,

but has a limited strip width (-200 tm), visualizes a 2-D enface plane, and is incompatible with

scanning microscopies such as fluorescence confocal or nonlinear microscopy[93]. Furthermore,

SECM generates a rapid line scan with a swept wavelength source, and therefore cannot be used

for volumetric swept source OCT. The cycloid scanner enables strip imaging at volumetric rates

similar to reported capsule SECM frame rates, but with 3-D depth-resolved imaging and nearly 9x
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larger strip FOV[93]. The cycloid scanner can be extended to finer transverse resolution using a

high NA design as suggested in previously reported capsule designs using a focusing objective

rotated by the micromotor[54, 55].

The cycloid is simpler to calibrate than the spiral scan, and images can be reconstructed

using theoretical equations describing the trajectory. The spiral scan requires amplitude

modulation for the slow scan axis and is known to require frequent calibration, as well as complex

drive waveforms to rapidly reset the spiral[60]. Moreover, amplitude modulation presents

challenges including transient behavior, phase variation in resonance decay, and mode coupling

(cross-coupling) between orthogonal fiber axes. These difficulties can also hinder attempts to

perform other 2-D scans such as a linear scan with a rotating axis. By contrast the cycloid scan

requires only a resonant circle at fixed amplitude, which remained repeatable with the same drive

parameters over extended periods of several months without recalibration. The micromotor can

scan continuously to acquire sequential strip volumes without interruption from flybacks or resets

which are needed in other scanning methods.

Commercial catheter/endoscope OCT systems perform real-time, cross-sectional imaging

in the rotary side-viewing direction, and volumetric data is acquired by a slow longitudinal

pullback at the proximal end of the device. Side view distal 2-D scanning suggests a new paradigm

for real-time en face OCT imaging that provides rapid volumetric, orthoplane visualization by

precision scanning a local region of interest, while also covering a wide circumferential strip. As

discussed previously, larger FOVs can be achieved by proximal pullback of the device, mosaicking

the circumferential strips to map large regions of luminal organs. The ability to rapidly acquire
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and view strips of data while also comprehensively imaging a large FOV promises to improve the

diagnostic utility of OCT.

The tethered capsule cycloid scanner device has applications in both sedated and unsedated

imaging of the gastrointestinal tract. More compact microscanners such as smaller or flat

micromotors and smaller piezoelectric actuators can be used to reduce the rigid length or diameter

of the device, improving compactness and broadening potential clinical applications. Moreover,

the cycloid scanner can also be used for small diameter imaging catheters, laparoscopes, or other

minimally invasive devices. Smaller diameter cycloid scanners will enable higher NA focusing

and faster volume acquisition rates than the large diameter capsules demonstrated in this study.

The cycloid scanner is ;r times less efficient than a raster scan (Supplementary Information), while

resonant and micromotor scanners require high data sampling rates. Recent progress in multi-MHz

OCT systems[ 135] using high speed swept laser technology, fast data acquisition cards, GPUs and

parallel processing is synergistic with rapid scanning. Fluorescence confocal and nonlinear

microscopy can achieve 1 Os of MHz data rates. Cycloid scanners promise to enable a wide range

of in vivo microscopy applications.

Conclusion

We demonstrate a new cycloid scanning technology that can be integrated into endoscopic

devices for side view, distal 2-D precision scanning and wide FOV imaging. Tethered capsule

imaging was demonstrated using swept source OCT at 1.17 MHz axial scan rate with 1 mm x 38

mm fields acquired at 3 volumes/sec and larger FOVs achieved by proximal pullback and
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mosaicking. The current study demonstrates cycloid scanning with a tethered capsule, but this

method is also applicable to small diameter catheters, laparoscopes and other imaging devices. The

ability to perform high speed, precision distal scanning promises to be enabling not only for OCT,

but also for fluorescence confocal and nonlinear microscopy.

Supplementary Information

A. Scanner control and software acquisition/display

During imaging, it is important to ensure continuous circular scanning of the

piezoelectrically actuated resonant fiber, to avoid transients that would limit volumetric acquisition

speeds. Therefore, the sinusoidal outputs were continuously generated from a D/A card (National

Instruments (NI) DAQ) to actuate the resonant fiber. The D/A was externally clocked by the swept

laser trigger (583490 Hz) to optimize timing synchronizations and accuracy of the generated

sinusoidal frequency 7030 Hz. The forward and backward sweep of each laser sweep period were

used to generate 2 A-scans. Each circular fiber scan was stored as one frame consisting of a fixed

integer number of 166 A-scans.

The micromotor was driven by a vendor-provided board with its own output sampling

clock. To optimize synchronization between the micromotor rotation rate and the volumetric

acquisition rate, the number of circular frames per volume was one-time empirically tuned such

that the volumetric period was approximately equal to the micromotor rotation period. The image

acquisition software had a preview mode in which a volume was continuously acquired, processed,
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and displayed in real time. Tuning of the volumetric period was aided by the software preview, in

which the strut fiducial in the enface image plane could be observed to be drifting lengthwise if

the micromotor and the volumetric rate were not adequately synchronized.

A 'volume trigger' waveform and the two sinusoidal waveforms for driving the

piezoelectrically actuated resonant fiber were simultaneously generated from the D/A card using

acquisition software (Fig. SI). The volume trigger was a pulse with period equal to the volume

period in phase with the sinusoidal waveforms, and triggered the start of a volumetric acquisition.

Once the software completed processing and displaying a volume, the A/D card (AlazarTech) read

in the next volume trigger for the subsequent acquisition. This ensured that all acquired volumes

were synchronized to the same reconstruction parameter # .

The acquisition software used the CPU to process the OCT raw data, therefore the speed

was modest and volumetric image preview was limited to ~0.5 volumes/sec. Future work utilizing

GPU processing would achieve preview rates limited only by scanner speeds[70]. For data

acquisition of single or multiple volumes, the raw data was continuously streamed to memory

without processing, such that the volumetric data acquisition rate was the same as the micromotor

scanner speed (3 volumes/sec).

B. Image reconstruction

For imaging a large FOV, multiple sequential volumes were continuously acquired starting

from a single 'volume trigger' (explained in section A), which resulted in a small accumulated
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timing drift due to a small error in either the actual resonant frequency of the fiber scanner or the

empirical synchronization of the micromotor rotation speed. This manifested as a 2 A-scan lag per

volume (or 2/2322 A-scan lag per frame) for the second and subsequent volumes. The lag could

be measured by a 1 -D correlation or visual inspection of the first acquired frame of each volume.

An alternative way to understand this error is that it results in the subsequent volumes being

acquired starting at a slightly later point on the first circular scan of a subsequent volume compared

to the first scan of the first volume. This produced a shift in the reconstruction phase # , which is

# [2 Ascans/(166 Ascans/frame)] x 2r ;r /36. Therefore, for the nth volume reconstruction

of a multi-volume sequence, # was offset by +(n - l)x /36. This error was consistent and could

be compensated by a one-time correction. Failure to account for this small error in 0 resulted in

accumulated distortion in subsequent image volumes.

Volume start trigger Vol I Vol 2 jff
0 0.2 0.4 0.6 0.8

In-phase In-phase i ()

Illustration of resonant
fiber driving signal age

n cycles n cycles

Scan trajectory

n circles
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Fig. Si. Timing and driving waveforms of the cycloid scanning protocol. n is the number of

circular scans per volume and was empirically selected to be 2322 and 13932 to synchronize with

the micromotor rotation speed for structural (3 volumes/sec) and angiography imaging (0.5

volumes/sec), respectively.

The entire set of points on the scan trajectory was not required for image reconstruction.

The circular scan has the property that it rescans areas already covered by earlier circles in the

cycloid trajectory. The leading (left) or trailing (right) half of each circular scan could be used

individually for reconstruction. If the entire circular scan was used such that rescanned points were

included in the remapping function, distortions would be introduced into the image (Fig. S2(a, d)).

This was attributed to the circular scan not being perfectly circular and uniform, resulting in

rescanned points producing slightly differing images because the circular scan rotates. The non-

telecentricity of the scan also resulted in variation of the optical resolution within the circular scan,

producing asymmetry in the scan. In theory, the circularity could be improved by carefully tuning

the parameter space of scan amplitudes and phase while monitoring the circularity on a position

sensitive detector. However small drifts in the resonant frequency caused by temperature or other

fluctuations could potentially lead to non-circularity. Therefore, achieving perfect circularity was

considered less important than operational simplicity. When processing images using either the

trailing (Fig. S2(b, e)) or leading (Fig. S2(c, f)) halves of the circular scan, the scan accuracy

observed by scanning a grid appeared acceptable when the two images were assessed separately,

but were slightly asymmetric when compared. Combining data from each half, i.e. including data

that was rescanned by a later circular scan in the trajectory resulted in distortions. Therefore, each

volumetric acquisition resulted in two nearly identical volumes, which are separated temporally
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by the time taken to longitudinally scan through half a circle width, i.e. the time taken for the

leading half of the circular scan to rescan the same area that was earlier scanned by the trailing

half. For consistency, all data was processed using the leading half-circle. Future work may

investigate the potential for dewarping the images to generate a single combined image volume

with potentially improved sampling and image quality.

Figure S3 shows a set of 5 sequential volumes acquired as part of a series of 30 volumes.

Figure S3 enables an assessment of volume-to-volume repeatability. The 5 volumes as static

images do not show apparent differences when assessed by eye. This was due to non-uniform

rotational distortion (NURD) of the motor, producing non-constant angular velocity on the slow

rotary (circumferential) scan. Increasing the rotary speed can substantially improve NURD while

increasing volume rates, and would be especially relevant to smaller diameter devices that have

smaller fields of view.

C. OCT angiography processing

The resonantly scanned circular scan frames did not require any rigid or non-rigid

registration before computing speckle decorrelation, which is typically required for micromotor-

based rotary scanning OCTA. Also, the lag/lead in the fast axis scan speed due to the slow local

rotation of the circular scan was very small and thus did not require re-sampling. Rotation of the

micromotor at 0.5 Hz was required in order to obtain usable OCTA, which amounted to ~6x

Nyquist sampling in the slow scan direction. Significant oversampling was required, to

compensate for the undersampling (/2 Nyquist) in the fast scan direction and obtain sufficient scan
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overlap between adjacent frames. The frames were filtered by a 3 x 3 Gaussian kernel before

computing decorrelation. Speckle decorrelation was calculated before Cartesian remapping, by

element-wise computation using adjacent pairs of raw circular frames with the formula[57]:

D, =1I- A.A,+, (A,' + A,+ )

n is the non-remapped frame number and A, the OCT amplitude of frame n. A 3-frame moving

average of the decorrelation was calculated to reduce noise. The frames were then remapped to a

Cartesian grid, similar to the structural data.

A

Fig. S2. An image of a printed paper grid with 250 pm pitch, reconstructed using (a) all scanned

points, (b) the trailing (right) half of the circular scans, (c) the leading (left) half of the circular

scans. (d, e, f) Enlargements showing scan distortions occurring when entire circular scan is used,

and slight asymmetry between the use of either half of the scan. Scale bars 1 mm.

_A 12 1 i its T* M
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Fig. S3. Sequential volumes of an alphabetically ordered letter grid continuously acquired over the

same location, to illustrate repeatability.

D. Cycloid scan efficiency comparison

Efficiency is defined here as being inversely proportional to the time taken for a scan

pattern to Nyquist-sample a given area and normalized to the scan area. The efficiency of the

cycloid scan is compared to the linear raster scan (ideal efficiency), as well as the sinusoidal raster

scan and the spiral scan, which are commonly used resonant scans.

A linear raster covering an area of D x L requires D / (w / 2) x L / (w / 2) A-scans for Nyquist

sampling, where D, L, and co are the width, longitudinal length, and spot size. Therefore the

scan time is T7inea, raster cD/(co/2)xL/()/2)=4DL/o2.

Normalizing, Efficiencylnear se OC 2 /4.

A sinusoidal raster scan has a displacement of (D/ 2) sin(27rt / r) along the width D, which has

period r and a maximum velocity of 7D / r. Let this maximum velocity give Nyquist sampling.

Comparing the sinusoidal raster scan to a linear raster scan at this maximum velocity, the former

would take r /2 to cover one width D, while the latter would take r / ;r. Therefore the sinusoidal

scan is ir /2 slower than the linear raster. The scan time is sin raster oc 27rDL / w2

Normalizing, EfficienCysin raster C 0 2 / 2;r .
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A resonant spiral scan requires zD / (w / 2) A-scans in the outermost circle for Nyquist sampling,

where D is the diameter. A resonant scanner has a fixed angular velocity producing non-uniform

sampling, such that inner circles with smaller circumferences are more densely sampled than outer

circles. It also requires D / 2 / (co / 2) circles for Nyquist sampling in the radial axis. The scan time

is Tpira, oc 7rD / (co /2) x D / 2 /(w / 2)= 2rD2 / C 2

Normalizing, Efficiencypira c , 2 /8. The scan time is the same as the sinusoidal raster (if L = D)

but with lower efficiency, and the spiral area is potentially smaller and of order D2

A cycloid scan requires ;rD / (co /2) A-scans in each circle for Nyquist sampling. It also requires

L / (co /2) circles for Nyquist sampling over the longitudinal strip, when using one half of each

circular scan (not using rescanned points). The scan time is

Tcycloid oc zD /(o /2)x L /(c /2)= 4rDL / 2 .

An alternate derivation is that the cycloid also has a sinusoidal velocity along the width similar to

the sinusoidal scan, but takes r (twice longer) to cover one width D because the rescan is not

used.

Normalizing, Efficiencycyclid _c
2 / 47 . The cycloid is ir / 2 less efficient than the spiral, but has

free choice of L for a larger field. The cycloid is twice less efficient than the sinusoidal raster if

the rescanned points are not used.
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Chapter 6

Tethered capsule enface and cross-sectional OCT imaging

in unsedated patients

Introduction

Esophageal adenocarcinoma (EAC) precursors are Barrett's esophagus (BE) and dysplasia.

However, >90% of EAC patients have never had an endoscopic BE diagnosis[136] and 40% do

not report symptoms of chronic gastroesophageal reflux disease[4], which is a primary indication

for endoscopic screening. Therefore, current endoscopic screening recommendations have had

limited efficacy in preventing EAC.

Simple and low-cost screening/surveillance modalities are needed to detect BE and

dysplasia in a broader population than existing paradigms. The Cytosponge has been validated in

large trials with 80% sensitivity and 92% specificity for BE detection[137]. Unsedated transnasal

endoscopy has been evaluated in comparison to endoscopy, showing no difference in BE yield,

although transnasal intubation requires specialist expertise and tolerability results have been

mixed[138, 139]. Breath testing has demonstrated ~80% sensitivity/specificity to BE[140]. Recent

work using DNA methylation markers and a swallowable device for tissue sampling achieved

>90% sensitivity/specificity to BE[141]. These techniques generally do not identify dysplasia.

Endoscopic optical coherence tomography (OCT) can image tissue microstructure and has

shown potential for in vivo detection of BE and dysplasia[45]. Commercial balloon-based OCT

imaging known as volumetric laser endomicroscopy (VLE) has been used to study ex vivo
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resection specimens[42, 43] and experienced users reported diagnostic performance [46]; larger

trials of in vivo sensitivity/specificity for dysplasia with laser-guided biopsies are ongoing and

have shown promising results[142]. Tethered capsules can be swallowed without sedation, and

were initially string-tethered video capsules that showed feasibility for BE screening[88], and later

adapted for cross-sectional OCT[94]. These studies demonstrated cross-sectional OCT images,

and reported excellent patient toleration[143], but lacked correlation with patients' pathology and

endoscopic findings, and used OCT systems with slower imaging speeds that could not generate

enface images.

Our group has developed ultrahigh-speed OCT technology that uses micromotor scanning

devices for endoscopic imaging, which can generate high quality en face and cross-sectional

views[79, 144]. Previously we evaluated the feasibility of ultrahigh-speed micromotor tethered

capsule OCT with en face visualization of >20 cm of esophageal length in sedated patients,

demonstrating large field-of-view and dysplasia-associated features including irregular mucosal

patterns and atypical glands[54]. We now report a case series of unsedated BE patients with and

without neoplasia, imaged with ultrahigh-speed OCT tethered capsules. We describe device

improvements that improve procedural ease and image acquisition, and analyses of patient

toleration and image quality. We report preliminary results of en face and cross-sectional OCT

features potentially associated with neoplasia.
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Materials and Methods

Imaging system and tethered capsule

This work was performed in collaboration with the VA Boston Healthcare System (Dr.

Hiroshi Mashimo MD PhD and staff at the Endoscopy Unit), Thorlabs (Dr. Benjamin Potsaid) and

Praevium Research (Dr. Vijaysekhar Jayaraman) for use of prototype swept source technology.

OCT was performed using a prototype ultrahigh-speed instrument imaging at 1,000,000

axial scans per second, 20x faster than commercial VLE. The tethered capsules (Figure lA-B)

used micromotors for circumferential imaging at 300 frames/sec[54], and had 30pim transverse

resolution. Several improvements were made over previously reported capsule designs for

unsedated imaging[143]. The capsule enclosure was largely composed of lubricious medical grade

ultrahigh-molecular-weight polyethylene material with a small transparent imaging window,

reducing friction and allowing the 12mm diameter capsule to be swallowed or pulled back

smoothly within the esophagus. The proximal end of the capsule was designed with a 300 taper,

improving pullback smoothness and ease of retrieval. The tether was 2.2mm diameter, providing

flexibility for patient comfort while retaining some rigidity for operator control, and marked at

5cm intervals to assess approximate capsule distance from incisors.
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Figure 1. A: Photograph of tethered capsule constructed out of lubricious material and a 300 taper

for ease of retrieval. B: Schematic showing micromotor optical scanner and other components. C:

Cartoon showing capsule travelling from gastric cardia into distal esophagus during a pullback

scan. D: Illustration showing multiple cross-sectional images rapidly acquired in sequence to

obtain volumetric and enface visualization.

Patient recruitment and imaging procedure

The study was approved by IRBs at the Veterans Affairs Boston Healthcare System,

Harvard Medical School, and Massachusetts Institute of Technology. Written informed consent

was obtained before enrollment. Patients undergoing BE surveillance or endoscopic treatment for

prior diagnosed neoplasia were recruited. Neoplasia was defined to include low-grade dysplasia

(LGD), high-grade dysplasia (HGD), and intramucosal carcinoma (IMC). Patients were scheduled

for same-day sedated endoscopy, and underwent standard endoscopy preparation.
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Unsedated patients swallowed the tethered capsule with sips of water, sitting upright and

supervised by the endoscopist manually controlling the tether. The capsule travelled through the

gastroesophageal junction (GEJ) to the proximal gastric cardia, guided by real-time cross-sectional

OCT visualization, with additional dry/wet swallows to help the capsule's downward travel and

open the lower esophageal sphincter (LES). Before the pullback scan, patients were asked to take

dry swallows to improve capsule contact with the esophageal wall, and -10sec was allowed to

elapse without swallows to avoid swallow-induced relaxation (deglutitive inhibition) of the LES

that normally forms a dilated vestibule[145]. The endoscopist then pulled back the capsule from

the GEJ (Figure IC) at a steady speed of -cm/sec for volumetric imaging over -10sec. Cross-

sectional images were acquired at 300 frames/sec to build up a densely sampled volumetric dataset

(Figure 1 D). After each dataset acquisition, the en face OCT images could be previewed for

adequate coverage of the GEJ and squamo-columnar junction (SCJ). If esophageal contact on the

capsule was suboptimal, additional dry/wet swallows were taken to improve contact before

subsequent repeat pullback scans. If initial pullback images showed longitudinal nonuniformity,

pullback data acquisitions were repeated immediately after the swallow or after greater period of

rest post-swallow to avoid rebound LES contractions.

After completion of imaging, the capsule was retrieved orally by pulling up on the tether.

To ease retrieval through the upper esophageal sphincter (UES), patients were asked to perform

slow nasal inhalation, which relaxed the UES and minimized gag reflex resulting from stimulating

the posterior tongue. Swallowing motions are not effective for capsule retrieval since the relaxation

of the UES is transient, and this places the posterior tongue closer to the tether in a position for

greater gagging.
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Patients then underwent sedated endoscopy ~2-4 hours later, based on the American

Society for Gastrointestinal Endoscopy (ASGE) guidelines which require a 2-hour fast after

ingestion of clear liquids for safe administration of intravenous sedation[ 146]. During endoscopy,

measurements were obtained of Prague C&M and the diaphragmatic hiatus, and 4-quadrant biopsy

for NDBE surveillance or endoscopic treatment for patients with prior diagnosed dysplasia was

performed per clinical standard of care.

After each of the imaging procedures (tethered capsule and endoscopy), a research nurse

carried out a brief interview with the patient on their anxiety before ("How anxious did you feel

before the procedure? 1 not, 5 very") and discomfort during ("How much discomfort did you have

during the procedure? 1 none, 5 a lot") each of the procedures, as well as a recommendation score

("Would you recommend the procedure to others?" 1 definitely yes, 5 definitely no). These

questions were identical to a previous report[143], to facilitate comparison.

Data analysis

The toleration (anxiety and discomfort) and recommendation scores for each procedure

were analyzed. In addition to mean and standard deviation of scores, the toleration score

distributions for all patients were plotted by pathology and treatment status subgroups, to show

any possible associations of toleration with prior endoscopy and/or treatment experience. Datasets

acquired were assessed for image quality, and one optimal dataset from each patient was selected

for further analysis. Two quality metrics were analyzed: tissue contact of the capsule on the

esophagus, and longitudinal (pullback) image uniformity. The en face OCT image at -100um
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distance/depth from the capsule surface was assessed for non-contact areas. The fraction of tissue

contact area over the BE segment was estimated. Squamous mucosa regions proximal to the

squamo-columnar junction (SCJ) maximal extent were excluded from the tissue contact analysis,

because these areas usually showed good contact but were less relevant to BE. Longitudinally

stretched areas due to slowing of the capsule relative to the esophageal wall during pullback were

manually marked as image non-uniformity, which generated a percentage of longitudinal

uniformity per dataset. Tissue contact and longitudinal image uniformity were plotted by

short/long-segment BE (<=3cm and >3cm), and absence/presence of sliding hiatal hernia (distance

of diaphragmatic hiatus from gastric folds <=2cm and >2cm) subgroups.

The datasets were assessed by an expert OCT reader (KCL) for features found within the

BE segment that were potentially associated with dysplasia. The reader was unblinded to patient

history and endoscopic findings, so as to be attentive to any distinctive data features/traits

associated with clinical characteristics. Two features were studied- atypical gland clusters and

irregular mucosal patterns. Atypical gland clusters were defined as regions of clustered atypical

glands, including non-elliptical shape, branching or internal debris, with a density of >5 atypical

glands over a 5mm square (25mm 2) enface area. Adjacent areas each with >5 atypical glands were

grouped as a single clustered region. The en face area/density criteria were added to previously

reported cross-sectional criteria for atypical glands[42], to define clustering in the cross-sectional

and/or en face plane, and to impose higher severity than atypical glands distributed over larger

areas. Atypical gland clusters were assessed using simultaneous viewing of en face and cross-

sectional image series. Irregular mucosal patterns were defined as regions of en face mucosal

irregularity using narrowband imaging (NBI) criteria[26] including distortion/absence of mucosal
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patterns. To optimize mucosal pattern visibility, the en face image series was averaged over ~I

mm depth to generate a single en face image with improved image contrast, which was then used

to assess mucosal patterns. The two features were assessed separately and outlined in the en face

plane. The features were then independently counted for their absolute occurrence rate

(occurrences/patient), the per-area occurrence rate (occurrences/approximate area of tissue in

contact) and occurrence rate of the two features overlapping, i.e. a region of irregular mucosal

pattern with an underlying atypical gland cluster. Features occurring near (within 1 cm of) the GEJ

on the BE side were noted.

Results

Patient demographics and clinical characteristics

16 patients were enrolled. Demographics and characteristics including baseline pathology

(neoplasia status) at time of imaging, treatment history, and BE length are summarized in Table 1.

In all but one patient, the tethered capsule procedure was followed by an

esophagogastroduodenoscopy (EGD). This one patient was scheduled to receive an unrelated

colonoscopy, but was recruited to the study due to his known ongoing surveillance for long-

segment BE, including a recent EGD in the previous year. This patient was not asked to provide

toleration scores for his colonoscopy.
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Age, mean ( SD) 68 (7)
Sex, male, no. (%) 16(100)
Race, white, no. (%) 16(100)
Baseline pathology and treatment status

NDBE subjects, no. (%) 9(56)
Short-segment (<=3cm) Barrett's Esophagus (BE), no. (%) 2 (13)

LGD subjects, no. (%) 4(25)
Ablative treatment-naYve subjects, no. (%) 1 (6)

Short-segment BE, no. (%) 1 (6)
Treated subjects, no. (%) 3(19)

Residual short-segment BE, no. (%) 3* (19)
HGD/IMC subjects, no. (%) 3 (19)

Ablative treatment-naive subjects, no. (%) 2t (13)
Short-segment BE, no. (%) 1 (6)

Treated subjects, no. (%) 1 (6)
Residual short-segment BE, no. (%) 1 (6)

Length of BE at study endoscopy, cm
Circumferential extent, mean ( SD) 3.6 (4.3)
Maximal extent, mean ( SD) 5.1 (4.5)
Short-segment (<=3cm) subjects, no. (%) 8(50)
Long-segment (>3cm) subjects, no. (%) 8(50)

Distance from diaphragmatic hiatus (D) to gastric folds (G), mean ( SD) 2.3 (2.5)
Subjects with sliding hiatal hernia (D-G >2cm), no. (%) 5 (31)

Length of hiatal hernia, mean ( SD) 5.6 (2.1)
*One treated LGD patient had no visible BE on endoscopy and was classified as short-segment BE.
t One HGD/LMC patient had prior EMR and no ablation, thus classified as ablative treatment-naive.

Table 1. Patient demographics and clinical characteristics (n=16)

Patient toleration and recommendation scores

The procedure time was 9.7 3.0 minutes. For the unsedated capsule procedure (n=16), pre-

procedure anxiety was 1.9 1.0, procedural discomfort was 2.5 1.1, and recommendation score

was 1.3 0.7. For the sedated endoscopy procedure (n=15), pre-procedure anxiety was 1.3 0.7,

procedural discomfort was 1.6 0.9, and recommendation score was 1.1 0.3. The toleration score

distributions, grouped by patients' pathology and treatment history are presented in Figure 2.
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discomfort scores for the tethered

endoscopy procedures. 1- no anxiety/discomfort, 5- high anxiety/discomfort. Scores between

patient subgroups of baseline pathology and treatment history were similar.

Tissue contact and longitudinal uniformity

The number of pullback datasets per patient was 5.5 1.3, from which an optimal dataset

was selected. Out of 16 patients, the fraction of tissue contact area over the BE segment was

75 27%. Tissue contact was observed to be associated with BE length and sliding hiatal hernia.

Tissue contact was 89 11% for short segment BE with/without prior ablative treatment (n=8)

patients, and 61 31% for long segment BE (n=8) (p=O.03). Tissue contact was 84 15% in patients

without a sliding hiatal hernia (n=1 1), and 55 37% with hernia (n=5) (p=0.04).

Longitudinal image uniformity was observed in 59 34% of the BE segment. Longitudinal

uniformity was 45 43% for short segment BE, and 72 14% for long segment BE (p=O. 11).
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Longitudinal uniformity without sliding hiatal hernia was 61 36%, and with hernia 54 31%

(p=0.7 ). The spread of these measurements are presented in Figure 3.
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Figure 3. Boxplots of tissue contact and longitudinal uniformity for the tethered capsule OCT

datasets. Tissue contact and longitudinal uniformity showed opposite associations with BE

segment length. Tissue contact was significantly different between short/long segment BE (p=0.03)

and absence/presence of sliding hiatal hernia (p=0.04).

Non-contact areas were generally consistent between repeated pullback datasets (Fig. 4),

suggesting that contact was largely dependent on anatomy and physiology, rather than transient

phenomena.
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Fig. 4. Two consecutive pullbacks from a long-segment BE patient showing that non-contact areas

were relatively comparable in location.

OCT features associated with patient history

Example OCT images are presented. Figure 5 shows results from a treatment-naive patient

with prior histological diagnosis for low-grade dysplasia referred for treatment. Imaging was

performed prior to endoscopy. The imaging area (Figure 5A) was 4cm (circumference of capsule)

x -9cm (approximate pullback length). Atypical gland clusters (Figure 5B-C) were observed. In

the contrast-enhanced enface OCT image (Figure 5D), regions of regular mucosal patterns (Figure

5G), irregular mucosal patterns (Figure 5E-F), and absence of pattern (also irregular) (Figure 5H)

were observed. Some regions of irregular mucosal patterns had underlying atypical gland clusters.

Cross-sectional images also showed atypical glands (Figure 5I-J), and surface signal higher than

subsurface (Figure 5K), and normal columnar epithelium (Figure 5L).
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Figure 5. Tethered capsule image volume from patient with CO.5M2 and treatment-naive low-

grade (basal crypt) dysplasia with biopsy (inset) from previous EGD. En face OCT image (A) at

200 un depth from surface, averaged over 80 um depth, showing dilated glands and (D) averaged

over ~1 mm depth (full projection) for contrast enhancement to show mucosal pattern. Scale bar 1

cm. (B, C) Atypical gland clusters. (E, F) Irregular mucosal pattern. (G) Regular mucosal pattern.

(H) Absence of mucosal pattern, noted to be irregular. (I-L) Cross-sectional images co-registered

to enface regions of interest. (I) shows 3 dilated glands of atypical shape, but does not convey the

substantial clustering of >5 glands that is observed in enface. (K) shows surface signal higher than

subsurface but does not convey the en face irregularity. (L) shows loose contact at the

gastroesophageal junction, which may confound differentiation between gastric and BE tissue. All

other scale bars 1 mm.
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Another patient (Figure 6) did not receive same-day EGD, but had known long-segment

NDBE from two EGDs 9 months prior and 4 years prior. A high density of glands was observed

over the entire segment, and an exceptionally high number of atypical gland clusters was observed

at the GEJ on the gastric side. This example showed well-defined boundaries of the

gastroesophageal junction (GEJ) and squamocolumnar junction (SCJ). The GEJ boundary is

typically less well-defined. This example is instructive in illustrating that notable OCT features

may occur frequently at the GEJ, even in low-risk NDBE patients.

A Gastric Squa - D E

At 200 umi depath-

Fu_ d pth averagse p rofeto

Figure 6. Tethered capsule image volume from patient with C2M4 non-dysplastic BE at (A) 200

pm depth, (B) 400 pm depth, and (C) full depth projection. Scale bars 1 cm. (D-F) Enlargements

showing glands and mucosal pattern at the GEJ. Scale bars 1 mm. (G) Cross-sectional OCT from

the GEJ showing atypical glands. Scale bar 500 um. Two recent surveillance EGDs with 4-

122



quadrant biopsies found no dysplasia. Numerous atypical gland clusters at various tissue depths

were observed near the GEJ on the gastric side, and were not accompanied by any notable mucosal

irregularity. These features at the GEJ can confound attempts to identify neoplasia, particularly if

the GEJ boundary is poorly defined and wide field enface views are unavailable. Biopsy from last

EGD 9 months prior at the GEJ (inset) shows large dilated cardiac gland (arrow) with smaller

peripheral glands.

Table 2 and Figure 7 show a summary of features observed in patient subgroups (NDBE

vs history of dysplasia and treatment). The occurrence rates of irregular mucosal patterns, atypical

gland clusters, and overlapping features, on a per-patient and per-area basis are reported. In the

neoplasia group, irregular mucosal patterns with underlying atypical gland clusters had 1.7

occurrences/patient and 0.36 occurrences/area, while in the NDBE group had 0.22

occurrences/patient and 0.01 occurrences/area, suggesting strong association with patient

neoplasia status. Two patients in the NDBE group each had a single occurrence of irregular

mucosal pattern with underlying atypical gland cluster; standard 4-quadrant biopsies obtained

during the subsequent EGD from the longitudinal position closest to the observed features showed

low-grade dysplasia and indefinite for dysplasia respectively.
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OCT features in patient subgroups All neoplasia Treatment-naive Ablated NDBE (n=9)
(n=7) neoplasia (n=3) neoplasia (n=4)t

Irregular mucosal patterns (all)
No. of patients 6/7 3/3 3/4 6/9
Occurrences 17 (2.4/patient) 11 (3.7/patient) 6 (1.5/patient) 10 (1.1/patient)

Occurrences <1cm from GEJ 14 (2.0/patient) 9 (3.0/patient) 5 (1.3/patient) 3 (0.33/patient)
Occurrences per cm2 area* 0.56 0.40 0.72 0.06

Irregular mucosal patterns w/
atypical gland clusters

No. of patients 5/7 3/3 2/4 2/9
Occurrences 12 (1.7/patient) 9 (3.0/patient) 3 (0.75/patient) 2 (0.22/patient)

Occurrences <1cm from GEJ 9 (1.3/patient) 7 (2.3/patient) 2 (0.5/patient) 0 (0/patient)
Occurrences per cm2 area 0.36 0.31 0.40 0.008

Atypical gland clusters (all)
No. of patients 7/7 3/3 4/4 7/9
Occurrences 21 (3.0/patient) 11 (3.7/patient) 10 (2.5/patient) 12 (1.3/patient)

Occurrences <1cm from GEJ 15 (2.1/patient) 7 (2.3/patient) 8 (2.0/patient) 6 (0.67/patient)
Occurrences per cm2 area 0.60 0.40 0.81 0.30

*Mean of occurrences/area for each patient, where total area per patient is approximated by BE maximal extent x
capsule circumference x fraction of BE area in contact.
tOne patient out of 4 had no visible BE on endoscopy, and was thus excluded from the mean occurrences/area
computation. Features observed at the GEJ were counted as occurrences.

Table 2. Occurrence rates of OCT features in BE, namely irregular mucosal patterns and atypical

gland clusters, in patient subgroups of baseline pathology and treatment history.

OCT feature occurrences per patient

All neoplasia Treatment-naive
neoplasia

Ablated
neoplasia

1.2

1.0

0.8

0.6

0.4

0.2

0.0
NDBE All neoplasia Treatment-naive

neoplasia

n Irregular mucosal patterns w/
atypical gland clusters

Atypical gland dusters w/o
irregular mucosal patterns

m Irregular mucosal patterns w/o
atypical gland clusters

Figure 7. Stacked bar charts of OCT feature occurrences per patient and per cm2 of BE area. The

features are plotted to avoid repeat counting, such that the stacked height indicates the total feature
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count. Neoplasia patients showed a high occurrence rate of irregular mucosal patterns with

underlying atypical gland clusters, while NDBE patients showed a much lower occurrence rate.

Atypical gland clusters were numerous in all subgroups, and associated with a proximity to the

GEJ (Table 2).

Discussion

We report our initial experience with tethered capsules using ultrahigh speed OCT imaging

technology for wide field, enface and cross-sectional visualization. We used OCT imaging speeds

of 1,000,000 A-scans/sec and micromotor rotary scanning at 300 frames/sec to generate high

quality en face views, enhanced by capsule design improvements for smooth pullback. Previous

reports demonstrated screening applications by recruiting largely from a primary care population,

who likely had little or no BE. We aimed to investigate feasibility of surveillance, thus recruited

from a heterogeneous BE surveillance population, in which patients had various BE lengths,

baseline pathology and treatment history.

Toleration (anxiety and discomfort) scores stratified by pathology and treatment history

were generally consistent between subgroups, suggesting that toleration may be independent of

experience with prior endoscopies and treatment. The endoscopic procedure was better tolerated

than the tethered capsule, due to sedation use. Our toleration scores show marginally lower pre-

procedure anxiety (1.9 1.1 vs 2.1 0.8) and higher procedural discomfort (2.5 1.0 vs 1.9 0.9) than

a previous report[143], possibly due to our larger capsule diameter (12mm vs 1 1mm) chosen for

better tissue contact. These results suggest that tethered capsule OCT is a moderately well-
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tolerated procedure, although both were single-center studies, and our study was at the VA with

all enrolled subjects veterans and male, so results may not be generalizable to the broader

population.

Close contact of the capsule with the esophageal wall is critical for optimal visualization

with OCT, because it assures that most of the esophagus circumference is visualized and within

the focal range of the imaging optics. Loose contact on the esophagus may affect the appearance

of mucosal microstructure on OCT, and implies the presence of esophageal folds, which obscure

portions of the esophagus. Primary peristalsis is initiated by swallow, which soon triggers a

relaxation (deglutitive inhibition) at the LES. In the ensuing ~10 sec, the peristaltic wave travels

rapidly down the esophagus, and upon reaching the LES causes it to close shut. Therefore, waiting

~10 sec after the last swallow avoids any vestibular dilation of the distal esophagus due to LES

relaxation. Previous studies suggested that peristaltic contractions initiated by swallowing would

ensure close contact between the capsule and the esophagus. In our experience, patient swallows

were helpful, but a substantial minority of patients persistently showed poor contact on the capsule

despite repeated dry/wet swallows and avoiding deglutitive inhibition. The short-segment cases

(n=8) showed superior tissue contact compared to the long-segment cases (n=8) (89 11% vs

61 31%, p=O.03) (Figure 3). Patients without sliding hiatal hernia (n=1 1) showed superior contact

compared to those with hernia (n=5) (84 15% vs 55 37%, p=0.04). Previous studies did not report

difficulties with obtaining close contact of the esophagus on the capsule, but had likely recruited

patients with little or no BE. Early studies of esophageal motility in BE found an association

between long BE lengths and reduction of LES tone and peristaltic amplitude[147]. The reduced

LES tone associated with sliding hiatal hemia[145] may also contribute to poor tissue contact.
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Longitudinal pullback uniformity is necessary for high quality en face visualization. Our

previously reported micromotor imaging probe[79] relied on 2mm/sec motorized pullback for en

face OCT. For simplicity, our tethered capsule was longitudinally translated by manual pullback

at lcm/sec. Our previous tethered capsule study in sedated patients[54] found that the capsule

could not be translated smoothly at slow speeds, which produced longitudinal image artifacts.

Friction between the capsule surface and esophageal wall contribute to non-uniform motion. In

our design, the lubricious housing improved pullback uniformity. The operator pulled back on the

tether at a fast 1 cm/sec, minimizing frictional effects. During pullback, the operator occasionally

reported sensing resistance on the tether possibly exerted by a combination of anatomic variations,

peristaltic contractions, LES tone and/or rebound contractions, leading to nonuniform pullback.

We did not forcefully pull through these resistances, which are meaningful anatomical signals for

safe and effective use. Short-segment BE had inferior longitudinal uniformity to long-segment BE.

The good tissue contact produced by strong LES tone might have resulted in nonuniform capsule

pullback. Conversely, long-segment BE has looser contact, which may be enabling smoother

pullback. Information on BE length and hiatal hernia from prior endoscopy, or pressure

measurements from manometry, if available, may help determine suitability for tethered capsule

imaging.

The occurrence rates of irregular mucosal patterns and atypical gland clusters identified in

this case series showed associations of these features with patients' neoplasia status and treatment

history. The neoplasia subgroup showed a much higher occurrence rate of irregular mucosal

patterns with underlying atypical gland clusters than NDBE (1.7/patient and 0.36/area versus
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0.22/patient and 0.01/area). The two patients in the NDBE subgroup that showed this combined

feature were found in subsequent EGD biopsies to have low-grade and indefinite for dysplasia

diagnoses from the approximate longitudinal position of the OCT features. Atypical gland

clustering may occur in either plane, but transverse clustering cannot be easily discerned in the

cross-sectional plane alone. Earlier cross-sectional OCT criteria were developed in part using VLE,

which had slow imaging speeds that generated sparsely-spaced cross-sectional image volumes

without en face views. The present study shows effective gland visualization in either cross-

sectional or subsurface en face planes, the latter enabling more comprehensive evaluation.

Atypical glands are known to be associated with neoplasia, but also occur in NDBE cases, leading

to suboptimal specificity in some studies[43]. The present study showed atypical gland cluster

occurrence rates of 3.0/patient and 0.60/area in neoplasia versus lower but still substantial rates of

1.3/patient and 0.30/area in NDBE. A multi-center study of NBI criteria for dysplasia based partly

on irregular mucosal pattern showed 80% sensitivity and 88% specificity[26]. The augmentation

of OCT atypical gland criteria with en face irregular mucosal pattern may improve the

differentiation of neoplasia and NDBE subgroups using OCT.

A substantial fraction of features in all subgroups occurred near the GEJ, which has been

reported in the past as an area where OCT features may have low specificity[ 148]. The region of

cardiac mucosa at the GEJ is the subject of ongoing debate, and it has been proposed that GEJ

glands may progress to BE and have pre-malignant potential[7]. The large field-of-view and en

face visualization with the tethered capsule may improve assessment of the GEJ boundary (Figure

5) compared to slower cross-sectional OCT systems, and facilitate the study of the pathogenesis

of BE and dysplasia originating from GEJ features. Treated patients appeared to show higher rates

128



of features, but these patients had short residual BE lengths after prior treatment; therefore the

majority of features were near the GEJ leading to high density of feature occurrences over a small

area.

An important limitation of the study was the lack of histological correlation with the

observed OCT features. Our device did not have the capability to obtain biopsy or mark regions

for biopsy during endoscopy. In the present study, the feature analysis was based on descriptions

from prior NBI and volumetric enface and cross-sectional OCT studies that reported histologically

correlated features. Early success of laser marking using tethered capsules based on cross-sectional

image guidance have been reported[ 110]. Future work may adapt the laser marking paradigm for

tethered capsules to guide biopsy based on both enface and cross-sectional features. Alternatively,

the follow-up EGD could use NBI to identify regions of irregular mucosal pattern that agree with

the en face OCT findings for biopsy correlation. With further improvements to data quality and

yield, tethered capsule image volumes with optimal tissue contact and longitudinal uniformity

would map the BE segment and enable feature localization by clock and longitudinal position,

with sufficient accuracy for endoscopic sampling. Another limitation was the use of a single

unblinded reader for feature analysis. This was a pilot study with small enrollment, which

necessitated the use of an OCT expert to interpret this data while cognizant of patient history. This

unblinded study has generated hypotheses that will be tested in a future prospective study using

tethered capsule OCT for dysplasia identification.

Ultrahigh-speed tethered capsule OCT can achieve comprehensive visualization of

esophageal microstructure in unsedated patients, and may be an effective modality for risk
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stratification in BE screening, and surveillance for neoplasia. Irregular mucosal patterns with

underlying atypical gland clusters were strongly associated in patients with neoplasia, and may be

a potential marker of neoplasia. Additional studies with histological correlation are warranted.

Bonus supplement: Prague C&M reading of capsule OCT

The Prague C&M criteria is an endoscopic standard of determining the length and extent

of BE. C is the circumferential extent and M is the maximal extent. Determining the Prague

measurements in an unsedated procedure may have impact in risk stratification, since it is well

established that long-segment BE patients are at higher risk of EAC than short-segment patients.

Datasets were assessed in a blinded reading by 2 readers, an experienced gastroenterologist

who performed the capsule imaging and endoscopies at least 2 months before the reading, and an

OCT student trainee with only minimal previous exposure to endoscopic OCT images. Each

dataset was presented by the reading facilitator (KCL) as a 3-dimensional image stack, with

simultaneous ('orthoplane') scrollable views of en face and cross-sectional planes, as well as a

single en face image generated by an average 'projection' of an en face image stack of 800 um

depth from the capsule surface. The former provided depth-resolved visualization, while the latter

provided a contrast-enhanced image of surface mucosal pattern. Readers were first given a brief

training session introducing image examples from a range of tissue types including squamous

epithelium, BE, and gastric mucosa, as well as the reading protocol. The maximal location of BE

was defined as the most distal location at which 100% of the cross section showed squamous

epithelium. The circumferential location of BE was defined as the most proximal location at which

0% of the cross section showed squamous epithelium. The gastroesophageal junction (GEJ)
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location was defined as the location at which about 50% of the cross section showed OCT features

of gastric mucosa. The training included practice assessment of one dataset. Training was followed

by a pretest assessment of another dataset, and a discussion with the facilitator. The remaining 12

datasets were then read in blinded fashion. The location of the maximal extent, circumferential

extent, and GEJ identified by the reader were noted by the facilitator.

Out of 14 datasets assessed, 1 dataset was used for training and 1 for pretest, and 12 datasets

were read. A minority of cases had <60% tissue contact (n=4) but were also included in the reading

for completeness, but were not expected to yield viable measurements. All measurements were

rounded to the nearest 0.5 cm similar to endoscopic measurements. Reader 1 (HM) had M mean

absolute error 1.7 1.3 cm, and C 1.3 1.1 cm. Reader 2 (EM) had M mean absolute error 2.4 1.4

cm, C 2.0 1.1 cm. An early study validating the endoscopic Prague criteria[149] found good

agreement within 2 cm between readers, therefore the OCT readings appear consistent. However,

it is important to plot the actual readings versus true measurements on a scatter plot to observe

trends and distributions.
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It can be observed that the short-segment BE lengths are consistently overestimated, by as

much as 2 -3 cm, while the long-segment BE lengths are underestimated. Short-segment BE is

known to be low risk, so an overestimate of length may lead to an overestimate of risk, and vice

versa. This points to an area of potential improvement in the reading criteria. It will be possible to

modify the criteria for the GEJ to start at the longitudinal location that contains 0% gastric tissue

(excluding the tissue transition zone), which will shorten the lengths overall by 1-2 cm. This will

however lead to a further underestimation of long-segment BE. It is possible that a number of the

long-segment BE cases did not show comprehensive coverage of the GEJ, due to difficulty in

assessing the transition zone (longer in long-segment BE) in real-time, and suboptimal tissue

contact leading to erroneously determining the start of the pullback during data acquisition. Also,

longer lengths, being acquired over a longer time and length, are more likely to be subject to

longitudinal non-uniform artifacts. However, from Fig. 3 it is apparent that short segment BE may

be more prone to longitudinal stretching, which will lead to length overestimation. It is also evident

from the scatter plots that cases with BE lengths of ~4-6 cm are missing from the data. It is likely

necessary to demonstrate reading of a comprehensive spread of BE lengths for study completeness.

The ability to assess Prague criteria without endoscopy is attractive, but may not be

realistically achievable if difficulties with tissue contact and longitudinal uniformity persist,

because those factors limit coverage and the accuracy of the visualization particularly over long-

segment BE. A possible compromise would be simply the reading of absence/presence of BE,

however this can be performed with a wide range of technologies that may be lower cost and
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simpler than OCT. Using OCT features to identify potential dysplasia may be a more important

application.
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Chapter 7

Conclusion and Future Work

This thesis work presents the development of a broad suite of endoscopic optical imaging

technologies, and their in vivo demonstration and validation in living swine models and human

patients. The modality of choice was optical coherence tomography (OCT), which has known

longstanding advantages for in vivo gastrointestinal imaging, and recent dramatic advances in

imaging speeds have necessitated parallel developments in scanning speed and precision of

catheter-based imaging devices. The author has benefited tremendously from early work by

colleagues in developing ultrahigh-speed OCT, especially Benjamin Potsaid PhD, Tsung-Han Tsai

PhD, Hsiang-Chieh Lee PhD, Osman Ahsen PhD, and other illustrious alumni too numerous to

name. The scan speeds enabled by resonant scanning techniques are particularly scalable, reaching

into the 10-20 kHz range, finding their match only in the latest advances in multi-MHz OCT speeds.

Indeed, these technologies are generalizable to any optical beam scanning technique, and may find

even stronger applications with other microscopic modalities. On the clinical front, the emerging

practice of unsedated gastrointestinal imaging shows great promise, validated in part by this thesis

work and other groups, and could have far reaching applications beyond Barrett's esophagus for

the screening of various esophageal and anorectal disorders, bringing low-cost early detection

modalities to at-risk groups.

The first portion of the thesis continues efforts from the author's master thesis work on

resonant fiber spiral scanning for forward viewing endomicroscopy. Resonant fiber scanning is a

classic, even dated technique from the early 2000s, and has been investigated by countless groups
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since then. However, the complexity of the technique meant that few groups found sustained

success, and OCT lagged behind other white-light and nonlinear microscopy techniques due to

limited imaging speeds a decade ago. Recent advances in OCT speeds motivated a triumphant

return to the resonant fiber scanner, which performed poorly at slow speeds but really flourished

in the kHz range. The thesis work has developed compact device packaging, scan calibration,

reconstruction and display methods, and clinical use protocols for forward viewing inspection

during endoscopy. The main challenge was in producing large resonant scan amplitudes while

keeping voltages to a safe minimum and the rigid length of the device as short as possible. This

challenge was solved in part by building extremely high quality factor resonant scanners for large

amplitude responses, but difficulties with controlling the scan linearity and reset (decay) phase

suggest that Q-factors will require more careful control. More compact (<1 mm diameter)

piezoelectric tubes capable of high amplitude deflection, relaxing requirements on Q-factor, will

be critically important for the continued evolution of this device for ease of clinical translation.

The thesis also reports a new scanning technique that the author and colleagues have named

cycloid scanning. This work was developed in close collaboration with postdoc Zhao Wang PhD,

who shares co-first authorship with the thesis author on the publication. This technique was

intended in part to address difficulties with amplitude modulation of the resonant fiber scanner,

particularly on the reset phase. Using a micromotor for the slow axis scan, the resonant fiber can

scan continuously at full amplitude and does not require complex control. Rapid multi-volume/sec

imaging is enabled by the micromotor rotation. The cycloid is the side-viewing analog to the

forward viewing spiral; both techniques use distal actuation mechanisms to cover 2-D areas and

do not require external (proximal) actuations. This was a highly novel effort encompassing the
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theoretical development of the scan trajectory, device design and assembly, image calibration and

reconstruction, and translation to human imaging. While results were compelling and likely of

great interest to the research community, the most appropriate applications of this technique

remain unclear. The cycloid scan has an inefficient non-raster trajectory. For high speed, wide

field coverage, standard raster-like scan mechanisms using distal micromotor rotary scanning and

rapid pullback are likely to remain ideal. Other imaging modalities such as nonlinear microscopy

or confocal microscopy might lend themselves better to cycloid scanning, using data rates of tens

of MHz, but the lack of depth information and the extreme alignment precision needed of high

numerical aperture imaging may prove challenging for optical assembly and real-world use.

Specific applications that require high volumetric rate imaging, say in scenarios that suffer from

bulk motion artifacts such as surgical/handheld applications or in regions near the heart such as

the gastroesophageal junction, may be most suited to the cycloid technique, which may be used

for rapid imaging that freezes motion.

A substantial portion of the thesis has been dedicated to engineering development and

clinical investigations of tethered capsules, which have recently enabled a new paradigm of

unsedated esophageal imaging. Previous work with tethered capsules involved relatively low

technology, including tying strings to capsules, and slow OCT imaging speeds only capable of

cross-sectional imaging, but were lauded as an effective technique for rapid yet thorough

inspection of the distal esophagus without use of expensive and labor-intensive sedation anesthesia.

The author has endeavored to extend the imaging capabilities of tethered capsules to potentially

improve diagnostic capabilities. The implementation of micromotors for rapid and precise rotary

scanning, and the evaluation of pneumatic actuation, then piezoelectric actuation to provide a
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second axis scan is motivated by the necessity for high speed and high precision scanning

compatible with high speed image acquisition. Also, important has been the development and

validation of large animal models and clinical use protocols. The swine is an important model for

evaluating large endoscopic devices. Early capsules developed in this thesis were tested in swine

esophagus and rectum, which helped to inform clinical protocols later. Initially the capsules were

used in sedated patients during endoscopy, but tissue contact on the esophagus was suboptimal

and it was unclear if this was superior to existing commercial OCT balloons already capable of

imaging large areas in sedated patients. Later, clinical imaging protocols and procedures were

devised and iterated for effective tethered capsule imaging of patients without sedation. While

results in this thesis suggest that imaging of Barrett's Esophagus using tethered capsules may have

diagnostic potential in early detection and screening/surveillance applications, there are substantial

opportunities for use in other esophageal pathologies, and numerous other areas of the GI tract that

can be accessed by tethered capsules. Screening for squamous cell carcinoma in the esophagus,

anal neoplasia and cancer, or rectal polyps as a surrogate for colorectal screening are all worthy of

investigation for possible use of tethered capsule imaging. The promise of low cost and simple,

non-endoscopic GI imaging using tethered capsules could have enormous impact on population

wide screening and early cancer detection.

As OCT technologies continue to make prodigious gains in speed and imaging sensitivity,

endoscopic imaging tools must keep up in scanning speed and precision while maintaining

compactness and ergonomic ease. It is the author's hope that this thesis work has made a notable

contribution in enabling the translation of advanced optical modalities towards not only GI and

endoscopy but a wide scope of minimally invasive clinical applications.
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