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ABSTRACT

Conventional image guidance is typically based on macroscopic clinical imaging modalities, such
as magnetic resonance imaging, computed tomography and ultrasound imaging, which are limited
in their ability to guide therapeutic interventions for epithelial lesions due to constraints on spatial
resolution. Here, the notion of microscopic image guidance is introduced. The overall goal of this
dissertation is to develop a framework for real-time guidance and monitoring of thermal therapy in
epithelial lesions that seamlessly integrates optical frequency domain imaging (OFDI), which is a high-
resolution (~ 10 um), volumetric diagnostic imaging tool now used clinically in Barrett’s esophagus
patients. The first part of this dissertation investigates an approach to integrate OFDI into the conven-
tional endoscopy workflow using a machine learning scheme after enriching the endoscopic scene with
navigational landmarks through a noninvasive laser painting paradigm. The second part discusses
an integrated approach that combines imaging, radiofrequency ablation (RFA), and monitoring in
a single OFDI-RFA balloon catheter configuration. A label-free, noninvasive technique to monitor
the thermal coagulation process at high resolution, based on complex difference variance, is first pre-
sented in a thulium laser benchtop setup. With proper noise calibration and non-uniform rotation
distortion artifact correction, the precise delineation of the thermal coagulation zone is demonstrated
in porcine esophagus ex vivo using the integrated OFDI-RFA catheter, as validated by NBTC histol-
ogy. The ability to directly and accurately visualize the thermal coagulation process at high resolution
is critical to the precise delivery of thermal energy to epithelial lesions and opens up the possibility
of performing microscopic image-guided procedures in a vast array of epithelial applications beyond

Barrett’s esophagus in the future.
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Microscopic Imagc Guidance

1.1 PRECISION MEDICINE AS THE FUTURE OF MEDICINE

Perhaps it has always been a dream for me to envision a future in medicine where we can diagnose
and treat diseases such as cancer at an unprecedented level of precision. With the recent announce-
ment of the NIH precision medicine initiative”, there has been a resurgence of interest in innovative
approaches to patient care that take into account individual variability to better tailor different thera-
peutic interventions, particularly in cancer treatments. While the concept of precision medicine itself
is not particularly new (indeed, the term personalized medicine has been used for many years), recent

technological advancements such as our ability to sequence the entire human genome have propelled

"NIH Precision Medicine Initiative. hteps://www.nih.gov/precision-medicine-initiative-cohort-program



this vision forward, thereby enabling more targeted therapies through molecular approaches that take
into account the genetic heterogeneity of patients. However, in the new era of precision medicine,
what is becoming clear is that we need to take a more holistic, interdisciplinary approach to the treat-

ment of diseases as complex as cancer.

“Tonight, 'm launching a new Precision Medicine Initiative to bring us closer to cur-
ing diseases like cancer and diabetes — and to give all of us access to the personalized
information we need to keep ourselves and our families healthier.”

— President Barack Obama, State of the Union Address, January 20, 2015

In particular, in the first part of this dissertation, I will literally “paint” a picture of a possible future
framework of precision medicine where disease diagnosis and treatment can be performed at micro-
scopic resolution by combining optical microscopy iz vivo with machine learning and a noninvasive
laser printing/painting technique (thereby enabling localization and targeted biopsy/therapy delivery).
In the second part of this dissertation, I will describe another embodiment of this new form of image
guidance, termed microscopic image guidance, which is capable of precisely targeting lesions in differ-
ent parts of the body using an integrated thermal therapy monitoring approach to disease diagnosis

and therapy delivery.

1. CONVENTIONAL IMAGE GUIDANCE

The term “image-guided therapy” (or more broadly “image guidance”) has traditionally been con-
fined to predominantly macroscopic clinical imaging modalities such as computed tomography, mag-
netic resonance imaging, and ultrasound imaging, which offer limited spatial resolution, especially for
guiding therapeutic interventions in epithelial lesions where a high precision is required. A typical im-
age depicting an operating suite with conventional image guidance is shown in Figure r.1. Indeed, it is

macroscopic both in the sense of the instrumentation and the ability to resolve the object being imaged.



Figure 1.1: An example of an operating suite with macroscopic image guidance tools such as computed tomography (CT),
magnetic resonance imaging (MRI), or positron emission tomography (PET) machines. Image credit: Advanced multi-
modal image-guided operating (AMIGO) suite at Brigham and Women'’s Hospital - http://ncigt.org/amigo

Here, we introduce the notion of microscopic image guidance that difters in two important ways: 1) the
imaging device is significantly miniaturized, through the construction of small optical imaging probes,
which enable access to many disease sites that were traditionally impossible to reach, 2) the resolution

is significantly improved to the level of enabling microscopic examination of tissue in living patients.

1.3 MICROSCOPIC IMAGE GUIDANCE

The enabling optical imaging technology is called optical frequency domain imaging (OFDI), which
is a second-generation optical coherence tomography (OCT) technique that offers high-speed, high-
resolution volumetric imaging (~10 «m). Our earlier clinical studies using OFDI have demonstrated
its potential to identify early precancerous changes in the esophagus, called Barrett’s esophagus (BE),
which arises from chronic acid reflux from the stomach7****. Chronicacid reflux or gastroesophageal
reflux disease (GERD) — a condition that commonly presents as heartburn — is very prevalent in the
US and affects ~10-20% of the US population®*. Over time, chronic acid reflux transforms the top
layer of the esophagus — the epithelium — into a more protective type of tissue seen in the intestine;

this transformation is called intestinal metaplasia — an important pathological feature of Barrett’s



esophagus. Unfortunately, Barrett’s esophagus, in the late stage, becomes a highly lethal cancer called
esophageal adenocarcinoma with a dismal s-year survival of ~15%°+. The current gold standard for
the clinical diagnosis of BE is random four-quadrant biopsy through alongitudinal endoscopic surveil-
lance program, which is prone to sampling error. In cases where high-grade dysplasia (the high-risk,
pathological stage preceding cancer) is identified, physicians typically perform ablation therapies such
as radiofrequency ablation (RFA). While RFA is an established treatment modality that leads to the
regression of disease and regrowth of the squamous epithelium if performed successfully, it is typically
guided only by macroscopic surface features through endoscopy. Conventional endoscopy, however,
can lead to missed buried BE regions or overtreatment of healthy regions resulting in complications
such as stricture formation in up to 8% of patients (which prevents patients from swallowing and
requires immediate interventions)”*. Therefore, there is a strong need for both better screening tools
for early diagnosis and early treatment when the treatment outcome remains highly favorable. Indeed,
clinical studies have shown that the complete response rate is >90% with RFA treatment for low-grade
dysplasia and nondysplastic BE (the early stages)7°.

While the OFDI imaging technology has recently enabled the comprehensive, 3D examination of
the esophagus at high resolution to identify suspicious Barrett’s esophagus regions for more targeted
biopsy7%7¢, there still exists a large gap between diagnosis and treatment that can be bridged through
a more holistic, integrated image guidance approach. Two potential frameworks are illustrated as fol-
lows.

The first framework, as depicted in Fig. 1.2 and discussed in detail in Chapter 2, outlines a laser
painting and machine learning approach that enables targeted biopsy and treatment with microscopic
image guidance in the challenging endoscopic setting. The endoscopic environment in the esophagus
is probably one of the most challenging for image registration due to viewpoint changes, partial oc-
clusion, and deformation of the esophagus. Therefore, two important innovations are proposed here.

First, using a noninvasive laser painting paradigm with a customized biodegradable spray-on substrate,



Laser printing/painting on Volume Microscopy Identify suspicious lesions
biodegradable PLGA substrate

Machine learning framework for

Precise targeting of lesions Targeted biopsy and treatment endoscopic GPS guidance

Figure 1.2: A new form of microscopic image guided therapy using a combination of laser painting with a biodegradable
spray-on substrate and machine learning to co-register two very distinct modalities (endoscopic images and OFDI im-
ages), thereby enabling navigational and treatment guidance in the extremely challenging endoscopic environment.

a set of navigational landmarks are painted on the surface of the esophagus through photobleaching
of a light-sensitive dye with a laser beam. Then, comprehensive, 3D microscopy is performed using
the balloon OFDI catheter in the esophagus, which enables the identification of suspicious lesions (i.e.
Barrett’s esophagus regions). To overcome the significant challenges in the endoscopic environment,
a machine learning approach was developed to identify these landmarks, thereby essentially decoding
a set of endoscopic GPS coordinates. By overlaying this virtual endoscopic GPS map during the en-
doscopic procedure, a distinct frame corresponding to the OFDI dataset can be identified - a process
called co-registration - so that we can see beneath the surface and analyze the underlying disease region
at the same time. The key is that these navigational landmarks must be highly visible on both conven-
tional endoscopy and on OFDI imaging, such that co-registration (or co-localization) of both datasets
is possible.

The second framework, as illustrated in Fig. 1.3 and discussed in detail in Chapters 3 through 6, out-



Deploy balloon catheter Volume Microscopy Identify suspicious lesions
OFDI-RFA system

Precise targeting of lesions

Real-time therapy monitoring Treat with integrated

and feedback OFDI-RFA catheter

Figure 1.3: Integrated microscopic image-guided therapy platform: imaging, thermal therapy delivery, and monitoring
are performed using a single balloon catheter which has a flexible radiofrequency electrode array around the balloon.
Real-time therapy monitoring using OFDI ensures that the target lesion is treated at precisely the desired depth with
feedback to achieve optimal outcome and minimize complications in patients.

lines another approach that directly integrates imaging, therapy delivery, and monitoring in a single
balloon catheter. While this approach is less flexible, it is an elegant approach to stabilize the deforma-
tion of the esophagus and ensure that energy delivery to the precancerous lesion is precisely tailored

based on real-time imaging.

1.4 THERMAL THERAPY MONITORING

While the proposed frameworks described above can be applied to many types of epithelial lesions, our
immediate focus is Barrett’s esophagus given it is an easily accessible target by endoscopic intervention

with an existing surveillance program and a treatment protocol involving thermal therapy. Itis also a



target with high clinical significance given it is a precursor lesion to esophageal adenocarcinoma which
is associated with a high mortality and morbidity rate. The goal of this work is the development of
an OFDI-guided and OFDI-monitored ablation therapy platform that provides pre-operative OFDI
image guidance to assist with targeted biopsy and focal treatment (through framework 1 illustrated
in Fig. 1.2) or peri-operative OFDI guidance and real-time monitoring of therapy depth (through
framework 2 illustrated in Fig. 1.3) to assist with thermal therapy treatment in larger segments. In this
section, we will focus on a specific thermal therapy modality — radiofrequency ablation — in Barrett’s
esophagus given its widespread clinical adoption.

Radiofrequency ablation (RFA) is currently an approved and widely adopted treatment modality
for Barrett’s esophagus patients with dysplasia. While the use of RFA in high-grade dysplasia is clear,
its current use in early, premalignant stages (such as low-grade dysplasia [LGD] and non-dysplastic
BE) is controversial due to the potential risk of complications and cost of treatment due to repeated
sessions, despite the higher complete response rate. For example, the risk of stricture formation, which
results from overtreatment, ranges from 2% to 8%7°, and multiple treatment sessions (up to 4-6 ses-
sions for >8cm segments*) are typically required to achieve complete response. A major limitation of
the current treatment paradigm is that a standardized energy setting is used by assuming a uniform
lesion depth and no real-time monitoring tool is available for RFA in BE patients to ensure that the
desired target lesion depth is actually achieved. Therefore, a real-time monitoring tool that provides
an accurate measure of treatment depth will greatly increase single-procedure efficacy and reduce com-
plication rate, thereby potentially opening up the possibility of using RFA in treating BE with LGD
and non-dysplastic BE, when the complete response rate remains very high (>90%)7°.

While RFA monitoring is not routine in BE treatment, it is typically used for other sites such as liver
tumor ablation. However, current state-of-the-art techniques 752058,57:36,43 £ monitoring thermal ab-
lation often rely on bulk tissue property measurements (such as temperature at relatively low spatial

resolution), and hence lack the sensitivity for precise spatiotemporal control of the therapy. A major



limitation of temperature measurement using conventional thermocouples is that they only permit
point sampling, while emerging magnetic resonance thermometry’»*° techniques are very expensive
and are limited by the low spatiotemporal resolution. The large size of the imaging equipment is also
not very practical for the endoscopy suite setting. Photoacoustic thermography of tissue has recently
been demonstrated for the assessment of myocardial RF ablation lesions iz vitro*, but the spatial
resolution (~1 mm) remains low for epithelial applications such as BE treatment.

Within the domain of OCT imaging, there is currently only a limited number of related studies
on thermal therapy monitoring. One of the early ideas involved the use of polarization-sensitive (PS)
OCT to assess thermal damage through reduced tissue birefringence caused by denaturation of colla-
gen in porcine tendon and skin'®. This is analogous to techniques based on polarized light microscopy.
However, PS-based measurements cannot be generally applied to all tissue types given that not every
tissue type exhibits high birefringence at baseline (which is the primary contrast mechanism here).
In terms of other approaches, Prof. Rollins’ group investigated the use of a forward-imaging OCT
catheter for monitoring cardiac RF ablation lesion using conventional intensity OCT images and no-
ticed the increased signal intensity with ablated lesions in a swine heart both iz vitro and in vivo*®, but
it was difficult to delineate the ablation zone boundary using only an intensity-based technique. In
terms of using OCT for imaging ablation therapy in BE, the most relevant work only investigated the
characterization of buried glands before and after RF ablation or cryoablation, but not during abla-
tion™". In fact, this previous work demonstrated the potential of using volumetric OCT for detecting
buried glands which evade detection and lead to recurrence/dysplastic progression. For these reasons,
the use of OCT in the clinical environment could be greatly facilitated by the development of a com-
prehensive real-time RFA monitoring method with potential for clinical translation. Additionally,
RFA therapy is currently performed unguided: apart from visual inspection during video endoscopy,
there is no pre-arranged therapy plan that describes the areas requiring treatment and at which depth

level (which is further complicated by the lack of a monitoring technique to ensure that the desired



treatment depth is achieved). OCT can be used to prepare the therapy plan and to create a map of the
regions that require treatment. It would be very valuable to present this information during video en-
doscopy to enable real-time OCT guidance of RFA therapy, complemented by real-time OCT injury

depth monitoring.

1.5 ORGANIZATION OF DISSERTATION

In the next chapter, we discuss in detail the endoscopic image-guided framework, illustrated in Fig. 1.2,
based on machine learning and laser painting in the esophagus. In Chapters 3 and 4, we investigate
the use of polarization-sensitive optical frequency domain imaging (PS-OFDI), specifically using a
combination of local retardation and degree of polarization, for monitoring laser thermal therapy and
hypertrophic scar remodeling iz vivo. While PS-OFDI ofters the ability to delineate the coagulation
zone accurately in the skin, these two chapters motivate the development of a more generic framework
in Chapter s, based on complex differential variance, to enable thermal therapy monitoring in diverse
tissue types. Chapter 6 demonstrates the translation of the CDV-based technique to a clinical catheter-
based setting, which poses a series of additional challenges including non-uniform rotation distortion
artifacts, and illustrates the implementation of the microscopic image guidance platform outlined in
Fig. 1.3.

Future clinical translation of the microscopic image guidance platform will lead to a real-time, OCT-
based monitoring and guidance platform for RFA that offers the ability to tailor the treatment depth
to the geometry of the target lesion. This is expected to reduce variability and cost in repeated treat-
ment and improve outcomes, which can potentially enable the broader use of RFA for treating earlier

stages of BE in order to achieve a higher complete response rate and a lower morbidity rate.



Endoscopic image-guided therapy and

diagnosis

Recent advances in subsurface imaging techniques, such as optical coherence tomography (OCT) and
endoscopic ultrasound (EUS), have enabled their use as valuable clinical diagnostic and therapeutic
guidance tools by enabling detailed examination of underlying tissue architecture non-invasively in
numerous organ systems’>*>$716%37:9514 - However, in many clinical applications such as Barrett’s
esophagus screening, colorectal cancer screening, or radiofrequency ablation for dysplasia, endoscopy
remains the routine procedure for disease diagnosis/surveillance and therapeutic guidance. Unfortu-

nately, conventional endoscopic examination alone provides limited information beyond surface mor-
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phology and superficial structures, necessitating routine biopsy for diagnosis and broadly limiting its
ability to accurately guide therapeutic interventions.

While subsurface imaging techniques such as OCT or EUS provide valuable complementary infor-
mation, they are often difficult to interpret without context (e.g., without exact anatomical location
and surface morphology/features). In addition, for longitudinal disease surveillance, it can be difh-
cult to relocate the same suspicious region examined months to years apart, which prevents the accu-
rate assessment of the progression of disease and limits the current diagnostic utility of endoscopic
surveillance procedures. Hence, strategies to enable robust navigational guidance in endoscopy and
the seamless integration of subsurface imaging modalities with endoscopy (through the co-registration
of these two modalities both spatially and temporally across multiple sessions for longitudinal assess-
ment) would significantly broaden their current use models and potentially facilitate greater adoption
of these novel imaging techniques.

While there is a plethora of previous work in conventional multi-modality co-registration (such as
PET/CT or CT/MRI)**%%, co-registration between endoscopy and subsurface imaging modalities
is hindered by a number of unique challenges. These challenges include: 1) the lack of a common co-
ordinate system for image generation (e.g., forward viewing camera in endoscopy and circumferential
balloon catheter in OCT); 2) the presence of significant motion artifacts, deformation, and variations
in imaging/lighting conditions (induced by both the physician and the patient, inherent to endoscopic
procedures); and 3) the lack of a rich set of robust intrinsic landmarks beyond basic anatomical ones.
Strategies to overcome these obstacles would enable the integration of subsurface imaging modalities
with endoscopy for such novel applications as a true virtual biopsy (detailed examination of tissue mi-
crostructure non-invasively at a given location without physically removing tissue) during endoscopy
as well as highly targeted image-guided therapeutic interventions, leading to earlier diagnosis and more

comprehensive disease management.
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Figure 2.1: Left: Atypical scene in endoscopy during longitudinal surveillance of suspicious lesions. Right: An example of
an enriched endoscopic scene with a navigational landmark. In this case, a QR code (blue arrowhead) — a special barcode
— was generated with a high-power thulium fiber laser.

2.1 NAVIGATION THROUGH LASER PAINTING AND MACHINE LEARNING

Figure 2.1 shows a typical endoscopic scene in the esophagus, which illustrates clearly the challenges in
the endoscopic environment. The endoscopic environment in the esophagus is possibly the most ex-
treme and most challenging setting for image guidance. Not only is this body organ highly deformable,
but the endoscopic scene does not typically contain a rich set of robust intrinsic features that can be
easily tracked. This poses a very significant challenge to the implementation of a robust image regis-
tration algorithm and accurate localization scheme to enable image guidance, especially if one requires
sub-millimeter accuracy for the realization of the concept of microscopic image guidance.

However, a moment of inspiration came one day — what if we could develop a technique to print or
paint some navigational landmarks directly on the esophagus noninvasively? If this could be achieved,
what should these landmarks look like? Could we encode information somehow, such as in the form
of a QR code (or Quick Response code, which is a special type of barcode to efficiently encode in-
formation, such as in electronic boarding passes)? An example of an enriched scene with a QR code
placed on the tissue surface is shown on the right side of Fig. 2.1.

Here, a novel technique for laser printing or laser painting on esophageal tissue, discussed in fur-

ther details in the next section, was developed to generate a set of robust navigational landmarks to
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encode location. The ideal technique should be noninvasive (i.e., it should not destroy the region
being examined), but should, at the same time, be persistent (given the need to insert an endoscopic
probe). These represent two paradoxically opposite requirements. For example, the most persistent
method to generate a landmark is to tattoo a mark (e.g., with a high power laser) which clearly cannot
be considered completely noninvasive.

In addition, to tackle the challenging environment in endoscopy including significant viewpoint
changes (given the endoscopist can maneuver the camera in any direction), partial occlusion (poten-
tially caused by mucus in the esophagus), and deformation (due to the natural distention and motion
in living patients), conventional approaches to image registration will not suffice. Therefore, two ma-
chine learning schemes were investigated to distinguish between navigational landmarks robustly in
this very challenging setting. The first model is known as a bag-of-words or bag-of-keypoints model 7,
which involves constructing a dictionary of visual words to efficiently represent images in histogram
of image patterns (in an orderless collection). This computationally efficient model is intrinsically ro-
bust to background clutter, affine transformation as well as variations in viewpoint, lighting, occlusion
typical in real-world generic visual categorization of objects. To augment with the geometric relations
between neighboring image patterns, an extension of the bag-of-words model called spatial pyramid
image representation was investigated. In the spatial pyramid representation, an image is partitioned
in different levels of resolution and histograms of local features are computed in each subregion at each
level #°. In addition, a simpler approach involving vectorizing histogram of oriented gradients (HOG)
descriptor™ and classification using linear support vector machine (SVM) was investigated for base-
line performance comparison. Interestingly, the HOG descriptor, a feature descriptor that is used to
represent an image, was shown to be very useful for pedestrian detection. Using the average precision
as the performance metric and a manually generated dataset of over 1000 images, various designs of
navigational landmarks were assessed and the feasibility of localization through the classification of a

navigational landmark was demonstrated.
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2.2 LASER PAINTING IN AN ENDOSCOPIC SETTING

In this section, the general conceptual framework for laser painting is introduced. Two general em-
bodiments of possible tissue patterning or painting models are summarized in this section and a par-
ticularly promising approach will be investigated in subsequent sections.

The first embodiment involves the selective dye transfer model. Here, the tissue surface is selec-
tively modified or primed through physical, chemical and/or biological means (which can be used in
isolation or in combination) for subsequent application of dye for staining. Physical means include se-
lective ablation, micropore generation, or other thermal/non-thermal methods to disrupt the surface.
Chemical means include the application of chemical constructs that bind well to the tissue surface and
the desirable dye (the affinity may be further modulated). Biological means include modifications of
the cell surface, activation of biological pathways or selective activation of epithelial cells that increase
permeability, binding affinity, or the absorption of dyes.

The second embodiment involves the selective dye removal model. Here, a dye is first uniformly
deposited on the tissue surface. Subsequent selective removal of the dye, accomplished through phys-
ical, chemical or biological means, enables the creation of highly customizable patterns. For example,
biocompatible tissue dyes or stains, such as those currently used in chromoendoscopy (including ab-
sorptive stains such as methylene blue, toluidine blue, Lugol’s solution, crystal violet; contrast stains
such as indigo carmine; reactive stains such as phenol red or congo red), photocrosslinkable dyes such
as Rose Bengal, food colors, or the like, can be deposited uniformly on the tissue surface. Subsequent
application of an electromagnetic radiation at a suitable wavelength (such as visible light matching the
absorption peak of the dye) can be exploited for the selective excitation, conversion, or deactivation
(e.g. photobleaching) of the dye.

In this chapter, we will focus on the selective dye removal model. In particular, chromoendoscopy

dyes commonly used in Barrett’s esophagus patients (including crystal violet, toluidine blue and methy-
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lene blue) are deposited on the tissue surface followed by selective photobleaching to achieve different
design patterns. A particularly promising approach that integrates a Poly(Lactide-co-Glycolic Acid)
(PLGA) substrate to generate a water-resistant film (to prevent the dye from smearing and preserve
the pattern after photobleaching) was developed and tested in porcine esophagus ex vivo. A poten-
tial clinical patterning probe design that can enable high-speed, high-resolution patterning iz vivo is
discussed in Section 2.7.1.

Finally, Fig. 2.2 shows a clinical flowchart to further illustrate a particular use model of the present
framework. First, a patterning probe is placed via endoscopic guidance around a region of interest
(ROI) in step 1. Next, a tracking pattern is generated in the ROI in step 2, and the entire ROI is
comprehensively imaged with a subsurface imaging probe in step 3. Note that steps 1 through 3 can be
completed in one step with an integrated probe. Using the tracking pattern, the subsurface imaging
dataset is spatially co-localized (or co-registered) with the real-time endoscopic image stream in step 4.
In all subsequent assessments of tissues within the RO, real-time navigational guidance is realized by
decoding the location represented by the tracking pattern in step s. Virtual biopsy can be performed
in step 6 for detailed examination. The term virtual biopsy refers to the ability to assess the tissue
microstructures below the surface to identify suspicious lesions without physically extracting tissue
samples. Finally, the endoscopic procedure of interest, from a routine biopsy to more sophisticated
interventions such as radiofrequency ablation, can be performed using this image-guided framework
in step 6. Note that another attractive use model involves placing a tracking pattern for navigational
guidance in longitudinal surveillance (to enable the accurate and efficient longitudinal assessment of

suspicious lesions).
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Figure 2.2: Clinical workflow illustrating how pattern generation, tracking/co-localization, and navigational guidance
can be incorporated to enable endoscopic image-guided procedures.
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2.3 INTRODUCTION TO ENDOSCOPIC SCENE UNDERSTANDING

Scene categorization and understanding is one of the most fundamental challenges that physicians
face in the endoscopy suite on a daily basis. For example, to make a diagnosis, physicians need to efhi-
ciently analyze a large sequence of endoscopic images in real-time and categorize them as either normal
or abnormal lesions. In longitudinal surveillance programs, such as Barrett’s esophagus screening or
colon cancer screening, it is often necessary to accurately identify suspicious areas and relocate them
(to assess progression) months to years later. Therefore, a computer-assisted method to provide navi-
gational guidance that enables rapid re-identification of suspicious lesions and subsurface examination
of the disease region simultaneously would be extremely beneficial for: 1) the accurate assessment of
disease progression, and 2)) the reduction of procedure time.

Here, we propose the notion of enriching endoscopic scenes as a first step towards scene under-
standing in endoscopy. In particular, navigational landmarks are generated using a laser-based tissue
painting strategy (either through laser marking where permanent landmarks are created or laser print-
ing/painting where landmarks are created noninvasively through photobleaching of a light-sensitive
dye) and are subsequently classified for localization. Figure 2.3 demonstrates such a laser printing/painting
approach using clinically approved chromoendoscopy dyes (these dyes have been investigated for en-
hancing contrast to better identify suspicious lesions for disease diagnosis). First, three different chro-
moendoscopy dyes were painted on the tissue surface. Using a focused red laser beam, the MGH
logo was then printed/painted on the surface of the esophagus. The laser painting technique is a very
interesting approach since navigational landmarks can be painted/printed noninvasively if the dye is
combined with a biodegradable, nontoxic substrate in the esophagus. Furthermore, the low power re-
quirements associated with photobleaching of a light-sensitive dye, compared to laser marking, means
that a low-cost diode laser can be used and that the procedure can be performed very safely.

Figure 2.4 further depicts the proposed endoscopicimage-guided therapy platform, which co-registers
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Toluidine blue Methylene blue

Figure 2.3: Laser printing with three chromoendoscopy dyes commonly used in Barrett’s esophagus patients (crystal
violet, methylene blue, and toluidine blue). The chromoendoscopy dyes were applied evenly on porcine esophagus ex
vivo and laser printing was performed using a 635 nm diode laser.

Figure 2.4: Proposed endoscopic image-guided therapy framework, where an OFDI dataset is co-registered using navi-
gational landmarks visible in both endoscopy and OFDI. (a) Typical scene in an endoscopic procedure (e.g., biopsy or focal
ablation of lesions), (b) Representative OF DI dataset from a Barrett’s esophagus patient &, (c) Lmer—printedendoscopic
GPS coordinates (in this case, the MGH logo) for co-registration.

the OFDI volumetricimaging datasets with endoscopicimages through the use of custom navigational
landmarks visible in both modalities. Notice that in this case, the endoscopic image (Fig. 2.4c) shows a
laser-printed MGH logo on a biodegradable PLGA substrate/film (hence the glossy surface since this

is water-resistant) that was sprayed on the esophagus prior to photobleaching.

2.4 PREVIOUS WORK ON NAVIGATIONAL GUIDANCE IN ENDOSCOPY

Previous studies in computer-aided navigational guidance in endoscopy primarily focused on using

expensive additional instrumentation for tracking. For example, one approach involves directly plac-
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ing radiofrequency (RF), wireless trackers on the endoscopic tip in laparoscopic surgery *° or optical
tracking devices to spatially register CT scans to endoscopic images for improved navigation within a
body cavity, such as surgery through the sinus®. Another body of work has been devoted to the con-
cept of simultaneous localization and mapping (SLAM) by identifying tracking features and building
a3D map® in endoscopy, particularly in minimally invasive surgery ®°. However, this approach will
be challenging to apply in the case of endoscopy in the esophagus given the lack of distinct features
that can be robustly tracked. Therefore, the ability to provide tracking capability within the esopha-
gus without external instrumentation, using fudicial markers painted on the surface of the esophagus,
will be very appealing. Furthermore, this will establish the basis for a more general framework for
computer-vision based scene understanding (for example, as applied to the more general classification
of suspicious lesions, beyond specific navigational landmarks), which would be very exciting and use-

tul in longitudinal surveillance programs potentially.

2.5 DATASETS AND METHODOLOGY

The first step to begin the process of exploring the idea of navigational guidance through laser-printed
landmarks involves generating image datasets representative of the realistic endoscopic setting. In ad-
dition, different design patterns were assessed to measure the performance of a classification algorithm,
using a metric known as average precision which is commonly used in computer vision for benchmark-

ing the performance of classification algorithms.

2.5.0  GENERATION OF DATASETS

To generate the required training and testing datasets, multiple endoscopy sessions were performed
inside porcine esophagus in an ex-vivo setting. For the laser marking approach, customized patterns

were created using a high-power thulium continuous wave fiber laser. The wavelength of light was
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Figure 2.5: Representative examples of endoscopic image datasets for 5 different navigational landmarks generated
using a thulium fiber laser.

tuned to match the absorption peak of water in tissue (at 1890 nm) for efficient tissue coagulation
and the power was adjusted to enable superficial coagulation of the tissue. Five different landmarks of
varying degrees of complexities were investigated including the QR code presented earlier, as shown in
Fig. 2.5. Representative images were extracted from endoscopy video streams to capture the common
scenarios and challenges seen in endoscopy, such as viewpoint changes, partial occlusion, and defor-
mation. For each class, 200 images were generated from multiple endoscopy sessions from multiple
tissue specimens. A dataset of 1000 images with class labels was generated.

The same procedure was repeated for the laser printing/painting approach (see Fig. 2.6 described
earlier, where a chromoendoscopy dye embedded in a biodegradable PLGA solution is sprayed on the
esophagus to generate a water-resistant film), which shows the dramatic improvement in the contrast
of the images obtained. The four landmarks were chosen to represent 2 pairs of very similar landmarks

to assess the performance of the algorithm.
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Figure 2.6: Representative examples of endoscopic image datasets for 4 different navigational landmarks generated
using a laser printing approach with a chromoendoscopy dye (crystal violet).

2.5.2 OVERVIEW OF ALGORITHMS

Figure 2.7 shows an overview of the proposed endoscopic navigational guidance algorithm based on
the concept of classifying unique landmarks representing different locations. This machine learning
framework consists of a training stage and a testing stage. Within the training stage, a series of repre-
sentative images for each landmark (100 per landmark for training, 100 for testing) were used as the
input to teach the computer what each landmark looks like under all kinds of challenging endoscopic
scenarios, including deformation, partial occlusion, and viewpoint changes. This involves building a
dictionary of visual words based on the image features extracted from each landmark and re-encoding
each image with this dictionary of visual words to train the machine learning algorithm. Visual words
can be thought of as essentially the fundamental elements (salient image features) that can compress
the representation of each image. This machine learning model is known as the bag of words model 7,
which has also been applied to face recognition and the general object recognition problem, but it has
not been applied to endoscopic feature recognition. Once the training stage has been completed, the

real-time endoscopic video stream is analyzed using the trained algorithm. A similar set of stages are
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used to extract image features in a sliding window to detect the presence of different landmarks, which
are then mapped to dictionary entries of visual words for more compact representation and classifica-
tion using the algorithm. The final result from the classification is used to determine the encoded
location.

The first version implemented is an orderless bag of words model using the VLFeat library®®. The
histogram of oriented gradient (HOG) descriptor™®, an image descriptor that has shown great promise
for pedestrian detection, is used for feature extraction. A dictionary of visual words is constructed us-
ing k-means clustering. Finally, alinear support vector machine — a commonly used machine learning
and classification engine — is used for classification.

The second version implemented is a bag of words pipeline thatincorporates spatial pyramid match-
ing*° and locality-constrained linear coding® — techniques that were shown to be beneficial in certain
classification problems where the objects have typically well defined structures. The feature extraction
toolbox created by Khosla et al. #* was used for this experiment.

Finally, for baseline comparison, we implemented a highly simplified pipeline that completely elim-
inates the use of a dictionary and the representation of images using such dictionary of visual words.
In this pipeline, each image is normalized to a standard size (50 x 5o pixels) and HOG features were ex-
tracted. The HOG descriptor was simply vectorized for classification using linear SVM. The rationale
for implementing this model is to investigate the performance gain (or loss), in terms of average preci-
sion, achieved with a more sophisticated bag of words model. The simpler model is also attractive if it
yields acceptable classification performance as it is highly efficient for future real-time implementation

(which might be useful for the broader detection problem).
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Figure 2.7: Overview of proposed endoscopic, machine learning based navigational framework. Recognition of laser-
printed navigational landmarks is performed through object classification and machine learning. Top panel: Overview of
major training stages (a representative dataset consisting of 200 images per class was extracted from endoscopic videos;
100 for training, 100 for testing). Bottom panel: real-time identification of navigational landmarks in the esophagus for
localization.

2.6 REsuLTs

2.6.1 PAIRWISE CLASSIFICATION

Figure 2.8 shows the relative performance of two variants of the bag of words (BOW) model compared
to the baseline algorithm for a representative pair of landmarks - the MGH logo vs. a customized
tracking symbol with a heart in the center. A training dataset of 100 images was used for each class and
the trained algorithm was tested against 100 images per class taken at a different endoscopy session
with a different tissue specimen. A dictionary size of 10 visual words was chosen for both the orderless
BOW model and the BOW with spatial pyramid model. Interestingly, the baseline algorithm achieves
an average precision (93%) comparable to that of the orderless BOW approach (94%). In addition,
both models slightly outperform the more sophisticated BOW model with spatial pyramid.

To confirm this finding, another pair of landmarks (heart vs. cross) was tested (Fig. 2.9). Again, the

bag of words models show average precision values similar to the baseline. As expected, the average
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Figure 2.8: Precision-recall curves for a representative pair (mgh vs. heart) illustrating the relative performance of each
algorithm (average precision: Baseline = 93%, Orderless Bag of Words [BOW] model = 94%, Bag of Words [BOW] with
spatial pyramid model = 87%).

precision dropped dramatically for all models tested, due to the similarity between the two landmarks.

To find a proper subset of landmarks that can be easily classified for navigational guidance, a more
comprehensive study was performed, as shown in Fig. 2.10. Here, it is particularly interesting to see
how the results follow one’s intuition. For example, one would expect that pairs of landmarks with
significant similarities (such as the heart vs. cross symbols or the MGH vs. HMS logos) should be more
difficult for a machine to classify. Indeed, this is the case, as suggested by the low average precision
value for the heart vs. cross pair compared to most other pairs. This interesting finding suggests thata
subset of navigational landmarks can be designed and tested quantitatively for compatibility with one
another to achieve optimal classification results. Another interesting observation is that in most cases,
the bag of words model only provides a small performance boost compared to the baseline algorithm.

Finally, the benefit of using the laser printing approach was evaluated (Fig. 2.11), highlighting the
fact that the dramatically improved contrast of the images provided by the chromoendoscopy dye

improved the performance of the classification algorithm, as intuition would also suggest.
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Figure 2.9: Precision-recall curves for another representative, worst-case pair (cross vs. heart) illustrating the relative
performance of each algorithm (average precision: Baseline = 61%, Orderless Bag of Words [BOW] model = 60%, Bag of
Words [BOW] with spatial pyramid model = 56%).
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Figure 2.10: Average precision for the pairwise classification of different navigational landmarks using the baseline algo-
rithm and the orderless bag of words (BOW) model.
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Figure 2.11: (a) Average precision for the pairwise classification of navigational pairs generated using laser marking (with
the thulium fiber laser) vs. laser printing (with chromoendoscopy dyes). (b) Precision-recall curves for a representative
pair (MGH vs. heart): average precision using baseline algorithm = 93%, orderless bag of words (BOW) model = 94%,
bag of words (BOW) with spatial pyramid = 87%.

2.6.2 LOCALIZATION OF LANDMARKS

Finally, to demonstrate the possibility of enabling navigational guidance using the approach discussed
thus far, Fig. 2.12 demonstrates the localization of one of the navigational landmarks (in this case,
the HMS logo) during an endoscopy session. This landmark was generated with the laser printing
approach using crystal violet in a biodegradable PLGA film painted on the surface of the esophagus
ex vivo. In particular, an overlapping scanning window of 128 x 128 pixels was specified as the detection
window and each window was subsequently classified as either the HMS logo or the background. The
green rectangular window indicates the location of the detected landmark in each frame. The results
demonstrate the robust identification of the HMS landmark under a series of challenging scenarios

typically seen in endoscopy, including significant viewpoint changes and deformation.

2.7 TRANSLATION TO CLINICAL SETTING

The translation of the proposed laser painting and machine learning framework to a clinical setting

requires solving a number of important challenges. First, the design of a patterning probe to perform
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Figure 2.12: Localization of a laser-printed navigational landmark (HMS logo). The green rectangular window highlights
the detected location of the identified landmark, showing the ability to correctly find the landmark despite viewpoint
changes, different magnification and deformation with the machine learning approach.
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laser painting iz vivo is needed. Second, while the results demonstrate the feasibility of using a machine
learning framework to classify landmarks and guide navigation, a more compact encoding scheme
is needed to increase the number of distinct landmarks that can be painted in the small area of the
esophagus and be recognized with high accuracy. This section discusses potential solutions to address

both problems.

2.7.1 LASER PAINTING IN VIVO

One interesting approach to realize laser painting iz vivo is presented in Fig. 2.13. This approach en-
ables rapid, high-resolution, mask-free patterning. This configuration illustrates 2 inflatable balloons
to create a sufficient supply of air, although this can be simplified to a single balloon should the oxy-
gen level in vivo be sufficient or with the use of a dye that is less oxygen-dependent. First, a tissue dye
is directly deposited on the tissue surface and photobleached (or photoactivated or photoconverted)
using a focused light beam that rotates around the flexible shaft to create a high-resolution custom
pattern. A rotary junction (coupled to a light source) that enables rotation and translation (with an
optional shutter) can be used to enable high-speed, computer-controlled micropatterning. This mi-
cropatterning procedure relies on a stable catheter rotation mechanism, which may be problematic
due to the instability resulting from the proximal scanning scheme in clinical OFDI catheters. There-
fore, a more stable distal micromotor design % may be necessary to achieve this. In addition, a dual
clad fiber approach can be used to enable simultaneous imaging and laser painting in a single catheter
configuration?.

Another simpler design that does not require exquisite stability of the catheter is shown in Fig.
2.14, where a patterning film or mask makes direct contact with the tissue surface upon expansion of a
probe. A colored pattern can be generated by selective photobleaching of exposed regions in the mask
provided each mask contains a different color dye. In addition, a photoactivatable chemical construct

can be uniformly deposited on the patterning film. Upon selective photoactivation, such a construct
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Figure 2.13: A double ballon catheter design to enable high speed, high-resolution laser printing in vivo . A focused light
beam is delivered to the tissue which has been sprayed with a light-sensitive dye. Through the use of a rotary junction
and shutter, laser printing in vivo can be performed across the surface of the tissue at high speed and at high resolution.
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Figure 2.14: Overview of a particular patterning probe design which incorporates a series of patterning films on the
outside of an inflatable balloon and a light delivery fiber that photoactivates or photobleaches a light-sensitive dye to
create the desirable pattern.

preferentially adheres to the tissue surface, thereby transferring a customized pattern onto the tissue.
An extension of this concept involves a hybrid of the design in Fig. 2.14 and Fig. 2.13, in which a
focused light beam is directed towards special dyes on a patterning film, which preferentially adheres
to the tissue upon photoactivation. For example, a dye that photocrosslinks to tissue (e.g. Rose Ben-
gal) upon irradiation®” may be evaluated (in isolation or in conjunction with another dye) for this
purpose. Yet another extension of this design involves the creation of microchannels or pores within
the tissue using a focused laser beam (with a wavelength matching the absorption peak of water in
the tissue or the dye) delivered through the light delivery fiber. Subsequent application of dyes such
as methylene blue or the like (e.g., with a conventional spray catheter) would then preferentially seep
into the microchannels, creating a custom pattern upon flushing the surface with water. Laser tattoos,

which can be used repeatedly in longitudinal surveillance, can be created using this method. Similarly,
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Figure 2.15: An example of a prefabricated pattern on a tissue adhesive film that is protected by a transparent layer and
adheres to the tissue through adhesive elements such as microneedles.

the use of virtual chromoendoscopy techniques, such as narrow band imaging (NBI) and hyperspec-
tral imaging, to enhance the contrast of the laser-marked patterns can be employed to avoid the use
of stains, further decreasing the procedure time. Overall, the particular embodiment shown in Fig.
2.13 has the unique advantages of significantly reducing the power requirements for the light source,
thereby enabling the use of a low-cost diode laser system, while enabling highly sophisticated patterns
to be printed on the tissue surface.

In addition, the position-tracking pattern can be fabricated in advance on a flexible biocompatible
substrate that provides strong adhesion to wet tissue surfaces (Fig. 2.15). This flexible substrate may
contain an array of adhesive elements (such as soft, swellable microneedles*) that enable strong adhe-
sion to wet tissue surfaces. The construct may further contain a series of windows or slots that enable
tissue imaging and interventions (such as biopsy). The advantages of this embodiment include: 1)
the ability to create a highly customized, multi-colored, high-resolution position-tracking pattern on
a dry substrate; 2) the flexibility in the choice of suitable dyes and materials for the substrate; 3) the
ability to further tailor the device to function as a durable construct for repeated, long-term use or a

biodegradable construct for easy disposal in a single-use (or limited multi-session) setting.
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2.7.2  COMPACT ENCODING SCHEME

One of the limitations observed in the evaluation of the current machine learning framework is that
a better design of navigational landmarks is required. Figure 2.16 shows a potential solution to the
design of a position tracking pattern that addresses several major challenges in endoscopy, including
surface deformation, orientation and viewpoint changes. This tracking pattern employs a combina-
tion of a spatial encoding scheme and a color encoding scheme. In one of the simplest embodiments,
a series of dots with different colors can form the corners of a grid. Each color represents a different
location. This approach should suffice if the ROT is sufhiciently limited in scope. In the more versatile
embodiment, a spatial encoding scheme can be used, which comprises a location code (and optionally
an orientation indicator to increase the number of combinations of possible location codes), inside a
bounding element, which is surrounded by a set of calibration markers. The bounding element (or
other elements of the tracking pattern) can be created with a different color to enable robust detection
from a noisy background. Also, the calibration markers enable the correction of deformation or affine
transformation, thereby improving the robustness in the location decoding process. The location code
can comprise a set of elements that can serve as binary bit encoding (which greatly increases the num-
ber of combinations possible) or collectively as shape-based encoding. The neighboring patterns can
turther serve as error correction. In addition, the redundancy that can be achieved by combining the

color encoding and spatial encoding schemes can improve the robustness of the algorithm.

2.8 SUMMARY

In this chapter, we introduced the notion of enriching scenes in endoscopy through the generation of
laser-marked or laser-printed navigational landmarks, as a first step towards general scene understand-
ing in endoscopy. In particular, we investigated the problem of robust classification of artificially gen-

erated landmarks for navigational guidance in an endoscopic setting, which poses a set of unique chal-
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Figure 2.16: Spatial encoding pattern for navigational guidance and localization, which includes a location code inside a
bounding region as well as orientation marker (and an optional calibration marker).

lenges including significant viewpoint changes, partial occlusion, deformation, and motion artifacts.
To overcome these challenges, two variants of the bag of words model (orderless bag of words model
vs. an ordered bag of words model using spatial pyramid representation) were explored. Surprisingly,
a simpler approach based on the use of vectorized HOG descriptors and linear SVM demonstrated
comparable performance to the more sophisticated bag of words models.

There are several limitations to the current framework as well as interesting possibilities for future
work, including novel patterning catheter designs to enable laser painting iz vivo as well as innova-
tions in compact encoding schemes to address the specific challenges in endoscopy, as discussed in
the previous section. The quantitative approach presented here serves as a framework for assessing
the feasibility of new landmarks. In addition, strategies to further miniaturize these landmarks, while
maintaining the accuracy for classification, would be beneficial. Finally, once the new compact en-

coding scheme is tested and optimized, a comprehensive localization algorithm is needed to solve the
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Figure 2.17: Endoscopic image guidance using laser-printed/painted navigational landmarks. Target locations can be
identified by building a virtual grid from carefully laid out navigational landmarks, each of which encodes a specific lo-
cation on the grid. The same grid of navigational landmarks is reconstructed in an enface view of the OFDI dataset to

derive the OFDI image associated with a particular target location.

general navigational guidance problem. A potential scheme is illustrated in Fig. 2.17, which provides

a comprehensive endoscopic image guidance system to accurately co-register the two modalities to-

gether.

While this work has focused primarily on artificially generated navigational landmarks, another

interesting extension of this work is to investigate ways to reveal hidden intrinsic landmarks in en-

doscopy, potentially through the underlying blood vessel network that may be revealed through nar-

row band imaging. In addition, computer-assisted characterization and identification of common le-

sions would greatly facilitate the accurate assessment of disease progression through rapid re-identification

of suspicious lesions in longitudinal surveillance program, which may benefit from a similar machine

learning approach.
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Laser thermal therapy monitoring using
polarization—sensitive optical frequency

domain imaging

In this chapter, we explore the feasibility and limitations of monitoring laser thermal therapy using
polarization-sensitive optical frequency domain imaging (PS-OFDI). Specifically, we demonstrate the
use of two metrics — local retardation and degree of polarization — for the delineation of the coagula-
tion zone in the skin following thulium laser therapy and fractional ablation therapy, which is used as

a common cosmetic laser procedure for rejuvenating photoaged skin and treating hypertrophic scars®.
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3.1 BACKGROUND

Within the domain of optical coherence tomography (OCT), several early studies explored the use of
polarization-sensitive OCT (PS-OCT) for the assessment of thermal damage directly’®7?. In partic-
ular, reduced tissue birefringence was observed with PS-OCT in thermally damaged porcine skin or
tendon due to the denaturation of collagen, which is consistent with earlier studies in thermally dam-
aged myocardium® and rat tail tendon*® using polarized light microscopy. PS-OCT was also shown
to be useful for burn assessment in patients 66,45 Tn addition, catheter-based PS-OCT was demon-
strated for radiofrequency ablation monitoring in porcine myocardium ex vivo?, following earlier
observation of changes in birefringence bands between untreated and ablated myocardial tissue with
intensity-based OCT***7*®, Recently, depolarization (in addition to linear retardance) was investi-
gated to visualize radiofrequency-ablated myocardial tissue ex vivo using Mueller matrix polarimetry
in abackscattered geometry . In this chapter, we focus on the use of local retardation (which is a much
more intuitive metric to interpret than cumulative retardation typically used in the literature) and de-
gree of polarization to delineate the coagulation zone. The information is merged with intensity OCT

images to provide intuitive visualization of the coagulation process.

3.2 EXPERIMENTAL SETUP AND RECONSTRUCTION OF PS DATA

Figure 3.1 provides an overview of the polarization-sensitive optical frequency domain imaging sys-
tem used in this study, which modulates the polarization state of the light between linear and circular
polarization in consecutive A-lines through the use of an electro-optic modulator.

Reconstruction of the PS-OFDI data using the spectral binning algorithm " yields the local retar-

dation and degree of polarization, respectively. Local retardation expresses the rate of change of the
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measured polarization states with depth z and is a direct, local measure of tissue birefringence:

s(z 4 92) = Mipe(2)sin(z — I2) (3.1)

where s, (2 — 92) is the input Stokes vector at a depth z — 9z, Mj,.(2) is the Mueller matrix at depth
z containing the local phase retardation, and s(z + d2) is the Stokes vector at depth z + dz. Itisa
more intuitive metric for visualizing the local changes in tissue birefringence as a function of depth,
compared to the more commonly used cumulative retardation metric in the literature.

Degree of polarization (DOP) is a measure related to the randomness of the detected polarization
states of light. It scales from zero for completely random to unity for perfectly uniform polarization
states. Unlike local retardation, DOP captures the cumulative effect of the tissue from the surface to
a given depth on the polarization states of light.

Reconstruction of the DOP is performed with the spectral binning algorithm ** as follows:
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where Q,U,V, and I are the spatially averaged, but unnormalized components of the Stokes vector, p

denotes the input polarization states, and 7 denotes the spectral bin.

3.3 THULIUM LASER THERAPY MONITORING

Figure 3.2 depicts the use of polarization-sensitive optical frequency domain imaging (PS-OFDI) to
monitor the thermal coagulation process during laser thermal therapy in the skin. In this experiment,
awavelength-tunable thulium laser therapy beam (tuned to the water absorption peak at 1890 nm) was
incident on a piece of porcine skin ex vivo at a 45 degree angle and PS-OFDI imaging was performed

across the center of the beam longitudinally for 10 s. In particular, the thermal coagulation zone is
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Figure 3.1: Overview of polarization-sensitive optical frequency domain imaging (PS-OFDI) system 1 The polarization
state of the light is modulated between A-lines (linear and circular polarization) using an electro-optic modulator (EOM).
PC, polarization controller; LP, linear polarizer; AOM, acousto-optic modulator.

clearly demarcated by a region with decreased local retardation (low LR, yellow) and increased degree
of polarization (high DOP, purple), in a background with heterogeneous LR and low DOP in the
dermis of normal, uncoagulated skin. Histologically, the decreased LR corresponds very well with
the denaturation of collagen (as shown in Fig. 3.3 in a different specimen where ink marks were placed
around the thermal lesion for co-registration), which decreases the tissue birefringence measured given
the loss of the fibrillar architecture of collagen upon coagulation. This provides intrinsic, contrast-free
visualization of the coagulation process to precisely tailor the therapy depth in numerous dermatology

applications.

3.4 FRACTIONAL ABLATION THERAPY MONITORING

To test the utility of PS-OFDI for monitoring laser therapy in dermatology applications further, a se-
ries of thermal lesions, with increasing pulse energy from 10 mJ/pulse to so mJ/pulse (at a density of
10%), were created using a clinical fractional ablation system, which is commonly used in the treatment
of photoaged skin and hypertrophic scars’. In particular, the feasibility of using PS-OFDI to evaluate

the microchannel depth during fractional laser ablation was demonstrated (Figure 3.4). With increas-
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Figure 3.2: Cross-sectional (2-D) monitoring of laser therapy in porcine skin ex vivo using PS-OFDI. A therapy beam (300
mW, 1890 nm thulium fiber laser) was incident on the skin surface and cross-sectional PS-OFDI imaging was performed
at the same location for 10 seconds. Colorbars range from 0-1.2 deg/um for PS-LR and 0.5-1 for PS-DOP images, respec-
tively. Scale bars = 500 um.

Figure 3.3: Histological validation of PS local retardation (PS-LR) image (b) and PS degree of polarization (PS-DOP) image
(c) with H&E histology (d) in porcine skin (300mW, 1890nm, 10s), demonstrating that the region with reduced LR and
increased DOP corresponds very well with the region with denatured collagen in H&E. The intensity OCT image (a) is
provided for comparison. T, tattoo ink marks for co-registration of histology; h, hair. Dotted blue line, coagulation zone.
Colorbars range from 0-1.2 deg/um for PS-LR and 0.5-1 for PS-DOP images, respectively. Scale bars = 500 pm.
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Figure 3.4: Fractional laser ablation monitoring using PS-OFDI and histological validation of microchannel depth in
porcine skin ex vivo. While conventional intensity OFDI images (a, €, i) do not clearly delineate the microchannels, the
local retardation (d, f, j) and degree of polarization (c, g, k) images clearly demarcate the depth of the microchannels, as
validated with H&E histology (d, h,I). 10mJ/pulse, 10% density (a, b, ¢, d); 25mJ/pulse, 10% density (e, f, g, h); 50mJ/pulse,
10% density (i, j, k, I). Colorbars range from 0-1.2 deg/um for PS-LR and 0.5-1 for PS-DOP images, respectively. Scale
bars = 500 um (a,b,c.e fg,i,j,k), 250 wm (d,h,l).

ing pulse energy, there were growing regions (microchannels) with reduced LR and increased DOP,
which were not evident in intensity OCT. These regions corresponded well with the microchannels
seen in H&E histology (Note the different scales in these images). Such observations suggest a po-
tential role for using PS-OFDI in the treatment of different skin lesions with fractional ablation by

optimizing the treatment parameters to better conform to the geometry of the lesion and visualizing

the achieved treatment depth noninvasively in patients.

3.5 LIMITATIONS OF THE PS-BASED APPROACH

Finally, we test the limitations of the PS-based approach for monitoring thermal coagulation in other
tissues types with low birefringence at baseline. Figure 3.5 demonstrates cross-sectional monitoring of
the laser thermal therapy zone in porcine esophagus ex vivo. In this case, the evolution of the thermal

coagulation process was not readily visible due to the low baseline tissue birefringence (low LR in
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Figure 3.5: Cross-sectional (2-D) monitoring of laser therapy in porcine esophagus ex vivo (300mW) using PS-OFDI. A
therapy beam (300 mW, 1890 nm thulium fiber laser) was incident on the surface of the esophagus and cross-sectional
PS-OFDI imaging was performed at the same location for 10 seconds. Colorbars range from 0-1.2 deg/um for PS-LR and
0.5-1for PS-DOP images, respectively. Scale bars = 500 um.

yellow) in the epithelium of the esophagus. The DOP is also quite high in the epithelium , preventing
the use of either metric for the clear delineation of the thermal coagulation zone, unlike in the case of

the skin where either metric provides a good estimate of the thermal coagulation boundary.

3.6 SUMMARY

In this chapter, we demonstrated the utility of the PS-based approach for monitoring the evolution of
the thermal coagulation zone during laser thermal therapy. In particular, the growing thermal coag-
ulation zone is characterized by its decreased local retardation (due to the loss of tissue birefringence
upon thermal coagulation) and increased degree of polarization, which provides a means to monitor

lesions in the skin given its relatively high tissue birefringence induced by the abundance of fibrillar
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collagen in the dermis at baseline. The ability to clearly delineate the coagulation zone at high reso-
lution in the skin enables treatment monitoring in numerous laser procedures, including ablative or
nonablative fractional laser therapy, which is commonly used in the treatment of various skin lesions
such as hypertrophic scars. The primary advantage of the PS-based approach is the ability to moni-
tor the treatment progress either in real-time (during the procedure) or postoperatively (before and
after the procedure given the persistence of the PS signals upon thermal coagulation). In addition,
we demonstrated the limitations of this approach for other tissue types such as the esophagus which
exhibits relatively low tissue birefrigence especially in the epithelium. This major limitation prevents
the use of PS-based approaches for determining injury depth accurately in diverse tissue types, which
motivates the development of a generic framework for thermal therapy monitoring as discussed in
detail in Chapter s.

In the next chapter, we will further explore the use of PS-OFDI for the longitudinal, 3D monitoring
of hypertrophic scars in vivo given its ability to probe the collagen remodeling process noninvasively.
Together with the laser therapy monitoring approach discussed in this chapter and Chapter s, we en-
vision the possibility of more integrated therapy monitoring and longitudinal assessment of scars to

improve treatment outcomes in patients.
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Longitudinal, 3D imaging of hypertrophic

scars iz vivo using PS-OFDI

Hypertrophic scars (HTYS), frequently seen after traumatic injuries and surgery, remain a major clini-
cal challenge due to the limited success of existing therapies. A significant obstacle to understanding
HTS etiology is the lack of tools to monitor scar remodeling longitudinally and non-invasively. In
this chapter, we present a label-free technique, using polarization-sensitive optical frequency domain
imaging (PS-OFDI), for the 3D, longitudinal assessment of collagen remodeling iz vivo in a murine
HTS model. In this study, HT'S was induced with a mechanical tension device for 4 to 10 days on in-

cisional wounds and imaged up to one month after device removal; an excisional HT'S model was also

42



imaged at 6 months after injury to investigate deeper and more mature scars. We showed that local
retardation (LR) and degree of polarization (DOP) provide a robust signature for HTS. Compared
to normal skin with heterogeneous LR and low DOP, HTS was characterized by an initially low LR,
which increased as collagen fibers remodeled, and a persistently high DOP. This study demonstrates
that PS-OFDI offers a powerful tool to gain significant biological insights into HTS remodeling by
enabling longitudinal assessment of collagen in vivo, which is critical to elucidating HT'S etiology and

developing more effective HTS therapies.

4.1 INTRODUCTION

Hypertrophic scars (HTYS) are conspicuous, potentially disfiguring lesions that remain a major thera-
peutic challenge. In fact, its incidence following surgery in burn injury is particularly high (>90%)?.
Apartfrom the cosmetic disfigurement, HT'S frequently recur and can cause pruritus, pain, functional
impairment, and profound psychological effects.

The pathogenesis of HTS is not fully understood. Its formation typically involves an abnormal
wound healing response to trauma, such as burns, inflammation, or surgery, especially when the
wound crosses joints or skin creases at right angles®°. Among other factors, tension is known to be
critical to the formation of HTS and indeed, the well-established surgical treatment — Z-plasty or
W-plasty * — works by relieving tension along the scar. Decreased cellular apoptosis was observed in
murine models in which mechanical stress was applied to healing wounds'. In addition, overproduc-
tion of TGF-B and PDGF suggest the pathologic persistence of wound healing signals (TGF-@r and
B2 stimulate collagen synthesis) in HTS*. Histologically, hypertrophic scars are characterized by the
presence of nodular structures with fine, randomly organized collagen bundles*.

To understand scar etiology and assess treatment outcome, imaging is needed. Several imaging

techniques have been investigated to assess collagen ex vivo and in vivo. Historically, picrosirius red
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staining with polarization microscopy, which enhances tissue birefringence #*, has been used to visual-
ize collagen ex vivo. More recently, second-harmonic generation and two-photon excited fluorescence
techniques have been used to analyze collagen and elastin, respectively, in HTS and keloid specimens
ex vivo™*?. Unfortunately, these techniques only offer a limited field of view and are challenging to
use iz vivo. Optical coherence tomography (OCT) offers fast imaging speed and increased field of
view and imaging depth at a spatial resolution suitable for biological applications, which makes it par-
ticularly amenable to imaging iz vive. OCT has been investigated for the imaging of skin**°, and in
particular for the imaging of burn scars® and skin cancer®.

Polarization-sensitive OCT (PS-OCT) is an extension of OCT that measures the polarization state
as well as the intensity of the light backscattered by the sample. It enables the measurement of tissue
birefringence, primarily caused by fibrillar collagen, in the skin. PS-OCT has been shown to pro-
vide intrinsic contrast in thermally damaged tissue, thereby providing a tool for burn depth assess-
ment'>%+%7:% and mapping of dermal birefringence in photoaged skin”" in vivo.

In this study, we present the use of polarization-sensitive optical frequency domain imaging (PS-
OFDI), a variant of PS-OCT which offers improved imaging speed and sensitivity **, for the 3D imag-
ing of a rat model of surgical HTS in vivo. This animal model employs a mechanical tension device
placed on healing incisional wounds, which enables the systematic study of HTS formation®. To val-
idate PS-OFDI in imaging deeper scars, we also investigated an excisional wound scar placed under
autologous tension, imaged at 6 months after injury. We evaluate both local retardation (LR) and
degree of polarization (DOP), computed using our spectral binning algorithm#, for enhancing the
contrast of HTS, which, to the best of our knowledge, has not been reported previously. Compared
to cumulative retardation, LR expresses the rate of change of the measured polarization states with
depth, and is a direct, more intuitive measure of tissue birefringence. DOP is a quantity related to the
randomness of the detected polarization states of light, which scales from zero for completely random

to unity for perfectly uniform polarization states. Unlike local retardation, DOP captures the cumu-
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lative effect of the tissue from the surface to a given depth. We observed that the combination of LR
and DOP provides a robust optical signature to differentiate HTS given the presence of fine, densely
packed collagen bundles in HT'S compared to thicker collagen bundles in normal skin.

In addition, we demonstrate the use of PS-OFDI for studying HT'S remodeling by imaging the in-
cisional wound model longitudinally for 1 month and the excisional model at 6 months. Interestingly,
we observed a progressive increase in LR and a persistently high DOP within the scar region over time,
which corresponded well with the remodeling and thickening of collagen fibers histologically. Nor-
malization of the scar was associated with an increased LR and decreased DOP back to baseline levels
in normal skin. Our findings suggest that PS-OFDI can serve as a valuable 3D imaging tool for the
non-invasive, longitudinal assessment of HTS iz vivo, by providing significant biological insights into
collagen remodeling central to understanding HTS etiology and monitoring therapeutic response to

improve current therapies and investigate novel approaches.

4.2 MATERIALS AND METHODS

4.2.1 ANIMALS

6-week old female Sprague-Dawley rats (~200g, N=18) were purchased from Charles River Labora-
tories (Wilmington, MA). The animals were housed in individual cages with access to food and water
ad libitum, and were maintained on a 12-hour light/dark cycle in a temperature-controlled room. All
animal procedures were approved by the Subcommittee on Research Animal Care (IACUC) of the
Massachusetts General Hospital (protocol number 2012Nooo0o77) and were in accordance with the

guidelines of the National Institutes of Health (NIH).

45



TENSION-INDUCED SURGICAL HTS MODEL IN RAT

A biomechanical loading device was constructed from 22-mm expansion screws and metal supports,
which allows the device to be placed over a healing incision without contacting the wound. The pro-
cedure was developed based on a previous report from Aarabi et al”. After the induction of anesthesia
with isoflurane, two 2 cm linear full-thickness incisions were made on the dorsum (5 cm apart; one at
the cranial end and another at the caudal end) and then reapproximated with three 4-o vicryl sutures.
On post-incision day 4, the sutures were removed from the healing incisions, and the loading device
was carefully secured with 6-o nylon sutures on one of the incisions. The second incision served as a
control. Tension on the wound was created by translating the expansion screws by 2 mm at the time
of securing the loading device, and 2 mm every day thereafter. This was necessary to prevent stress
relaxation due to the natural elongation of the skin resulting in a decrease in the tension on wounds.
At the end of the loading period (4 days, 6 days, 8 days or 10 days), the device was removed and the

scar was imaged 1 month later (or at 1-week intervals for the longitudinal study).

ExcisioNaL HTS MODEL IN RAT

A 2.5cm x 2cm full-thickness excisional wound was created on the mid dorsum. The lax skin flanking
the wound was gathered with a running 4-o vicryl suture to create tension. On each side of the wound,
excess skin was gathered in a running fashion starting at the cephelic aspect, down to the caudal aspect,
and back up to the cephalic end. The length of the gathered skin was the length of the wound created
(2.scm). The small ridge of skin produced was tacked down laterally. This was performed on each side
of the wound to secure the tension. A small piece of gauze and Tegaderm were placed over the wound.
The sutures were left until reabsorbed (~2 weeks after excision). 0.05 mg/kg of buprenorphine was

administered subcutaneously every 12h up to 72h after excision.
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4.2.2  IMMUNOHISTOCHEMISTRY

Ki67/SMA double staining was achieved by an indirect sequential immunoenzymatic technique. Heat-
induced antigen retrieval was performed on s-um thick formalin-fixed paraffin-embedded tissue sec-
tions after deparaffinization with Borg Decloaker (BioCare Medical, Concord, CA) for 15 min, fol-
lowed by Dual Endogenous Enzyme Block (DAKO, Glostrup, Denmark) for s min. The tissue sec-
tions were incubated with monoclonal mouse anti-rat Ki-67 antibody (Clone MIB-s, dilution 1:50;
DAKO, Glostrup, Denmark) overnight at 4 °C. Biotinylated rabbit anti-mouse IgGr (dilution 1:200,
Vector Laboratories, Burlingame, CA) was applied for 35 min, followed by detection using Strepta-
vidin/HRP and DAB. Next, after double stain block (DAKO, Glostrup, Denmark), the tissue sec-
tions were incubated with monoclonal mouse alpha smooth muscle actin antibody (Clone 1A4, di-
lution r:100; DAKO, Glostrup, Denmark) overnight at 4 °C. Biotinylated horse anti-mouse IgG (rat
adsorbed, dilution 1:200; Vector Laboratories, Burlingame, CA) was applied for 35 min, followed by
detection using the VectaStain ABC-AP and Vector Blue AP kits (Vector Laboratories, Burlingame,

CA).

4.2.3 HEROVICI’S STAINING

Herovici’s picropolychrome staining* was performed on s-um thick formalin-fixed paraffin-embedded
tissue sections, which stains more mature, highly cross-linked collagen red/purple, and newly formed,
fine fibrillar collagen or extracellular matrix components blue. Briefly, tissue sections were deparaf-
finized with Xylene and hydrated with ethanol, followed by Weigert’s iron hematoxylin for 10 min.
After rinsing with tap water, slides were placed in somL van Gieson’s solution, somL 0.05% methyl
blue, 10 mL 100% glycerol, and 0. mL lithium carbonate solution for 2 min, followed by 1% acetic
acid for 2 min. The slides were then dehydrated with ethanol, cleared with xylene, and mounted with

permanent mounting media.
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4.2.4 PS-OFDISysTEM

The PS-OFDI system used in this study has been reported in detail previously*'. A wavelength-swept
laser source operating at a center wavelength of 1320nm with an axial resolution of 9.4 um in air was
used. The A-line rate was 54 kHz (1536 samples per A-line) and the signal was digitized at 85 MHz. In
the reference arm, an acousto-optic modulator was used to remove depth-degeneracy'*°. An imaging
window of 10 x § mm, consisting of 2048 A-lines/image x 256 images, was scanned with a focused beam
featuring a1/e” intensity diameter of 15 um. The skin was apposed against a glass slide with ultrasound
gel as immersion medium to center the superficial layers in focus. The polarization state of the input
light was modulated between circular and linear polarization between adjacent A-lines, and the signal
was detected with a polarization diverse receiver.

Reconstruction of the PS data was performed with spectral binning?, using 1/5th of the original
spectral bandwidth (i.e. 9 overlapping spectral bins), a lateral Gaussian filter of a full width at half
maximum (FWHM) equal to 12 adjacent A-lines, and an axial offset of 48 «m to derive the local retar-
dation. The DOP was evaluated independently for each spectral bin and input polarization state over

the same lateral Gaussian kernel, and then averaged:
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where Q,U,V and I are the spatially averaged, but un-normalized components of the Stokes vector,

p denotes the input polarization states and 7 the spectral bin.
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4.3 REsuLTs

4.3.1 IMAGING ABERRANT COLLAGEN ORGANIZATION IN HYPERTROPHIC SCARS USING

PS-OFDI

Figure 4.1 shows the cross-sectional PS-OFDI images of a mechanical tension-induced hypertrophic
scar (HTYS) after 10 days of loading (imaged 1 month later) compared to normal rat skin. For intuitive
visualization, the LR and DOP signals were merged with the intensity image (as a brightness channel)
and displayed using an isoluminant colormap*. While conventional intensity images show minimal
contrast (only slightly increased back-scattering), the local retardation (PS-LR) and degree of polariza-
tion (PS-DOP) images demonstrate significant differences in HTS compared to normal skin. HTS
shows significantly reduced LR and increased DOP deep inside the dermis, compared to heteroge-
neous LR and low DOP beyond the epidermis in normal skin. This optical signature (reduced LR
and high DOP) corresponds histologically to thin, less organized collagen bundles in HT'S (Fig. 4.1d),
compared to thicker collagen bundles in normal skin (Fig. 4.1h). These abnormal collagen bundles are
cigar-shaped and orientated parallel to the surface of the skin along the tension lines of the scar tissue
(Fig. 4.1d). In addition, there is an increased cellularity of fibroblasts in HTS compared to normal

skin (Fig. 4.1d and 4.1h).

4.3.2 HISTOLOGICAL CORRELATION

We further analyzed the histological correlation of the PS-OFDI images in each animal group with
varying duration of tension (Fig. 4.2). In all cases, the scar region shows reduced LR and increased
DOP. Overall, the PS-DOP images correlate well with the extent and shape of the scar as confirmed
by H&E histology (Fig. 4.2¢, f, i, 1), while the PS-LR images show more variability. The size of HTS

also increased with the duration of tension, as expected, from a barely noticeable scar with minimal
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Figure 4.1: Visualization of tension-induced HTS and normal skin in vivo using PS-OFDI (10-day group). Intensity (a,e),
local retardation (LR) (b,f), degree of polarization (DOP) (c,g) images and corresponding H&E histology (d,h) are shown
for HTS (a-d) and normal skin (e-h). HTS exhibits reduced LR (~0.3 deg/um in the region indicated by yellow arrowheads)
and high DOP (1.0) corresponding to thin, densely packed collagen fibers (d), while normal skin contains islands of high
LR (~0.8 deg/um in regions indicated by red arrows) and generally low DOP (~0.3-0.5) in the dermis corresponding to
thick, mature, more loosely distributed collagen (h). Color bars range from 0-1.2 deg/um for PS-LR and 0.5-1 for PS-DOP
images, respectively. Scale bars = 500 um (a-c, e-g), 250 um (d,h).

deposition of collagen in the 4-day group (Fig. 4.2¢) to a significantly larger scar extending all the
way through the dermis that is characterized by aberrant collagen bundles and increased cellularity of

dermal fibroblasts in the 10-day group (Fig. 4.21).

4.3.3 LONGITUDINAL, 3D itMAGING oF HTS 1n vivo

A major advantage of using PS-OFD], compared to conventional histology processing, is the ability to
assess HTS longitudinally and comprehensively in vivo (Fig. 4.3), which is particularly important for
studying HTS etiology and assessing response. By imaging the incisional HTS model (6-day group)
at -week intervals post device removal, we observed rapid contraction of the scar in the first week, as
indicated by the normalization of DOP and LR around the boundary of the scar to baseline levels in
normal skin (increased LR and decreased DOP). From weeks 1 to 4, the scar continued to remodel
progressively, leading to further reduction in scar size and an interesting increase in LR, particularly
in deeper regions. The DOP remained persistently high within the scar region. To investigate the evo-

lution of the LR and DOP signals further, we analyzed the PS-LR and PS-DOP images at three major
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Figure 4.2: Histological correlation of PS-OFDI images in 4 day (a, b, c), 6 day (d, e, f), 8 day (g, h, i), and 10 day (j,k,I)
groups. (a,d,g,j) PS-LR images, (b,e,h,k) PS-DOP images, and (c,f,i,l) H&E histology. Each animal was tattooed with a set
of ink marks around the scar for co-registration. Yellow arrowheads, scar region. Dotted blue lines, scar area on H&E.
Color bars range from 0-1.2 deg/um for PS-LR and 0.5-1 for PS-DOP images, respectively. Scale bars = 500 pm.
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time points (Fig. 4.4). After the initial incision (and prior to the application of tension), the fresh
incisional wound (at day 2) was marked by a small region with very low LR and high DOP (Fig. 4.4a,
b), which expanded significantly after loading the healing incision for 8 days (Fig. 4.4c, d). As the
tension-induced wound continued to remodel over the r-month period, LR increased significantly
while DOP remained high (Fig. 4.4¢, f). Finally, we analyzed the relative maturity of the collagen
using Herovici’s method®, which has been shown and used to distinguish young, newly formed col-
lagen (blue) from more mature, highly cross-linked collagen (purple/red) in previous studies 750354,
As shown by Herovici’s staining and Ki67/SMA staining, the change in LR over the -month period
corresponded well with the transition from a scar with thin, newly formed (blue) collagen and my-

ofibroblasts at week o to thicker, more mature (purple) collagen bundles with decreased cellularity at

week 4 (Fig. 4.5).

4.3.4 IMAGING A MATURE EXCISIONAL HTS MODEL 1~ v1vo

To demonstrate the clinical utility of our approach in imaging deeper full-thickness scars, we per-
formed our imaging experiments in an excisional wound 6 months after the injury. Interestingly, we
observed a much more prominent increase in LR deep in the dermis at 6 months (Fig. 4.6a), which
corresponds well with more organized, thicker collagen fibers deep in the dermis with decreased cellu-
larity (Fig. 4.6¢), compared to thinner and less organized collagen fibers surrounded by a high density
of fibroblasts in the HTS region closer to the epidermis with a lower LR (Fig. 4.6d). In both cases,

the DOP within the scar remained significantly higher than in normal skin (Fig. 4.6b).

4.4 DiscussioN

This study demonstrated the use of PS-OFDI for 3D, label-free imaging of murine models of HTS,

thereby enabling non-invasive, quantitative evaluation of scar remodeling longitudinally. Interest-

52



a Week 0 Week 1 Week 2 Week 3

200 uym
400 um
600 pm
T T

b

o
@

-6—200um
—&—400um
—%—600um
—& Average

o
=

o
o
T

Local Retardation (deg/um)
2
T

o

0 ' Time (2Week) ¢ ¢

Figure 4.3: Longitudinal imaging of tension-induced HTS model for 1 month post tension device removal, showing rapid
scar remodeling from weeks O to 1, followed by a more progressive phase from weeks 1 to 4. (a) Left column: PS-LR im-
ages, Right column: PS-DOP images at each time point. Images represent enface average intensity projection across a
100 um section atindicated depths. Color bars range from 0-1.2 deg/um for PS-LR and 0.5-1 for PS-DOP images, respec-
tively. Scale bars = 500 wm. (b) As the collagen fibers remodeled, LR increased progressively at each depth, particularly
in deeper regions, while DOP remained high. The average local retardation (n=3 animals), computed in cross-sectional
slices covering the entire scar, showed a similar trend. Values represent the mean +/- SD.
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Figure 4.4: Cross-sectional PS-LR and PS-DOP images at major time points providing insights into collagen remodeling
during wound healing: before tension loading (a, b), after tension loading (c, d), and 1 month after tension device removal
(e, f). Tension loading led to rapid expansion of scar compared to the initial unloaded incisional wound, as revealed by
the region (yellow arrowheads) with extremely low LR and high DOP (After incision: LR=0.03 deg/um, DOP=1.0; after
loading: LR=0.08 deg/um, DOP=1.0). As the tension-loaded incisional wound healed over the 1-month period, the scar
region was marked by increased LR (~0.4 deg/um) and high DOP (0.98). Color bars range from 0-1.2 deg/um for PS-LR
and 0.5-1 for PS-DOP images, respectively. Scale bars = 500 pm.
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Figure 4.5: Histology of HTS immediately after tension loading (a, c) and 1 month after device removal (b, d), showing
significant collagen remodeling within the scar tissue. At week O, immediately after tension loading, the incisional wound
contained an abundance of thin, newly formed collagen (blue), compared to surrounding normal skin with thicker, more
mature collagen (purple), as indicated by Herovici’s staining (a), as well as proliferating myofibroblasts (Ki67/SMA+, see
insert) (c), indicating a phase of acute tissue reaction. At week 4, the scar region transitioned to more mature, thicker col-
lagen (b), and a significantly lower density of fibroblasts (with decreased SMA and Ki67 positivity) (d). A representative
section is shown at each time point. Scale bars = 100 um (10 um in insert). Yellow arrowheads, scar region; red arrows,
normal dermis (a, b). Red arrowhead, Ki67/SMA+ myofibroblast shown in insert (c). Ki67, brown; SMA, blue (c, d).
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Figure 4.6: Excisional HTS model imaged 6 months after injury with PS-OFDI, demonstrating the ability to probe colla-
genremodeling non-invasively over long periods of time in deeper scars. The top region with low LR [0.2 deg/um] (yellow
arrowhead) in the PS-LR image (a) and high DOP[1.00] in the PS-DOP image (b) corresponds histologically to the scar re-
gion with an abundance of fibroblasts and relatively thin, disorganized collagen bundles (d), while the region with higher
LR[0.9 deg/um] (red arrow) and high DOP [0.96] corresponds to thicker, more organized collagen bundles in the dermis
and relatively few fibroblasts (e). T=Tattoo mark. Color bars range from 0-1.2 deg/um for PS-LR and 0.5-1 for PS-DOP
images, respectively. Scale bars = 1 mm (a-c), 100 um (d, e).

ingly, we observed that the remodeling of collagen is correlated with a significant increase in LR in
both the incisional and excisional HTS models. This ability to probe HTS in vivo allows us to gain
significant biological insights into collagen remodeling, which plays a central role in wound healing.
While the excisional wound model provides a convenient approach to study deeper scars which are
more difficult to treat clinically, the incisional wound model with a tension device provides an elegant
way to control the size of the scar systematically (e.g., by varying duration of tension placement) as
shown here.

Unlike previous studies employing PS-OCT for the characterization of skin and scar tissue 19,64,66,69,71
we reconstructed the local retardation (instead of cumulative retardation), which reflects tissue bire-
fringence more closely and is much more intuitive to interpret. Local retardation expresses how much
the birefringence of the tissue rotates the polarization states at each depth, while cumulative retarda-

tion compares the polarization states ata given depth with respect to the surface (resulting in increasing
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values even in uniform tissue with constant birefringence). In addition, we computed DOP, which
provides a useful metric to identify and measure HTS. Our expression of DOP is similar to the de-
gree of polarization uniformity established by Gotzinger et al**; however, here we employ a spectral
binning algorithm and spatial averaging to reduce noise®’. DOP captures the uniformity of the mea-
sured polarization states in a small region of interest. In a homogeneous tissue, the polarization states
of neighboring pixels are expected to be very similar. In heterogeneous tissues, where two adjacent
image pixels potentially interrogate two differently oriented collagen bundles, they are more likely to
differ and reduce the measured DOP.

Using LR and DOP, we were able to clearly differentiate normal skin from HTS due to the very
different collagen architecture in each case. In normal skin, the heterogeneous, mesh-like organization
of highly organized collagen bundles give rise to islands of high dermal birefringence in PS-LR images,
alternating with areas of low birefringence due to the varying alignment of the bundles with respect
to the optical imaging axis. Furthermore, the spatial dimensions of the region of interest required for
the generation of the PS-LR and PS-DOP images frequently include several bundles, accentuating
the heterogeneous appearance of normal skin. This heterogeneity also explains the rapid decrease of
DOP beyond the epidermis. In contrast, HTS are characterized by finer, and microscopically less
organized collagen that exhibits lower dermal birefringence, increasing over time as the fibers remodel
and thicken. HTS are optically more homogenous and preserve the polarization state of the incident
light, resulting in high DOP values deep within the dermis. In addition, the epidermis and papillary
dermis typically showed reduced local retardation values and also preserved the polarization state of
the incident light, leading to a high DOP.

In our validation study, the HT'S area measured with PS-OFDI showed the expected dependence
with the duration of tension and matched well with histological assessment of the same region. DOP
provides a measure of the HT'S area in the dermis and LR tends to be more variable particularly as the

collagen fibers mature. In contrast, DOP typically remains high throughout scar remodeling. One lim-
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itation of DOP is that superficial layers normally exhibit high DOP values, which can make it difficult
to assess the lateral extent of the scar on the surface.

Our histological analysis confirmed that there is significant hypertrophic scar formation after plac-
ing the device for 8 to 10 days. Although the area of scar formation was increased in the 4-day and
6-day groups compared to the control group, histological features of hypertrophic scar were not as
evident. This is consistent with an earlier report suggesting that the duration of tension was critical to
HTS formation and that at least 7 days of continuous loading was required in a mouse model®. It is
fascinating that our rat model showed not only significantly increased area of scar in the 10-day group,
but also similar histopathological features of HTS in human tissue including increased cellularity of
fibroblasts and a dermal nodule with haphazard orientation of collagen bundles.

Finally, this study demonstrated 3D, longitudinal assessment of an HTS model in vivo at high-
resolution. We observed rapid remodeling of scars in the first week after tension device removal, fol-
lowed by a more progressive remodeling phase, including the emergence of a region with increased
birefringence but high DOP deep within the scar. Interestingly, the increase in local retardation cor-
responded well with the transition from a highly cellular, immature scar with thin collagen fibers at
week o to a less cellular, more mature scar with thicker collagen fibers at week 4. Our excisional HTS
study at 6 months further suggests that LR can be used as a surrogate for collagen remodeling, while
DOP can be used to monitor the size of HTS during the remodeling process.

Currently, there is a lack of high-resolution imaging tools to study wound healing and scar forma-
tion systematically and longitudinally iz vive. Given that collagen plays a critical role in the pathogen-
esis of abnormal wound healing, it is an important target for imaging. Increased collagen synthesis
by fibroblasts with the expression of TGF-8 and PDGF, and decreased collagen degradation with re-
duced MMP activity, are hallmarks of this process 96 1In fact, a study demonstrated the use of TGF-
Brand 2 neutralizing antibodies in rats to prevent scar formation in dermal wounds’#. Therefore, our

label-free, high-resolution imaging technique can serve as a promising tool to gain significant insights

58



into wound healing by monitoring both scar size (using DOP) and collagen remodeling (using LR)
longitudinally. For example, healing of the scar increases the LR signal and decreases the DOP back

to values observed in normal skin.

4.5 SUMMARY

In this chapter, we demonstrated the use of PS-OFDI for the 3D, longitudinal monitoring of colla-
gen remodeling in murine HTS iz vivo. We further showed that the combination of local retardation
and DOP provide a robust optical signature for assessing HT'S in both an incisional model for up to 1
month and excisional model with a deeper, more mature scar for up to 6 months. Indeed, most of our
current therapeutic approaches for treating HTS rely on targeting or reversing the abnormal collagen
deposited during wound healing. For example, intralesional injection of corticosteroids is thought to
decrease fibroblast proliferation and collagen synthesis, while pulsed dye laser treatment is thought to

favor collagen degradation and fibroblast apoptosis 86,48

. However, the lack of non-invasive scar imag-
ing techniques in well-established animal models for HT'S has hindered the study of HTS formation
in vivo, especially at earlier time points since most studies relied on surgical scar specimens harvested
months after their formation. Therefore, the ability to assess collagen in vivo in an animal model of
HTS, as demonstrated in this chapter, enables further investigation to explore novel, targeted ther-
apeutic approaches for HTS, such as partial electroporation. In addition, the PS-OFDI technique
can be directly applied to imaging human HTS iz vivo as we expect a similar optical signature (de-
creased local retardation and increased DOP) given the similarity in collagen organization, namely the
presence of fine collagen fibers with haphazard orientation in a dermal nodule. Clinically, this non-

invasive, high-resolution 3D scar imaging capability can be exploited to improve the management of

HTS, including the initial assessment and longitudinal monitoring of treatment response in patients.
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A generic framework for laser thermal
therapy monitoring using complex

differential variance

Conventional thermal therapy monitoring techniques based on temperature are often invasive, lim-
ited by point sampling, and are indirect measures of tissue injury, while techniques such as magnetic
resonance and ultrasound thermometry are limited by their spatial resolution. The visualization of
the thermal coagulation zone at high spatial resolution is particularly critical to the precise delivery

of thermal energy to epithelial lesions. In this chapter, we present an integrated thulium laser ther-
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mal therapy monitoring system based on complex differential variance (CDV), which enables the 2D
visualization of the dynamics of the thermal coagulation process at high spatial and temporal resolu-
tion with an optical frequency domain imaging system. With proper calibration to correct for noise,
the CDV-based technique was shown to accurately delineate the thermal coagulation zone, which is
marked by the transition from high CDV upon heating to a significantly reduced CDV once the tissue
is coagulated, in 3 different tissue types ex vivo: skin, retina, and esophagus. The ability to delineate
thermal lesions in multiple tissue types at high resolution opens up the possibility of performing mi-
croscopic image-guided procedures in a vast array of epithelial applications ranging from dermatology

and ophthalmology to gastroenterology and beyond.

5.1 INTRODUCTION

The current state-of-the-art techniques for clinical thermal therapy monitoring typically involve the
use of temperature as part of the treatment feedback loop. Unfortunately, temperature measurements
using thermocouples only permit point sampling, while emerging magnetic resonance thermometry
techniques”>*° and "O-water PET imaging” are limited by low spatiotemporal resolution and are ex-
pensive to use. More recently, photoacoustic thermography of tissue was also investigated for the as-
sessment of myocardial ablation lesions**. However, these temperature-based monitoring techniques
can only provide an indirect estimate of tissue injury and the spatial resolution remains low for epithe-
lial applications.

In Chapter 2, we presented the feasibility of monitoring thermal therapy in the skin using polarization-
sensitive optical frequency domain imaging. However, PS-based approaches are limited to tissue with
high birefringence at baseline (e.g., muscle, skin, or tendon) and their broad application to real-time
monitoring of thermal therapy in diverse tissue types, such as the esophagus, remains challenging.

As an alternative approach, we previously demonstrated the feasibility of visualizing injury depth in
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laser thermal therapy of porcine esophagus based on phase variations in OCT; however, this requires
careful phase calibration or a highly phase-stable OCT system and was demonstrated in an M-mode
imaging configuration, enabling only 1-D, single-point monitoring without structural information *.

In this work, we developed a 2-D thermal therapy monitoring algorithm (with potential extension
to 3-D) using complex differential variance ', which exploits the phase and intensity fluctuations dur-
ing thermal therapy but does not require a highly phase-stable OCT system. The algorithm is applied
to the OCT data directly, so visualization of structural information simultaneously during therapy
monitoring is not inhibited. To assess the feasibility of this approach for monitoring laser thermal
therapy, a wavelength tunable thulium fiber laser (1860-1895 nm) was used, which takes advantage
of a strong water absorption peak for thermal coagulation in biological tissue. Using the integrated
thulium laser and OCT imaging setup, we demonstrate the ability of the CDV-based technique to
accurately delineate the thermal coagulation boundary in 3 different tissue types: retina, skin, and
esophagus, which opens up the possibility of performing microscopic image-guided interventions at

high spatiotemporal resolution in numerous clinical applications.

5.2 MATERIALS AND METHODS

§.2.1 LASER THERMAL THERAPY EXPERIMENTAL SETUP

Figure 5.1 shows the experimental setup used for the laser thermal therapy study. A detailed descrip-
tion of the optical frequency domain imaging system was reported previously*'. Briefly, the system
features a fiber ring wavelength-swept laser operating at 240 kHz with 4-fold interleaving, a center
wavelength of 1310 nm and a 125 nm sweep range. An acousto-optic modulator was used in the refer-
ence arm to remove depth-degeneracy'*°. Animaging window of 1o mm, consisting of 1024 A-lines/B-
scan, was scanned with a focused beam resulting in a 1/¢* radius of 32 um of the lateral point spread

function in the squared norm of the complex-valued tomogram.
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Figure 5.1: Schematics of the laser thermal therapy monitoring setup integrating an optical frequency domain imaging
system with a wavelength tunable thulium fiber laser. Simultaneous OCT imaging and laser therapy with a thulium fiber
laser is achieved using a dichroic mirror and programmable shutter to synchronize the timing of therapy. AOM, acousto-
optic modulator; PC, polarization controller; PD, photodiode; FBG, fiber Bragg grating.

A wavelength tunable thulium fiber laser (IPG Photonics), which provides single-mode output
from 1860 nm to 1895 nm, was used for laser thermal therapy. The benchtop setup integrated the
thulium laser into the OCT optical path using a dichroic mirror. The collimated beam with a 1/¢?
diameter of 800 um, measured with the WinCamD UCDr2 beam profiler (DataRay, Redding, CA),
was aligned to the center of the imaging plane on the tissue surface and the wavelength was set to 1890
nm to match the water absorption peak. Output power was varied from 300 mW to soo mW (60
W/em? to 100 W/em?) to investigate the technique at various fluence rates, including those reaching

tissue vaporization threshold *°.

§.2.2 PROCESSING ALGORITHM

Figure s.2 provides an overview of the processing algorithm developed for laser thermal therapy mon-
itoring and coagulation zone visualization in this study. We employed complex differential variance
(CDV)®, which exploits both intensity and phase variations, to map the dynamic fluctuations in the
complex OCT signal during the thermal coagulation process and extended this implementation to cal-

ibrate for noise and to enable the intuitive visualization of the coagulation zone. For a pair of A-lines
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acquired at times 7and # + 1 (in M consecutive B-scans), CDV is computed as follows:

o LY L w()R(z— LR (z— Lt +1)]
EY e e RE— Lo+ (R(z— L+ 1))

feor (2) = (5.1)

where R(z, 7) is the complex OCT signal, R*(z, ¢) its complex conjugate, w(k) is a depth window
function with length 2L + 1, and A indicates the number of consecutive B-scans used for averaging.
Here, a Hanning window with alength of 11 depth pixels (L = 5) was used and A4 was set to 10 B-scans
(which results in an effective frame rate of 23 fps with 1024 A-lines/B-scan at a 240 kHz A-line rate).
While this algorithm intrinsically rejects phase noise induced by small axial bulk tissue motion and
synchronization errors, we observed an SNR-dependent increase in CDV in static regions resulting
in a non-zero baseline CDV in deeper regions due to decreased SNR. Hence, we performed an SNR-
dependent calibration of the CDV using a static region within the tissue next to the therapy zone
(calibration window size: 20 x 10 pixels after downsampling by 10x in both the intensity image and raw
CDV image, each with an original size of 1024 x 1024 pixels). The SNR-dependent CDV was fitted to
an exponential decay and subtracted from the raw CDV to derive the calibrated CDV values (CDV ).
The calibrated CDV was mapped onto the intensity OCT images for simultaneous visualization of
underlying structures. Finally, the coagulation zone was visualized by highlighting regions that have
reached a cumulative CDV threshold & and returned to a low CDV below ¢ upon coagulation, where

the cumulative CDV as a function of time ¢is defined as

t
cCDVu(t) =Y CDVeu(7), (5.2)

and the coagulation zone ¢(z), which is a binary mask that evolves as a function of time 4 is deter-

mined as follows:
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Figure 5.2: Overview of processing algorithm for laser thermal therapy monitoring and coagulation zone visualization.
Complex B-scans are processed in batches of M B-scans to produce raw CDV (CDV,,,,) frames. Using a calibration win-
dow in a static region within the tissue, a calibration curve for the SNR dependence is estimated and applied to produce
the calibrated CDV frames (CDV ;). The final image is produced by overlaying the intensity image on top (/ — CDV, ,,,
vs. I — CDV,,), showing significant improvements with calibration. The coagulation zone is visualized by detecting
regions that have reached the cumulative CDV threshold (£) and returned to a low instantaneous CDV upon coagulation

(¢).

c(t) = {cCDV oy (t) > E} N{CDV i (£) < €} (5:3)

5.2.3 HISTOLOGICAL ANALYSIS

Tissue samples (bovine eye, porcine skin, and porcine esophagus) were harvested immediately after sac-
rifice and laser thermal therapy was performed ex vivo at room temperature. Tissue marking dyes were

placed on each side of the laser therapy spot for co-registration of OCT images with histology. Tissue
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samples were trimmed and sectioned for either routine H&E histology or nitroblue tetrazolium chlo-
ride (NBTC) histology (with eosin counterstain) after embedding in optimum cutting temperature
compound for frozen sections at 10 wm. NBTC stains for the activity of NADH-diaphorase, which

subsides upon thermal coagulation and cell death 62,

5.3 RESULTS

Figure 5.3 shows an example of monitoring laser therapy in bovine retina ex vivo using the CDV-based
approach, demonstrating the ability to clearly visualize the dynamics of the laser-induced heating and
coagulation process. The center therapy zone exhibits a rapid rise in CDV (purple) extending from the
retina into the sclera upon the initiation of laser therapy at 300 mW (60 W/cm?). A growing zone with
reduced CDV (yellow), surrounded by a rim of high CDV (purple/red), was observed as the process
continued. This growing zone (marked by the blue dotted lines on each image) corresponds well his-
tologically to the thermal coagulation zone marked by the denaturation of the collagen in the fibrous
sclera layer in H&E. Figure 5.4 shows the impact of averaging on the visualization of the coagulation
process. While 1o consecutive B-scans (A4=10) were used for all subsequent processing given the high
A-line rate of the Fabry-Perot based system used (240 kHz), a lower number (44=2 to 5) can be cho-
sen for conventional, swept source OCT systems currently used in several clinical systems to provide
a similar assessment of the coagulation process.

Figure 5.5 shows a similar thermal coagulation signature in the rapidly expanding zone with reduced
CDV surrounded by high CDV for the case of porcine skin ex vivo at the same power setting of 300
mW (60 W/cm?). The panel clearly reveals the early dynamics of the coagulation process for the first
L5 s. Lesion formation appeared slightly faster in this case compared to the retina, most likely due to
differences in tissue properties and the presence of a small layer of aqueous humor on top of the retina

which absorbed part of the thermal energy delivered. NBTC histology was performed to confirm
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Figure 5.3: Laser thermal therapy monitoring in bovine retina ex vivo using calibrated complex differential variance
(CDV,4). Images represent cross-sectional slices at the center of the thulium laser therapy beam (300 mW or 60 W/ecm?)
every 2 s for 10 s, where CDV _,; was overlaid on intensity images. H&E histology (inset) reveals a coagulation zone ex-
tending into the sclera that corresponds with the region with reduced CDV (yellow) at the center delineated by an ex-
panding boundary with high CDV (purple). Colorbar (CDV ;) ranges from 0 to 0.5. Blue dotted lines, coagulation zone.
r, retina; ¢, choroid; s, sclera. Scale bars = 500 um.

Figure 5.4: Impact of varying the averaging parameter (44=10, 5, and 2 consecutive B-scans) on the overall ability to
visualize the dynamics of the coagulation process (using the same dataset as Fig. 5.3 att=2s). Colorbar (CDV ;) ranges
from O to 0.5. r, retina; ¢, choroid; s, sclera. Scale bar = 500 wm.
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Figure 5.5: Laser therapy monitoring in porcine skin ex vivo at 300 mW (60 W/cm?) for 1.5 s. NBTC histology with eosin
counterstaining (inset) at treatment endpoint confirms that the extent and shape of thermal damage in the dermis (NBTC-
negative region in pink) corresponds well with the expanding zone with reduced CDV (yellow) delineated by a boundary
with high CDV (purple). Colorbar (CDV ) ranges from 0 to 0.5. Blue dotted lines, coagulation zone. e, epidermis; d,
dermis. Asterisks (*), air bubbles. Scale bars = 500 umz.

the boundary of thermal coagulation, and the NBTC-negative region, indicative of thermal damage,
corresponds well with the coagulation zone indicated by the CDV-based technique.

To further investigate this approach for delineating lesion boundaries in different tissue types and
atdifferent laser power settings, we performed another experiment in porcine esophagus ex vivo using
laser power from 300 mW to soo mW, corresponding to fluence rates of 6o W/cm?® to 100 W/cm?
(Figure s). The lesion boundary was particularly well defined at the early phase (t=1-3 s), but became
less clear as the thermal coagulation zone expanded, especially at the lowest fluence rate (60 W/cm?).
Interestingly, at the highest fluence rate tested (100 W/cm?), a superficial layer with increased CDV

was observed inside the therapy zone due to the formation of expanding air bubbles that eventually
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Figure 5.6: Effect of increasing output power of the thulium fiber laser in porcine esophagus ex vivo: (a) 300 mW [60
W/cm?], (b) 400 mW [80 W/cm?], and (c) 500 mW [100 W/cm?]. NBTC histology with counterstaining was performed at
the treatment endpoint (t=5 s), showing close correspondence between the NBTC-negative region (pink) and the zone
with reduced CDV (yellow) delineated by a boundary with high CDV (purple). Colorbar (CDV ) ranges from 0 to 0.5.
Asterisks (*), air bubbles. Scale bars = 500 .

burst with tissue vaporization (at t=4 s when the instantaneous CDV reached the maximum value) as
confirmed by histology.

To better visualize the evolution of the coagulation zone over time, the history of CDV values was
used to detect regions that have reached the coagulation threshold (Eq. 3), highlighted in purple and
overlaid onto the intensity images (Figure 5.7). This visualization technique overcomes the limitation
of displaying the instantaneous CDV, when the boundary becomes less visible with the expansion of
the coagulation zone, especially at the lower power settings. Even at the highest power setting tested
(when the tissue vaporization threshold was reached), this approach still provided a good estimate of
the coagulation zone, as confirmed by NBTC histology.

Finally, histological validation with NBTC staining was performed at representative time points
during laser therapy from 1s to ss at 400 mW (80 W/cm?), showing that the coagulation zone delin-
eated by the CDV approach corresponds well histologically to the NBTC-negative region and thermal
damage (Figure s.8). In particular, at the early phase of therapy (t=15), the CDV-based technique in-
dicates an injury depth limited to the epithelium (reaching the lamina propria at t=3 s) while at the

treatment endpoint (t=s s), the injury depth has reached the muscularis mucosa, as confirmed histo-
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Figure 5.7: Visualization of the coagulation zone in porcine esophagus using the history of CDV values at different power
settings: (a) 300 mW [60 W/cm?], (b) 400 mW [80 W/cm?], and (c) 500 mW [100 W/cm?]. Purple color indicates regions
that have reached the coagulation threshold defined by the cumulative CDV parameter and low instantaneous CDV (E
=2 and ¢=0.1), which provides an alternative way to more clearly delineate the thermal coagulation zone as confirmed
by NBTC histology. Scale bars = 500 u.

logically by NBTC staining. By contrast, the lesion boundary is difficult to delineate with the intensity
OCT images alone despite the increased backscattering observed in the coagulated tissue, especially as
the shadow below the coagulated zone expanded at later time points (Fig. s.8c).

To further validate the findings systematically and quantitatively, three lesions were created for
each therapy duration, and the depth of the coagulation zone (injury depth) was measured on corre-
sponding CDV images and NBTC histology independently by three experts, showing good agreement
between the CDV-based and NBTC-based measurements overall (#* = 0.95) (Figure 5.9). In cases
where discrepancies were observed, the depth measured on NBTC histology was typically smaller than
that measured using the CDV image ( s0-100 w2), most likely due to variability in tissue shrinkage dur-
ing frozen section processing as well as instantaneous thermal expansion and bubble formation in the

superficial layer during therapy.

5.4 DISCUSSION

In this study, we demonstrated the use of dynamic OCT measurements based on complex differen-

tial variance to accurately delineate the coagulation zone in laser thermal therapy and validated this

70



NBTC

Ccbv

c)

Intensity

Figure 5.8: Histological validation of CDV-based coagulation zone monitoring in porcine esophagus ex vivo at 400 mW
(80 W/cm?) for 5 s. NBTC histology with counterstaining was obtained at each representative time point (1s, 3's, and
5 s), showing close correspondence between the NBTC-negative coagulation zone (pink) (a) and the region showing the
transition from high to low CDV (purple to yellow) (b), which is difficult to delineate clearly using intensity images alone
(c). e, epithelium; Ip, lamina propria; mm, muscularis mucosa; sm, submucosa. Scale bars = 500 pm.
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Figure 5.9: Quantitative validation of coagulation zone depth (injury depth) in porcine esophagus after laser therapy at
400 mW (80 W/cm?) for 1s, 3 s, and 5 s. Each data point represents the mean +/- SD of the injury depths on the OCT
(CDV) image and corresponding NBTC histology measured independently by three experts. The solid line represents
perfect correlation of OCT and histology measurements for comparison. Blue circles, 400 mW (80 W/cm?) at 1's. Red
triangles, 400 mW (80 W/cm?) at 3 s. Yellow diamonds, 400 mW (80 W/cm?) at 5 s.

71



approach histologically in 3 different tissue types: skin, retina, and esophagus. By overlaying this in-
formation directly on intensity OCT images, the active treatment zone was visualized simultaneously
with the underlying tissue architecture, which enables lesions to be targeted more precisely. Compared
to previous work based on PS-OCT or polarimetry-based techniques‘9’72’29’26, the current method is
not limited to biological tissues with high birefringence at baseline (e.g, skin, muscle, and tendon) and
has broader implications in a number of clinical applications.

However, there are several limitations to the current CDV-based approach. First, unlike PS-OCT
where the thermal lesion can be readily imaged and visualized post treatment due to the loss of tissue
birefringence, the CDV-based approach derives contrast from the real-time variations in phase and
intensity signals that subside once the therapy beam is turned off. The need for real-time tracking also
means that motion can lead to an artificial increase in CDV, although this can be mitigated with in-
creased imaging speed or similarly by decreasing the number of B-scans (M) used to compute CDV in
Eq. (1), as well as by various motion correction techniques’”**#. Similarly, perfusion in living tissue
can contribute to the CDV signal, but considering the time scale, the relative contribution will likely
be smaller than the therapy-induced CDV signal. In addition, the active treatment zone boundary can
become more difficult to delineate as the coagulation zone grows bigger and the CDV signal degrades
as a function of depth. When the uncalibrated CDV values begin to saturate at depths approach-
ing the noise floor (typically at a depth > 1-1.5 mm), the dynamics of the heating process becomes
increasingly difficult to observe, especially at lower fluence rates. Therefore, we have performed an
SNR-dependent calibration to enable more robust visualization at greater depths, which provides an
accurate estimate of the lesion boundary at the different depths tested. However, the depth limitation
is also a fundamental limitation of OCT imaging, which is difficult to overcome even with calibration
for noise, due to inherent limits on system sensitivity and penetration depth of light. To further im-
prove the visualization of the coagulation zone, we developed an alternative visualization method in

which the history of CDV values is tracked and regions that have reached a cumulative CDV thresh-
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old £ and returned to an instantaneous CDV below ¢ (Eq. 3) are highlighted. While the coagulation
threshold is likely different between tissue types, this visualization strategy provides a good estimate
of the growing coagulation zone that would be more difficult to appreciate with the instantaneous
CDV alone.

Compared to our earlier work on monitoring laser therapy with phase variations in M-mode imag-
ing®, the current CDV-based approach was developed to overcome small axial bulk motion and phase
jitter from data acquisition synchronization through the use of a depth window (Eq. 1), which elimi-
nates the need for a highly phase-stable OCT system or precise phase calibration*°. We further demon-
strated 2-D, cross-sectional therapy monitoring in different tissue types (with potential extension to
3-D) to enable simultaneous visualization of underlying tissue structures. It is interesting to observe
in both our earlier study and the current study that the active treatment zone is marked by increased
phase variation or CDV and the growing coagulation zone corresponds very well to the region where

the phase variation or CDV has subsided.

5.5 SUMMARY

In this chapter, we developed a generic framework for thermal therapy monitoring using complex dif-
ferential variance, which maps the dynamic fluctations in the signal intensity and phase and can be
applied to different tissue types such as retina, skin, and esophagus. By providing a framework for
real-time therapy monitoring using the CDV-based technique, more targeted and personalized ther-
mal therapy delivery can be achieved in dermatology, ophthalmology, gastroenterology, and beyond.
An interesting opportunity provided by this promising therapy monitoring approach is the ability
to precisely control various laser parameters, such as power, wavelength, and duration of therapy, to
better tailor the therapy to the target lesion with immediate feedback’°. For example, the current

technology can be applied to tailor the laser treatment of hypertrophic scars’, laser photocoagulation
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in diabetic retinopathy especially in the sub-threshold regime’®, and more targeted thermal therapy

88,100

of epithelial lesions such as Barrett’s esophagus with high-grade dysplasia *+. Using the current
approach, more precise thermal therapy in epithelial lesions may be achieved by tailoring the thermal
injury to the desired depth; for example, in the treatment of Barrett’s esophagus, it is important to
avoid excessive damage beyond the submucosa to reduce the risk of stricture formation”’. The abil-
ity to delineate thermal lesions in different tissue types, at high spatiotemporal resolution, opens up

the possibility of performing microscopic image-guided procedures in a vast array of epithelial appli-

cations in the future.
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Balloon catheter-based radiofrequency

ablation monitoring for clinical applications

This chapter discusses the development of an integrated balloon catheter, radiofrequency ablation
monitoring system that enables simultaneous imaging and therapy monitoring based on the technique
developed in Chapter s. First, to develop a custom flexible radiofrequency ablation electrode array
that can be integrated with the clinical balloon catheter, a finite element model was constructed to
determine the optimal geometry of these electrodes. Based on these simulation results, a prototype in-
tegrated OFDI-RFA catheter was constructed and tested in porcine esophagus and duodenum ex vivo.

The latter was used as a model of Barrett’s esophagus which is characterized by intestinal metaplasia.
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Therapy monitoring through a clinical balloon catheter gives rise to a set of new challenges, most
notably the significant artifacts caused by the non-uniformity in circumferential scanning known as
non-uniform rotation distortion (NURD) artifacts. To mitigate the NURD artifacts, image features
in consecutive frames were analyzed using an accelerated version of the scale-invariant feature trans-
form (SIFT) descriptors™ to estimate the non-uniform motion and perform the necessary realignment
between consecutive frames. The SIFT descriptor is commonly used in image stitching/panorama ap-
plications™ to recognize features across images of the same scene at different angles so that the overlap-
ping regions can be realigned and combined. Once the frames were correctly aligned through NURD
correction, the CDV algorithm was applied and with proper calibration for SNR (as discussed pre-
viously in Chapter s), the coagulation process was clearly visualized as validated histologically with

NBTC staining.

6.1 MODELING OF RADIOFREQUENCY ABLATION

To facilitate the development of a custom RF bipolar electrode array that is compatible with the clinical
OFDI balloon catheter, a finite element model was constructed using the Comsol Multiphysics mod-
eling software (Burlington, MA) to explore the design space and constraints systematically, including
the spacing of electrodes, width of each electrode, and duration of therapy with corresponding voltage

requirements for simultaneous imaging and therapy delivery.

6.1.1 FINITE ELEMENT MODEL

Figure 6.1 illustrates the finite element model geometry, which consists of a bipolar radiofrequency
electrode array on top of a two-layer tissue slab. The bipolar electrode array consists of three sets
of copper electrodes. Alternating electrodes (active and dispersive electrodes) are connected to two

different rails/connectors — one serving as the ground and another as the RF voltage source. The
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Figure 6.1: Finite element model of a bipolar radiofrequency electrode array consisting of 6 electrodes (500 um wide
and 10 mm long, with a 500 um spacing) on top of a two-layer tissue slab (a), with corresponding finite element mesh
showing a progressively finer tetrahedral mesh around the electrode area (b).

tissue slab is a simplified model of the esophagus consisting of the top epithelial layer (epithelium up
to lamina propria) with a thickness of soo um and the remaining muscular layer (muscularis mucosa
up to muscularis propria) with a thickness of 2.5 mm.

Using the Comsol Multiphysics software, the temperature field and resulting tissue damage over
the course of the RF ablation procedure were simulated by solving the following set of equations in
the FEM model.

First, the Pennes bioheat equation *, which governs heat transfer in biological tissue, was solved to

derive the temperature field:

oT

PCE —V(VT) =p,Cowp(Ty = T) + O + Qe (6.1)

where p is the density of the tissue (kg/m?), Cis the specific heat (J/kg-K), £ is the thermal conductivity
(W/m - K), T'is the temperature of the tissue (K), 7} is the temperature of blood (K), p, is the density
of blood (kg/m?), Cy is the specific heat of blood (J/kg-K), wp is the perfusion rate (1/s), @y, is the
metabolic heat source term (W/m?), and Q, is the heat from the external source (W/m?). In the current

model, the perfusion term and metabolic heat source term were assumed to be negligible. The density
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p and specific heat C of the tissue were set at 1070 kg/m? and 3700 J/kg-K, respectively. The thermal
conductivities of the mucosal layer of the esophagus and the muscular layer were set as 0.343 and 0.49
W/m - K, respectively*. The boundary conditions were set to an ambient temperature of 25 °C for all
outer boundaries such as the tissue surface and 7 - (£,VT; — £,V T,) = o for all interior boundaries.

To couple the bioheat equation to the RF ablation process, the heat from the external source Q, was
setto /- E where Jis the current density (A/m?) and Eis the electric field intensity (V/m) or Q, = O'\E |*

where E = —VV. The voltage distribution can be solved using Laplace’s equation:

V-oVI'=0o , (6.2)

where Vis the voltage and ¢ is the electrical conductivity (S/m) of the tissue. The electrical conductiv-
ities of the mucosal layer and the muscular layer of the esophagus were set as 0.1778 and 0.4459 S/m,
respectively®, and a downward ramp function was implemented between 95 to 100°C to account for
the significant drop in electrical conductivity approaching zero once the tissue becomes dessicated as it
approaches vaporization threshold at 100 °C*. Here, a quasi-static approach (the tissue is considered
source-free and displacement currents are neglected) was employed since the biological tissue is purely
resistive at the frequency typically used for RF ablation (~ soo kHz) and the voltage was set as the
root mean squared voltage of the applied RF voltage (7;.s)'°. The boundary conditions were set as
follows: V=V s on active electrodes, V=0 on dispersive electrodes and outer domain boundary, and
7 - (]; —];) = o across all other boundaries.

The damage integral Q (7, £), which defines the degree of tissue injury (dimensionless) based on the

Arrhenius equation *°, is computed as follows:

C(r, P _Es
Q(r,1) = ln[ (r 0)} = / Ae FeAdr (6.3)
C(r, 1) o
where C(7, 0) refers to the initial concentration of tissue molecules in the native state, C(7, 7) is the
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remaining concentration at time # after conversion to the damaged state, 4 is the frequency factor
(s71), E, is the activation energy (J/mol) and R is the universal gas constant (8.314 J/mol - K). Here, 4
was set to 2.88 x 10%® 5" and E, was set to 6.3 x 10° ]/mol*°. Note that Q (7, £)=1 is defined such that
it corresponds to 63% tissue injury (necrotic tissue), which is when tissue coagulation first occurs.

Hence, the necrotic tissue fraction 6, can be expressed as follows:

0y =1— ¢ 00D (6.4)

6.1.2 RESULTS AND DISCUSSION

Figure 6.2 shows the temporal evolution of the simulated temperature distribution on the tissue sur-
face at an applied voltage of 20 Vi using the 6-electrode bipolar RF array configuration (each with
a width of soo um and evenly spaced at 500 um) as illustrated in Fig. 6.1. The rise in temperature
was most prominent during the initial phase of heating from ~o0-6s, after which it began to plateau.
Figure 6.3 shows the experimental surface temperature measurements of the same electrode design fab-
ricated as a flexible circuit and applied on a piece of porcine esophagus ex vivo, demonstrating good
agreement with the simulation results overall. Surface temperature was measured using the FLIR One
infrared camera (FLIR Systems, Wilsonville, OR), calibrated using an emittivity of 0.9s.

To validate these measurements further, the same experiment was repeated three times on porcine
esophagus ex vivo and the average temperature was measured across the ablation region every 2 sec-
onds. Figure 6.4 shows that the experimental results demonstrate generally good agreement with the
simulated temperature in the first 2 to 4 seconds, and deviate more as the temperature reaches the co-
agulation threshold (s0-60 °C). This is likely due to the change in tissue properties upon coagulation
such as the increase in tissue impedance (namely a significant decrease in tissue electrical conductivity)
upon coagulation of biological tissue™.

Using the simulated temperature profile as a function of time, we can begin to evaluate the voltage
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Figure 6.2: Simulated surface temperature distribution during RF heating with the 6-electrode bipolar RF array (20 Vs
applied for 10 s). The average temperature was computed across the region defined by the dotted rectangle. Colorbar
ranges from 25 °C to 100 °C.

Figure 6.3: Measured surface temperature distribution during bipolar RF heating of porcine esophagus with the 6-
electrode bipolar RF array ex vivo (20 V, s applied for 10 s). The average temperature was measured across the region
defined by the dotted rectangle. Colorbar ranges from 25 °C to 100 °C.
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Figure 6.4: Experimental validation of the simulated average surface temperature across the bipolar electrode array (20

Vms, 10 s). Average temperature values were computed across the region covered by the electrodes as illustrated in Fig.
6.3.

requirements for a specific electrode configuration. Figure 6.5 shows the effect of increasing the applied
voltage on the time required to achieve the coagulation temperature. For example, it would take only
~ 4 seconds to reach the same endpoint temperature at 25 Vi, compared to 20 Vi, but it would
take significantly longer to achieve this temperature at 15 V.

In addition to simulating the surface temperature, the cross-sectional temperature profile (cutting
through the center of the electrode array) was also simulated using Comsol (Fig. 6.6a), which shows
the propagation of the heat through the mucosal layer from o to 6 s and deeper into the muscle layer
from 6 to 10 5. The corresponding necrotic tissue fraction analysis (based on Equations 6.3 and 6.4)
shows a similar trend (Fig. 6.6b) and further suggests that the growth of the thermal lesion is minimal
during the initial phase of heating and an RF ablation duration of at least 4-6 seconds is required to
achieve a target depth beyond the mucosal layer at the current applied voltage (20 V).

Figure 6.7 shows the cross-sectional temperature profile and necrotic tissue fraction between the

electrodes at the center of the array as a function of time. Together with Fig. 6.6, these two sets
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Figure 6.5: Simulated average surface temperature as a function of applied voltage (15, 20, 25 V,s - bottom to top
curves). The bipolar radiofrequency electrode array consists of 6 electrodes (500 um wide and 10 mm long, with a 500
pm spacing).

of figures provide an idea of the three-dimensional temperature field across the lesion and the corre-
sponding thermal lesion growth profile.

In the literature, the so or 60 °C isotherm is often used as a surrogate for the boundary of necrotic
tissue given tissue coagulation occurs rapidly beyond these temperatures® . Figure 6.8 shows that,
indeed, the 60 ° Cisotherm corresponds well with the necrotic tissue fraction simulated at the end of
the therapy (t=10 s). While the so °C isotherm is frequently used in RF ablation of liver tumors, it
would overestimate the necrotic tissue fraction. This is likely due to the much longer ablation time
(on the order of minutes) for the RF ablation of liver tumors.

The eftect of varying the applied voltage was investigated further. Figure 6.9 shows the evolution
of the temperature rise and corresponding necrotic tissue fraction for an applied voltage of 15 Vi,
demonstrating a much slower lesion growth rate. To achieve a similar thermal lesion as that seen with
an applied voltage of 20 Vi at 10 s, a therapy duration of ~ 25 s is required. Figure 6.10 further
illustrates the temperature profile and necrotic tissue fraction for a higher applied voltage of 25 V.

In this case, a similar thermal lesion can be achieved with a therapy duration of ~ 6s.
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Figure 6.6: Simulated cross-sectional temperature profile and necrotic tissue fraction resulting from RF ablation with
the 6-electrode bipolar RF array (20 V., applied for 10 s). Colorbar in (a) ranges from 25 °C to 100 °C; colorbar in (b)
ranges from O to 1 (100% tissue damage).
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Figure 6.7: Simulated cross-sectional temperature profile and necrotic tissue fraction (between consecutive electrodes
at the center of the array) resulting from RF ablation with the 6-electrode bipolar RF array (20 V,,s applied for 10 s).
Colorbar in (a) ranges from 25 °C to 100 °C; colorbar in (b) ranges from 0 to 1 (100% tissue damage).

Figure 6.8: Simulated cross-sectional isotherms (40, 50, 60, 70, 80, 90 °C) and necrotic tissue fraction (between consec-
utive electrodes at the center of the array) resulting from RF ablation with the 6-electrode bipolar RF array (20 V., at
t=10s). The 60 °C isotherm (green) corresponds well with the necrotic tissue fraction simulated. Colorbar in (a) shows
the discrete isotherm levels (40, 50, 60, 70, 80, 90 °C) ; colorbar in (b) ranges from O to 1 (100% tissue damage).
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Figure 6.9: Simulated cross-sectional temperature profile (a) and necrotic tissue fraction (b) resulting from RF ablation
with the 6-electrode bipolar RF array (15 V. applied for 25 s). Colorbar in (a) ranges from 25 °C to 100 °C; colorbar in
(b) ranges from O to 1 (100% tissue damage).
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Figure 6.10: Simulated cross-sectional temperature profile (a) and necrotic tissue fraction (b) resulting from RF ablation
with the 6-electrode bipolar RF array (25 Vs applied for 10 's). Colorbar in (a) ranges from 25 °C to 100 °C; colorbar in
(b) ranges from O to 1 (100% tissue damage).
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Figure 6.11: Simulated cross-sectional temperature profile (a) and necrotic tissue fraction (b) resulting from RF ablation
with the 6-electrode bipolar RF array with increased electrode spacing of 1 mm (20 V, s applied for 25 s). Colorbarin (a)
ranges from 25 °C to 100 °C; colorbar in (b) ranges from O to 1 (100% tissue damage).

Next, the effect of increasing the electrode spacing was investigated. To illustrate this, the electrode
spacing was increased from soo wm to 1 mm, and a voltage of 20 Vs was applied to the alternating
active electrodes in the 6-electrode bipolar array. Figure 6.11 shows that the increase in electrode spacing
led to a slower rise in temperature and tissue coagulation process. The temperature profile is further
depicted in Fig. 6.12, which shows that an applied voltage of ~25 Vi, is required to achieve a similar
temperature rise at an electrode spacing of 1 mm, compared to 20 Vi, at an electrode spacing of soo
um (Fig. 6.5). The effect of changing the width of each electrode was also investigated. Here, the
electrode width was modified from soo um to 250 um, while keeping the spacing of electrodes at
soo um. As shown in Figure 6.13, this has a minimal effect on the surface temperature (see Fig. 6.5),
compared to the dramatic difference observed when the spacing of the electrodes was modified.

Finally, we modified the model geometry to a one-layer tissue slab with the following electrical
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Figure 6.12: Simulated average surface temperature as a function of applied voltage (15, 20, 25 V,,s - bottom to top
curves) with an increased electrode spacing. The bipolar radiofrequency electrode array consists of 6 electrodes (500
umwide and 10 mm long, with a 1 mm spacing).
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Figure 6.13: Simulated average surface temperature as a function of applied voltage (15, 20, 25 V,,s - bottom to top
curves) with a smaller electrode width. The bipolar radiofrequency electrode array consists of 6 electrodes (250 um
wide and 10 mm long, with a 500 wm spacing).
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Figure 6.14: Simulated cross-sectional temperature profile (a) and necrotic tissue fraction (b) resulting from RF ablation
with the 6-electrode bipolar RF array in the duodenum (20 V,, applied for 10 s). Colorbar in (a) ranges from 25 °C to
100 °C; colorbar in (b) ranges from 0 to 1 (100% tissue damage).

and thermal properties: ¢=0.55397 and k=0.49 (based on literature values for the small intestine*°).
Figure 6.14 shows that the temperature rise, as expected, was much faster due to the significant increase
in electrical conductivity and the lesion growth rate was correspondingly much more noticeable within
the first 2-4 s, compared to the case of the esophagus (Fig. 6.6) where the lesion was noticeable only
after ~ 5-6 s with the same set of ablation parameters.

Based on these set of simulation results, the final RF electrode prototype consists of 6 bipolar elec-
trodes with a 500 um spacing and soo um width to facilitate imaging between consecutive electrodes
while enabling the generation of ablation lesions within a time frame of s-10 s at an applied voltage of
20 t0 25 Vimg. While an increased electrode spacing of 1 mm would further facilitate imaging, it would
also necessitate greater driving RF voltage requirements to achieve the same ablation rate. Reducing

the electrode width, however, has minimal advantages, given more electrodes, assuming the the same
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spacing is used, will be needed to cover the same ablation area.

6.2 BALLOON CATHETER RFA MONITORING USING CDV

Once the design of the prototype integrated therapy delivery and imaging device was validated, a
catheter-based thermal therapy monitoring algorithm was developed to address the unique challenges
in this setting. We developed a microscopic thermal therapy guidance platform that integrates a flexi-
ble bipolar radiofrequency ablation (RFA) electrode array around the clinical balloon OFDI catheter.
Imaging was performed between consecutive electrodes in porcine esophagus ex vivo. We developed a
therapy monitoring technique based on complex differential variance (CDV) that enables the direct,
noninvasive visualization of the coagulation zone at high spatial resolution using real-time, dynamic
fluctuations in the OFDI signals. This is contrary to conventional, temperature-based RFA moni-
toring techniques, which are often invasive and only provide an indirect measure of tissue injury, or

emerging techniques (e.g., MR and US thermometry) limited by spatial resolution.

6.2.1 EXPERIMENTAL SETUP AND PROCESSING ALGORITHM
INTEGRATED OFDI-RFA BALLOON CATHETER

Figure 6.15 provides a schematic overview illustrating the design of the integrated OFDI-RFA balloon
catheter used in this study, which incorporates a flexible bipolar RF electrode array around a clinical
OFDI balloon catheter. The size of the balloon is 22 mm in diameter when inflated and the balloon
catheter, which is approximately 2 m long, is connected to the optical system through a rotary junc-
tion on the proximal end. A bipolar RF electrode array, consisting of 6 electrodes in total (3 pairs of
alternating electrodes in a bipolar RF configuration), was mounted on the outer surface of the balloon.
Imaging was performed at the same location (without pull-back) between the consecutive electrodes

at the center of the electrode array (electrodes 3 and 4 in the six electrode array).
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Figure 6.15: Integrated OFDI-RFA catheter with a bipolar radiofrequency (RF) electrode array on a flexible circuit
around a clinical OFDI balloon catheter. Imaging is performed between alternating electrode pairs (+: active electrode,
-: dispersive or ground electrode) to enable real-time microscopic image guidance.

The clinical OFDI system features an A-line rate of so kHz (3096 samples per A-line) and each B-
scan consists of 4096 A-lines. This results in an effective imaging frame rate of 12.2 frames or B-scans
per second at a rotation speed of 750 rpm. Porcine esophagus was used for the ex vivo experiments
and NBTC histology (with eosin counterstain) was performed after embedding in optimum cutting

temperature compound for frozen sections at 10 u.

PROCESSING ALGORITHM

Figure 6.16 shows the major steps in the processing algorithm needed to enable the visualization of
the thermal coagulation zone in a clinical balloon catheter setting due to a series of challenges, most
notably the non-uniformity in the rotation of the clinical OFDI catheter due to the use of a proximal
scanning mechanism and a long flexible drive shaft. Due to the drift in the position of the first A-line
in each frame, the first step requires the global registration across all frames using a fiducial mark on
the surface on the balloon. In this case, one of the two rails connecting the alternating electrodes in
the bipolar RF array on the surface (see Fig. 6.1), which conveniently casts a shadow on the sides of
the electrodes in cross-sectional imaging, was used as the reference position across frames.

In step 2, once the frames were globally aligned using the fiducial mark, feature-based NURD cor-

rection (an extension of the earlier work on speckle-based NURD correction by Uribe-Pattarroyo et
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al.®) was performed using the intensity OFDI tomograms to correct for misalignment between con-
secutive A-lines across frames due to the non-uniformity in the catheter rotation as follows:

1. SURF detection of features® in each frame (SURF is an accelerated variant of the SIFT feature

descriptor™)
2. KLT feature tracking algorithm across frames’**
3. Median and spline filtering for smoothing the displacement vector dx

4. Interpolation of vector of dx from beginning to the end of each frame, with the boundary

conditions that end points do not move (dx = o at edges of each frame)

5. Split complex tomogram in amplitude and phase and use the vector dx to interpolate each one

to the corrected positions (to suppress the dx movement)

6. Merge amplitude and phase in a corrected complex tomogram for the subsequent calculation
of CDV

In steps 3 and 4, the corrected complex tomogram was used to compute the CDV after calibration
for SNR using a static region within the tissue of 40 x 20 pixels (depth and lateral dimensions) after
downsampling the intensity image by 10 times in each dimension (or equivalently 400 x 200 pixels in
the original intensity image of 2048 depth pixels x 4096 A-lines) using the same calibration technique
presented in Chapter 5, M=2 consecutive B-scans, and a depth window size of 21 depth pixels (L=10).
In each dataset, the initial 1o frames (when the RF energy source was off) were used for calibration
purposes. The residual CDV noise was removed through background subtraction (which is estimated
ataround o.1in the air region) to improve the final calibration. Here, alower number of consecutive B-
scans was selected for the computation of CDV to maintain the temporal resolution given the clinical
system only supports an A-line rate of so kHz (which results in an effective frame rate of 6 fps with
4096 A-lines/B-scan and M=2) and an averaging kernel was implemented across 4 adjacent frames
(10 x 10 pixels x 4 frames) for each final CDV frame computed. Using the final CDV frames, the

cumulative CDV was computed in Step s, followed by the fusion of the CDV and cumulative CDV
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with the intensity images and the circularization of the datasets for intuitive display in the clinical

catheter setting.

6.2.2 RESULTS

Figure 6.17 shows the ability to monitor the thermal coagulation process with calibrated CDV in the
integrated OFDI-RFA catheter after correcting for NURD artifacts using the processing algorithm de-
scribed previously. The rise in CDV was initially limited to the epithelium from t=7-8 s and reached
the muscularis mucosa at the endpoint of the therapy at 10 s (with an applied voltage of 20 Vs at 500
kHz). Upon cessation of therapy, the rapid drop in CDV was evident from t=10 s to 12s with some
residual heating at t=11 5. The loss of the CDV signal shows one of the limitations of using the instan-
taneous CDV to visualize the coagulation zone. Hence, the cumulative CDV was also computed, as
illustrated in Fig. 6.18, demonstrating the ability to more clearly visualize the evolution of the coagu-
lation zone, especially after the RF energy was turned off at t=10's.

To investigate the impact of the applied RF voltage on the time course of ablation, the RF voltage
was increased to 25 Vi at 500 kHz and the same experiment was repeated for an ablation time of 10
s. Figure 6.19 shows that the CDV signal became visible at ~ 6-7 s, compared to ~ 7-8 s at an applied
RF voltage of 20 V. The residual CDV was also slightly higher at t=11-12 s after the RF source was
turned off at t = 10 s. The cumulative CDV (Fig. 6.20) further suggests that the thermal energy was
deposited mostly in the epithelium up to ~ 9 s and reached all the way through the muscularis mucosa
by the end of the therapy (t=10-12 ).

Figure 6.21 shows the histological validation of the cumulative CDV maps for both power settings
at 20 Vrms and 25 Vrms using NBTC staining, which demonstrates the accurate delineation of the
thermal lesion using cumulative CDV. At 20 Vrms, the thermal coagulation zone extends beyond the
lamina propria into the muscularis mucosa with a maximum lesion depth of ~700 um at the center,

while at 25 Vrms, the coagulation zone extends all the way through the muscularis mucosa up to the
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Figure 6.16: Overview of processing algorithm for monitoring the microscopic thermal lesionin aclinical catheter setting
using calibrated CDV and feature-based NURD correction.
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Figure 6.17: Radiofrequency ablation monitoring using calibrated CDV in a clinical balloon catheter, demonstrating the
ability to clearly visualize the dynamics of thermal coagulation process in porcine esophagus ex vivo. Imaging was per-
formed between the gaps of consecutive bipolar radiofrequency ablation electrodes (applied voltage = 20 Vs at 500
kHz for 10 s) integrated around the OFDI balloon catheter. A region with increased CDV (purple) was observed at the
center of the electrodes in the epithelium up to the lamina propria (t=7-8s) and eventually reaching slightly into the mus-
cularis mucosa (t=9-10's) . Imaging was performed until after the RF source was turned off (at t=10 s) to illustrate the
rapid decrease in CDV. e, epithelium; Ip, lamina propria; mm, muscularis mucosa. Color bars range from 0-0.5. Scale bars
=1 mm. The same scale bar is rotated and overlaid at t=10 s as a reference.
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Figure 6.18: Radiofrequency ablation monitoring using cumulative CDV in a clinical balloon catheter, demonstrating the
ability to more clearly visualize the evolution of thermal coagulation process in porcine esophagus ex vivo. Imaging was
performed between the gaps of consecutive bipolar radiofrequency ablation electrodes (applied voltage = 20 V,,,s at 500
kHz for 10 s) integrated around the OFDI balloon catheter. A growing region with increased cumulative CDV (purple)
was observed in the epithelium and eventually reaching slightly into the muscularis mucosa. e, epithelium; Ip, lamina
propria; mm, muscularis mucosa. Color bars range from 0-20. Scale bars = 1 mm. The same scale bar is rotated and
overlaid at t=12 s as a reference.
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Figure 6.19: Radiofrequency ablation monitoring using calibrated CDV in a clinical balloon catheter, demonstrating the
ability to clearly visualize the dynamics of thermal coagulation process in porcine esophagus ex vivo. Imaging was per-
formed between the gaps of consecutive bipolar radiofrequency ablation electrodes (applied voltage = 25 Vs at 500
kHz for 10 s) integrated around the OFDI balloon catheter. A region with increased CDV (purple) was observed at the
center of the electrodes in the epithelium up to the lamina propria (t=6-7s) and eventually reaching all the way through
the muscularis mucosa (t=8-105s) . Imaging was performed until after the RF source was turned off (at t=10's) to illustrate
the rapid decrease in CDV. e, epithelium; Ip, lamina propria; mm, muscularis mucosa. Color bars range from 0-0.5. Scale

bars=1mm.
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Figure 6.20: Radiofrequency ablation monitoring using cumulative CDV in a clinical balloon catheter, demonstrating the
ability to more clearly visualize the evolution of thermal coagulation process in porcine esophagus ex vivo. Imaging was
performed between the gaps of consecutive bipolar radiofrequency ablation electrodes (applied voltage = 25 V,,,s at 500
kHz for 10 s) integrated around the OFDI balloon catheter. A growing region with increased cumulative CDV (purple)
was observed in the epithelium and eventually reaching all the way through the muscularis mucosa. e, epithelium; Ip,
lamina propria; mm, muscularis mucosa. Color bars range from 0-20. Scale bars = 1 mm.
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Figure 6.21: Histological validation of the coagulation zone delineated by cumulative CDV (a, ) at the treatment end-
point using NBTC staining (b, d). The estimated lesion depth (red bar; NBTC-negative region in pink) is ~ 700 um at 20
Vims and ~ 1000 um at 25 V. €, epithelium; Ip, lamina propria; mm, muscularis mucosa; sm, submucosa; mp, muscu-
laris propria. Scale bars = 1 mm.

submucosa with a lesion depth of ~1000 um.

Given our goal to apply this technique clinically to the treatment of Barrett’s esophagus, which is
characterized by intestinal metaplasia, we further tested the CDV-based technique in porcine duode-
num ex vivo. Figure 6.22 shows the temporal evolution of the CDV in the duodenum, which is more
rapid compared to the esophagus at the same applied voltage of 20 Vi (Fig. 6.17). In the case of
the duodenum, the rise in CDV was evident beginning at t=2-4 s, and spreading across the electrode
surface by t=6 s. From t=6-10 s, the CDV remained high until the RF energy was turned off at t=10's,
after which a dramatically reduced CDV was observed with some residual heating from t=11-12 5. Fig-
ure 6.23 shows the growth of the thermal lesion using the cumulative CDV, which suggests a visible
lesion after ~ 6-8 s of heating and a stable lesion by t=10 s with minimal residual growth after the RF

energy was turned off.

6.2.3 DiscussioN

Using our integrated balloon OFDI-RFA therapy delivery and guidance system, we demonstrated

direct, label-free visualization of the thermal coagulation process during RFA ablation at high resolu-
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Figure 6.22: Radiofrequency ablation monitoring in porcine duodenum ex vivo using calibrated CDV in a clinical balloon
catheter. Imaging was performed between the gaps of consecutive bipolar radiofrequency ablation electrodes (applied
voltage = 20 Vs at 500 kHz for 10 s) integrated around the OFDI balloon catheter. Imaging was performed until after
the RF source was turned off at t=10 s. Color bars range from 0-0.5. Scale bars = 1 mm.

Figure 6.23: Radiofrequency ablation monitoring in porcine duodenum ex vivo using cumulative CDV in a clinical balloon
catheter. Imaging was performed between the gaps of consecutive bipolar radiofrequency ablation electrodes (applied
voltage = 20 Vs at 500 kHz for 10 s) integrated around the OFDI balloon catheter. Color bars range from 0-20. Scale
bars =1 mm.
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tion with the NURD-corrected, calibrated CDV as well as cumulative CDV metric in both porcine
esophagus and porcine duodenum ex vivo. By imaging between the consecutive electrodes in a flexible
RF bipolar array around the balloon OFDI catheter, we showed the ability to tailor the injury depth
by varying the applied RF voltage. For example, by increasing the voltage from 20 Vi t0 25 Vi,
the injury depth was increased significantly from the epithelium (up to the lamina propria) to the
muscularis mucosa (up to the submucosa) after an ablation time of 10 seconds, as validated by NBTC
histology. We also investigated the effect of different tissue types on the ablation process by testing the
same set of parameters (20 Vi, for 10 s) in porcine esophagus and duodenum, which showed a much
more rapid response in the case of the duodenum. This is due to the significantly higher electrical con-
ductivity of duodenum (0.55397 S/m) reported in the literature compared to the mucous membrane
(0.1778 S/m) of the esophagus®.

The ability to clearly visualize the evolution of the thermal lesion using the cumulative CDV metric
also translates to the ability to control the RFA therapy depth with real-time imaging feedback. This is
critical as tissue contact with the RFA electrodes can become variable in the clinical setting and the pres-
ence of mucus will likely change the electrical conductivity, both of which directly impact the actual
therapy delivery and achieved therapy depth with any given set of ablation parameters. The current
use of predetermined RF ablation energy in the clinical setting for the treatment of Barrett’s esopha-
gus with dysplasia, without any real-time monitoring or guidance beyond surface-based examination
with conventional endoscopy, leads to significant variations in treatment outcomes, as evidenced by
the range of stricture formation rates from 2 - 8 % reported in the literature”. The ability to delineate
thermal lesions at high resolution opens up the possibility of performing microscopic image-guided
procedures in numerous epithelial lesions, beyond Barrett’s esophagus, where the precise delivery of

thermal energy is critical.
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Figure 6.24: Impact of NURD correction and SNR calibration: (a) Intensity OCT image; (b) CDV computation without
NURD correction and SNR calibration; (c) Raw CDV after NURD correction; (d) Calibrated CDV after NURD correction;
(e) Visualization of the thermal lesion using cumulative CDV.

I02



6.3 SUMMARY

This chapter presented a framework for microscopic image guidance that has direct clinical transla-
tional potential. Through the construction of an FEM model, the effects of varying a set of important
RF ablation parameters for a bipolar RF electrode array were investigated systematically, including the
driving RF voltage and the spacing of electrodes on the ablation duration. The model also provided a
convenient means to visualize the three-dimensional temperature profile as well as the necrotic tissue
fraction as a function of time for different sets of parameters. Based on these simulation results, a six-
electrode array with an even spacing of soo pm was fabricated as a flexible circuit. Using this flexible
bipolar RF array, the FEM model was validated by measuring the surface temperature profile with an
infrared camera, showing close correspondence between the simulated average surface temperature
and the measured surface temperature across the electrode array. Finally, the flexible bipolar RF array
was integrated around a clinical OFDI balloon catheter for feasibility testing ex vivo and imaging was
performed between the gap of consecutive electrodes at the center of the array. The significance of
proper NURD correction and SNR calibration is clearly depicted in Fig. 6.24, which shows the re-
sults prior to and after these critical motion and noise compensation techniques to be able to visualize
the thermal coagulation zone using the CDV-based algorithm. The final results were very promising
for a series of parameters tested (including different driving RF voltage) in both porcine esophagus
and porcine duodenum, demonstrating the ability to clearly visualize the progress of the therapy us-
ing the calibrated CDV after NURD correction and the ability to monitor the therapy depth using

the cumulative CDV metric.
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Conclusions

In this dissertation, two frameworks for enabling the notion of microscopic image guidance were in-
troduced. The first conceptual framework, discussed in Chapter 2, presents a machine learning-based
approach aimed to enable real-time navigational guidance through laser-printed patterns and subse-
quent microscopic examination of a suspicious target lesion through the co-registration of subsurface
imaging datasets, such as OFDI datasets, with endoscopic image sequences. The successful implemen-
tation of such a framework would enable the concept of a virtual biopsy at any desirable location dur-
ing video endoscopy procedures and more targeted biopsy and focal treatment of suspicious lesions.
While a number of important challenges were addressed in Chapter 2, the practical, clinical imple-
mentation of this framework requires future work in areas discussed in the next section. The second

framework, discussed from Chapters 3 through 6, presents an integrated microscopic image guidance
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system that culminates into a clinical balloon-catheter based implementation in Chapter 6, which has
very clear clinical translational potential based on promising ex vivo results. While our primary focus
has been the treatment of Barrett’s esophagus with dysplasia and the use of radiofrequency ablation
as the thermal therapy modality, the interesting results from Chapters 3 to 5 suggest that this frame-
work can be expanded to other clinical applications for the treatment of other epithelial lesions, such
as hypertrophic scars or diabetic retinopathy, potentially with other thermal therapy modalities, such
as laser thermal therapy, microwave ablation, and high-intensity focused ultrasound. A summary of
the major contributions of this dissertation, along with ideas for future avenues of research, will be

provided in the following sections.

7.1 NAVIGATIONAL GUIDANCE THROUGH LASER PAINTING AND MACHINE LEARNING

The significant challenges in the endoscopic setting, such as the significant deformation of the esopha-
gus, partial occlusion, and viewpoint changes during endoscopy, necessitated a very different approach
to image registration. In Chapter 2, a potential solution to address these challenges during conven-

tional endoscopy was implemented. This solution consisted of two components:

1. A noninvasive laser-printing technique: to create set of robust navigational landmarks

2. A machine learning algorithm: to classify these landmarks for localization

The noninvasive laser printing/painting approach involves the idea of photobleaching light-sensitive
chromoendoscopy dyes used in Barrett’s esophagus patients and the creation of a biodegradable, non-
toxic spray-on PLGA-based substrate integrating these dyes to generate a water-resistant film. Through
experimentation, it was found that many of these clinically used chromoendoscopy dyes, such as crys-
tal violet, methylene blue or toluidine blue, can be readily photobleached with a low-cost, low-power
diode laser at 635 nm. By focusing this laser beam on the tissue sprayed with the custom-made water-

resistant PLGA-dye substrate, the ability to perform laser printing of an arbitrarily complex design
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pattern, such as the MGH logo or HMS logo, was demonstrated ex vivo in a benchtop setup. A se-
ries of design patterns of navigational landmarks were generated and a dataset of over 1000 images
representative of realistic endoscopic setting (simulating cases of deformation, partial occlusion and
viewpoint changes) was created for subsequent algorithmic development and testing.

Two machine learning frameworks were investigated for the classification of the different naviga-
tional landmarks: 1) a bag of words model” in which a dictionary of visual words is constructed to
train the computer vision algorithm to classify different navigational landmarks, 2) a simplified vector-
ized histogram of oriented gradient (HOG) approach. While both approaches provide a framework
to classify between different landmarks tested and potentially enable navigational guidance using the
classification results as demonstrated in a sample video sequence, a number of challenges remain to be

solved to enable its use clinically as a robust navigational guidance platform:
1. Compact encoding of spatial location in a highly confined endoscopic setting

2. Improvement of classification accuracy as the number of classes (distinct navigational land-

marks) increases
3. Catheter-based implementation of laser printing iz vivo
4. Potential innovation in endoscopic probe design to minimize deformation of the esophagus
during endoscopy
To address the compact encoding problem, in Chapter 2, I proposed a new design of navigational
landmarks that contains a set of features: 1) orientation marker (to maximize the number of distinct
combinations that can be encoded in the center of the pattern), 2) calibration marks around bounding
region (to correct for affine transformation or deformation before classification to improve classifica-
tion accuracy), 3) a binary location encoding scheme (in which a 3 x 3 grid would, for example, give
rise to 2° combinations), 4) color encoding in addition to shape-based encoding (to greatly increase
the number of combinations). An important advantage of the latter 2 approaches is the significant

simplification of the classification algorithm. For example, using a binary encoding scheme, a machine

106



learning approach is likely unnecessary if one could properly correct for deformation using the calibra-
tion marker. However, the mode of operation would be different since the endoscopist must zoom
into the region of interest so that the binary code can be “scanned” with the camera to retrieve the real-
time location. In addition, color-based encoding would greatly simplify location tracking, serve as as
a redundancy check, or provide a coarser, global location encoding followed by more precise localiza-
tion using the binary code once the region is zoomed in. Unfortunately, to enable color encoding, the
proposed laser printing approach by photobleaching light-sensitive dyes would likely not be feasible.
Instead, the prefabrication of tracking patterns on a biodegradable tissue adhesive may provide a more
flexible solution to integrate many colors in a more easily controlled environment prior to deployment
in the esophagus.

An important advantage of a machine learning approach is that the computer vision algorithm can
be trained to be increasingly intelligent through the expansion of the training dataset over time. In the
current implementation, it was observed that classification accuracy deteriorates with design patterns
that are too similar, which worsens as the number of classes (i.e. number of design patterns) increases.
However, with the new compact encoding scheme discussed above, this problem may be mitigated.

To enable laser printing in vivo, a novel catheter design is also required. Chapter 2 depicted adouble-
balloon catheter design to enable high-speed, high-resolution laser printing iz vivo where a focused
light beam is delivered to the tissue sprayed with the chromoendoscopy dye-PLGA construct. Here, it
is interesting to note that NURD artifacts may compromise high-fidelity printing in a catheter-based
setting. Unlike the case of therapy monitoring, NURD correction is not feasible. The most viable
solution is to construct a more stable catheter with a distal micromotor scanning mechanism®. An-
other interesting avenue of future work involves integrating a dual clad fiber to enable laser printing
and imaging in one catheter®.

Finally, while the focus thus far has been to overcome many of the clinical challenges associated

with conventional endoscopy, innovation in the endoscopy hardware itself may provide the ultimate
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solution. For example, if the deformation of the esophagus can be controlled more elegantly through
modification of the hardware, the algorithmic/software problem would be significantly simplified.
For example, a dual-balloon design in which the endoscopy camera is situated between two stabilizing
balloons may enable endoscopic examination in a much more controlled setting while still enabling

conventional procedures such as biopsy to be performed.

7.2 BALLOON CATHETER-BASED RFA MONITORING

It was interesting that concepts developed in the machine learning framework (e.g., feature tracking)
also provided insights to one of the critical problems in the second, integrated framework for micro-
scopic image guidance, where an integrated OFDI-RFA catheter was developed to enable the precise
delivery of thermal energy to the target lesion. Here, the challenges associated with deformation were
mitigated by inflating the balloon around the region to be treated, thereby stabilizing the instrumenta-
tion, but the non-uniformity in the rotation (NURD artifacts) of the catheter remains. In this section,
the challenges and solutions in the development of the second framework, along with outlook for fu-

ture work, will be summarized.

7.2.1 LASER THERMAL THERAPY AND HYPERTROPHIC SCAR MONITORING USING PS-

OFDI

In Chapters 3 and 4, polarization-sensitive optical frequency domain imaging (PS-OFDI) was first in-
vestigated as a technique for laser thermal therapy and hypertrophic scar monitoring. In particular,
two metrics — local retardation and degree of polarization (DOP) — were demonstrated to correlate
histologically with the disruption of the fibrillar collagen architecture. For example, thermal coagula-
tion of collagen in the skin was characterized by a decrease in local retardation (due to the loss of tissue

birefringence) and increase in DOP. In addition, in Chapter 4, PS-OFDI was demonstrated for the 3D,

108



longitudinal assessment of collagen remodeling in both an incisional HT'S model for 1 month and exci-
sional HT'S model after 6 months. HTS was characterized by an initially low local retardation, which
increased as collagen fibers remodeled, and a persistently high degree of polarization. Therefore, PS-
OFDI serves a powerful tool to gain significant biological insights into HTS remodeling by enabling
longitudinal assessment of collagen % vivo critical to elucidating HT'S etiology and developing more

effective HTS therapies.

7.2.2 LASER THERMAL THERAPY MONITORING USING CDV

While the results were very promising for dermatology applications, the use of PS-OFDI for the de-
lineation of thermal lesions in diverse tissue types, such as the esophagus where the baseline tissue
birefringence is low, remains challenging. Therefore, in Chapter s, an approach to accurately visual-
ize the thermal coagulation process at high resolution using complex differential variance (CDV) was
developed to map the dynamic signal fluctuations induced by thermal therapy, which can be widely
applied to different tissue types and different thermal therapies including laser therapy and radiofre-
quency ablation as demonstrated in this dissertation. The CDV-based technique was demonstrated
for 3 different tissue types (skin, retina, and esophagus) using a thulium laser therapy monitoring
setup in a benchtop configuration. This opens up the possibility of performing microscopic image-
guided procedures in many clinical applications, ranging from photocoagulation in diabetic retinopa-
thy, treatment of hypertrophic scars, to the oncologic treatment of numerous dysplastic lesions such
as Barrett’s esophagus with dysplasia.

An interesting avenue for future work that integrates principles from Chapters 3 to 5 is the com-
bination of PS-OFDI based HTS monitoring with the CDV-based real-time therapy depth control
to improve hypertrophic scar treatment. For example, the CDV-based technique can be used to ac-
curately tailor the treatment depth in real-time during the treatment session to better account for

inter-patient variability (given standardized treatment parameters are currently used) and PS-OFDI
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can be used to monitor the collagen remodeling process longitudinally to assess treatment response

over the course of the therapy.

7.2.3 TRANSLATION TO CLINICAL BALLOON CATHETER SETTING

The final translation of the CDV-based technique to the clinical balloon catheter setting required the
integration of a number of principles developed throughout the dissertation as well as a number of

additional innovations:

1. FEM-based RF ablation modeling

2. Design and fabrication of a custom bipolar RF electrode array on a flexible circuit
3. Feature-based NURD correction in the integrated OFDI-RFA catheter

4. SNR calibration for CDV computation

5. Histological validation of cumulative CDV metric

The construction of a finite element based model provided a convenient means to systematically
study the impact of various design parameters, such as the spacing of electrodes, on the voltage re-
quirements and anticipated duration of therapy. This model significantly simplified the validation
stage in the final RF electrode design and significantly reduced the cost of the flexible circuit fabri-
cation (which is on the order of several thousand dollars per design iteration). This simulation and
modeling stage led to the design of a prototype bipolar RF electrode array that enabled simultaneous
imaging between electrode gaps (soo um) within a driving voltage of 20-25 Vi for an ablation time
of s-10 seconds only.

The next major challenge involved solving the significant NURD artifacts due to the proximal scan-
ning mechanism and long flexible drive shaft of the clinical OFDI balloon catheter. Feature-based
tracking using SURF descriptors and the KLT feature tracking algorithm provided a framework for

the estimation of the displacement of A-lines between frames induced by the non-uniformity of the
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rotation. Combined with the SNR calibration technique introduced in Chapter s, the thermal coagu-
lation process was successfully mapped using the NURD-corrected, SNR-calibrated CDV processing
algorithm in an ex vivo setting in both porcine esophagus and porcine duodenum. Histological valida-
tion using NBTC staining confirmed a coagulation zone consistent with the cumulative CDV analysis.

The results from the ex vivo demonstration provide the impetus for further in vivo testing in the
future. To translate this microscopic guidance framework to the final clinical treatment of Barrett’s

esophagus patients, a number of future directions include:

1. Demonstration of integrated OFDI-RFA catheter in an animal model in vivo

2. Creation of more sophisticated RF electrode arrays enabling highly conformal therapy depth

control

3. Treatment planning and ablation zone monitoring across a large treatment volume

The demonstration of the integrated OFDI-RFA catheter in a swine model iz vivo is a major mile-
stone to prove the clinical feasibility of the approach. A number of challenges may arise in this setting,
including the presence of motion artifacts due to respiratory motion of the living animal and more
severe NURD artifacts due to the bending and movements of the flexible drive shafts. To solve the
first problem, the feature-based tracking algorithm can be extended to estimate motion beyond the
displacement between A-lines (dx) across frames due to NURD to include bulk motion correction.
The increased severity of NURD artifacts, if proven too severe for robust feature-based NURD cor-
rection, can be solved by redesigning the clinical catheter to incorporate a distal micromotor scanning
mechanism® to increase the stability of the rotation.

In addition, to realize the vision of highly conformal RF therapy in BE patients, further work on cus-
tom electrode designs that enable individualized ablation zone control would be needed. One poten-
tial idea involves the design of concentric rings of bipolar RF electrodes with individually controlled

zones, each of which can be tailored to a different driving RF voltage or duration to achieve the desired
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ablation depth. By combining these variable ablation depths concentrically, a highly conformal dose
contour could be achieved to optimally cover the dysplastic site.

Finally, a number of interesting future directions revolve around the treatment planning problem
such as the segmentation of the BE with dysplasia regions and the planning of dose contours on the
target volume as well as the determination of optimal margins. In addition, the ability to automate
the therapy delivery, monitoring, and feedback mechanism across a large ablation segment would be
greatly beneficial for the ultimate clinical adoption of this technology.

In the new era of precision medicine, the ability to tailor treatment at unprecedented levels of pre-
cision will open up many new clinical applications. While I have focused on one precancerous le-
sion called Barrett’s esophagus with dysplasia (which leads to a highly lethal cancer in the esophagus)
throughout this dissertation, the techniques and frameworks developed can be translated to other
epithelial lesions, ranging from hypertrophic scars through precise fractional laser therapy guidance,
lesions in the eye such as diabetic retinopathy where laser photocoagulation is used, to various high-
risk lesions accessible by a catheter-based or needle-based approach in interventional oncology and

beyond.
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