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Abstract

Towards Visuocomputational Endoscopy: Visual Computing
for Multimodal and Multi-Articulated Endoscopy

Tuukka Karvonen
Kyoto University, Japan
2017

Endoscopy in the medical context aims to provide a view inside the human body. The tool
for providing this view is called the endoscope. The principal applications of endoscopy
are three-fold: the examination of various parts of the body based on symptoms exhibited,
the confirmation of diagnoses through biopsies, and the enabling of surgical operations
for treatment of a disease. Various different types of endoscopes exist, and the style of
endoscope used is dependent on the clinical target. For example, examining the ear is done
with the short-nosed tapered otoscope, while for respiratory tract examination, a long, thin
flexible bronchoscope is used. Recently, endoscopy has paved the way for minimally invasive
surgery, an approach to surgery that aims to minimize the harm caused to the patient by the
surgical procedure. Minimally invasive surgery chiefly differs from traditional open surgery
in that surgical tools are inserted through small incisions, rather than the surgeon operating
in an opened cavity, and in that vision is provided mainly by the endoscope. Thus, it can
also be said that the rising popularity of minimally invasive surgical techniques brings forth
a need for better tools for visualization.

Research and development of endoscopes can roughly be divided into two categories:
hardware, and computational innovations. The hardware side focuses on developing novel
hardware designs related to both the structure of the endoscope and the sensing capa-
bilities. For example, the capsule endoscope used for imaging the digestive tract differs
greatly from traditional endoscope shapes. For sensing capabilities, both ultrasound and
optical coherence tomography probes that allow for tomographic imaging close to the clin-
ical target have been integrated to endoscopes. The computational side is covered under
visual computing, which is an umbrella term covering all aspects of visual information
handling, such as image processing, computer vision and computer graphics. Due to the
recent advances in both available computing power and visual computing methods, it has
found many applications in the field of endoscopy. Through various information processing
techniques, visual computing can help provide navigational and clinical decision support to
the user, potentially leading to increased accuracy of diagnoses, and reduction in the time

taken for endoscopic operations. Visual computing methods can be also applied during



the development of novel endoscopes through methods like computer-aided design. Fi-
nally, virtual training systems have recently entered the market, which employ computer
graphics to provide an environment for endoscopic and surgical training.

In this thesis, we explore the possibilities for applying visual computation in the field
of endoscopy. Due to the two fields having become increasingly intertwined, we propose to
call this intersection of the two fields, “visuocomputational endoscopy”. We showcase the
challenges and opportunities in this new field through two approaches.

In the first one, we have developed methods for the support of a novel endoscope that
combines traditional visible light imaging with optical coherence tomography imaging. We
develop volumetric methods to synthesize images from these two imaging modalities, and
to assist in clinical decision making in measuring the degree of endolymphatic hydrops, a
disorder in which endolymphatic fluid accumulates and causes morphological changes in
the inner ear.

In the second approach, we apply visuocomputational methods to aid in the develop-
ment and usability evaluation of a novel endoscope that is composed of multiple joints
allowing for more freedom in viewpoint selection and navigation. We focus on creating an
accurate virtual model of the endoscope concept, and then evaluate it through a user exper-
iment. We also propose a highly immersive augmented virtuality platform for evaluation
of similar virtual prototypes.

Through the above-mentioned approaches, we validate the visuocomputational en-
doscopy concept, and show that coupled with hardware advancements it has the power
to realize better and more efficient examination, diagnosis, and surgical methods for en-

doscopy.
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Chapter 1

Introduction

Medical imaging is the application of imaging techniques for medical purposes. In medical
imaging, various methods are used to capture and create visual representations of the body
for further analysis. A canonical example of such a method are X-rays, which have been
used for imaging the human body since the early 20th century. It was put to use almost
immediately since it’s discovery in 1895 by Wilhelm Conrad Roentgen, in the detection
of various types of gastrointestinal cancer. Mammography also sprung up as a diagnostic
technique due to the discovery of this important technique [2]. After the discovery of
X-rays, various other methods for diagnostic imaging such as computerized tomography
(CT) and magnetic resonance imaging (MRI) in the 1970s have taken hold and become
commonplace in hospitals. Nowadays it is hard to find a part of body for which examination
through diagnostic imaging wouldn’t be of help in some way.

Another branch of medical imaging that has its roots even earlier in history is endoscopy,
the practice of visualizing the inside of the human body with a specialized device, called
the endoscope. The first endoscope was developed in 1806 by Philipp Bozzini when he
invented what he called a “Lichtleiter”, with the specific purpose of examining the human
body. Since then, the endoscope has become an increasingly important tool in not just
diagnosis, but also for visualization during surgery. Most of the endoscopes in hospitals
today can be classified to either rigid endoscopes, which transmit the light through lenses
and rods to a digital camera sensor, or to flexible fibroscopes, which transmit light through
optic fibers. Recently, a technique called minimally invasive surgery, or keyhole surgery,
has increased in popularity. Instead of large scale invasive operations to access a surgical
target, a minimal incision is made, through which tools such as the endoscope can be
inserted. Minimizing the incisions results in reduced hospital stays and faster recovery
times for the patient.

Visual computing is the umbrella term covering all aspects of computer science dealing
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with visual information. Increasingly, fields such as image processing, image analysis, com-
puter graphics, virtual reality and augmented reality have become entangled, and designing
solutions for practical real-world issues often involves a plurality of these disciplines. Fur-
ther, as visual computing methods usually involve interactions with a human to a high
degree, as a field it covers human-computer interaction as well. Increasingly, as hardware
improvements make it possible to employ different imaging modalities in endoscopic imag-
ing, visual computing methods are used to extract more value out of these systems. From
simple image processing techniques such as contrast enhancement to improve the visibil-
ity of features of interest, to the application of advanced computer vision and machine
learning techniques for automatically recognizing and classifying tumors, the potential for
visual computing to help the medical professional in diagnosis is enormous. In addition,
visual computing applications to endoscopy are not limited just to image processing and
analysis. Various endoscopy trainers have been built which try to accurately simulate the
actual endoscopic procedure and allow for on-demand training. Also, augmented reality

can be used to overlay organs on the endoscopic image feed to aid in surgical navigation.

In this dissertation we propose a model for applying visual computing techniques to sup-
port endoscopy. The model is composed of three parts: low level image processing support,
where the visual data from the endoscope is modified to highlight some features, image
analysis, where some specific features are analyzed to provide clinical decision support,
and computer graphics, where the data is presented to the user in a easily understandable
way, or additional information in the form of e.g. navigational support is delivered to the
user. We name this intersection between the two fields visuocomputational endoscopy. The
investigations are done from two distinct perspectives: Firstly, to help in image processing
and provide support for clinical diagnosis when using a novel endoscope currently in devel-
opment that combines traditional digital endoscope imaging with an OCT imaging sensor.
Secondly, we apply visual computing techniques to the development and evaluation of a
virtual prototype of a novel multi-articulated endoscope. Describing these perspectives
from the model’s point of view, in the former we deal with image processing and analysis,

and in the latter, with computer graphics.

To these ends, in Chapter 2, we look at the background behind the research that was
done, and explain briefly the history of endoscopy as well as some modern applications. In
Chapter 3 we present a novel method for synthesizing data based on an endoscope currently
in development that integrates both a traditional digital endoscope camera sensor as well as
an OCT sensor. In Chapter 4, we present the first tool created for measuring endolymphatic
hydrops. We go through the methods used, as well as some results obtained by performing

measurements with the it. Chapter 5 builds upon the work of Chapter 4, and focuses on
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Fig. 1.1: Structure and relationship between the chapters of the dissertation.

asegmentation and visualization method of OCT data, particularly the cochlea and its small
features. We explain how the algorithm works and show some example results produced by
it. In Chapter 6, the segmentation method is applied, and another, more accurate method
for diagnosis of endolymphatic hydrops is presented. Chapter 7 switches the focus to the
development of a novel endoscope, and a usability test that was performed to confirm its
feasibility. Chapter 8 introduces a platform for the evaluation of such an endoscope in an
augmented virtuality environment. In Chapter 9, we discuss about the particular goals of
the research, how well we feel we achieved them, what could’ve been done otherwise and
what needs to be done in the future. Finally, in Chapter 10, we conclude the dissertation
by summing up the progress made and considering some possible future directions. The

structure and relationships between the Chapters can be seen in Fig. 1.1.
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Chapter 2

Visuocomputational endoscopy

In this chapter we will go through the background behind the research done. We will
start by providing a short history on endoscopy, and explaining conventional endoscopic
methods. Then we will show some of the recent developments in the field. Finally, we will

take a look at various applications of visual computing in the field of endoscopy.

2.1 Endoscopy

The father of modern endoscopy is considered to be Philip Bozzini, who built upon existing
optical technology to create what he called the "lichtleiter", a device that used a candle,
mirrors and a cylinder to direct light into the human body, and a lens that reflected
the image from the target back to the eye through a separate cylinder. Using various
examination shafts, the device could be applied to various cavities including the urethra,
the female urinary bladder and gunshot tracts [3].

The device was revolutionary in the way it reflected the light from the imaging target
back to the eye through the careful utilization of mirrors. Although it was successfully
applied in clinical procedures, it still had a severe flaw in that the field of view was restricted
to the width of the tube, a problem that was not solved until 70 years later by a Maximilian
Carl-Friedrich Nitze [4], who utilized a wide-angle lens amongst a set of other lenses to
visualize a larger portion of the target. Nitze used a platinum wire connected to a battery
as the light source.

The next big innovation in rigid endoscopy was done by Harold Hopkins in 1954, who
improved on Nitze’s optical system by eliminating the lens-to-air interfaces through the use
of glass rods that were placed between the lenses inside the endoscope. He also used better
lenses at the ends of the endoscope [4]. Through better light transmission, the endoscope

provided a brighter, clearer view to the user. The view from the endoscope was bright
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enough to be documented by cameras [4]. A few years after this, Hirschowitz published
a flexible gastroscope that consisted of fibers through which light was transmitted [5].
These two designs created by Hopkins and Hirschowitz are still the used as the base for

manufacturing endoscopes today.

2.1.1 Modern endoscopy

Modern endoscopy has largely two approaches depending on the target of visualization:
rigid endoscopy achieved through a rod-lens system, and flexible endoscopy achieved through
fiber optics. Rigid endoscopes are mainly used when the target is relatively easily accessi-
ble from the point of entry in to the body, such as in nasal endoscopy and thoracoscopy.
They offer a stable, clear view on the target, and often contain access channels to facilitate
tissue sampling. They can also be operated with one hand. In contrast, flexible endoscopes
require two hands, but generally have smaller diameter and have navigational advantages
due to their flexibility. Flexible endoscopes are used in colonoscopies for visualizing the
colon, as well as for bronchoscopy for visualizing the airways. In both cases the flexibil-
ity and length of the endoscope allows for inspection and tissue sampling with minimal
invasiveness. In the following, we will explain the principle behind the two approaches to

endoscopy.

Rigid endoscopy

The overall structure of a rigid endoscope can be seen in Fig. 2.1. It consists of the eyepiece
the user (or a camera) looks through, a light channel to transmit the light from the light
source to the target, several rods and lenses to ensure the optical quality, and the objective

lens that determines the field of view of the endoscope.
Eyepiece Focus Objective

adjustment Rods lens/
N
CDCOCHCAH Y

X
Light channel

W Light source

Fig. 2.1: Structure of a rigid endoscope.
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Flexible endoscopy

The structure of the flexible endoscope is illustrated in Fig. 2.2. The overall structure is
similar to the rigid endoscope, but instead of inflexible rod lenses, fiber optics are used to
deliver the image to the user. Fibers of 5-10 ym in diameter are used to relay one "pixel"
of information, and a coherent bunch of these fibers form the image. Much like in a rigid
endoscope, separate channels are used to relay the lighting to the target. The flexible fibers

allow for the distal end to be bent with 1 or 2 degrees of freedom.

Focus control i, deflection control
‘ /

Viewing lens

Tip deflection

Viewing head

Light path

Fig. 2.2: Structure of a flexible endoscope.

2.2 Recent developments

Recent developments in endoscopy can be divided into two broad main categories: inno-
vations based on developments in the hardware used for the endoscopes, and innovations
based on the computational methods available that can be applied to the data obtained
from those endoscopes. In many cases, progress happens hand-in-hand, by hardware dis-
coveries enabling new ways to capture data from an endoscope, such as in the case of
endoscopic ultrasound, and then new algorithmic methods arising which allow us to utilize

more complicated data collection methods, such as volumetric ultrasound.

2.2.1 Hardware-based developments

As previously mentioned, the modern endoscope tends to be classified into either of two

categories: a rigid, rod-lens type endoscope, or a flexible, fiberoptic endoscope. These
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forms continue to be innovated upon, and application-specific variations on the basic ideas
exist.

For imaging the digestive tract, capsule endoscopy is a technique where the patient
swallows a small capsule housing an imaging sensor, and throughout the capsule’s journey
through the body images are taken, which can then be used for diagnosis of diseases
such as Crohn’s disease [6]. To offer a compromise between the stability provided by
a rigid endoscope and the flexibility offered by a flexible endoscope, various articulated
endoscopes have been developed [7,8]. Practical implementation is often a challenge due
to the constraints given by the imaging target, such as endoscope diameter, and especially
for medical imaging the safety constraints, e.g. the reliability of the joint mechanism are
an issue.

Another aspect of hardware-based development is using other modalities than the full
spectrum of visible light that is usually used to provide the vision. Due to the optical
properties of hemoglobin, narrow-band imaging can be utilized to highlight blood vessels.
In narrow-band imaging, a specific band of light, commonly blue or green, is projected from
the endoscope, and due to the hemoglobin absorbing these wavelengths, the blood vessels
appear very dark in contrast to the neighboring tissue [9]. Endoscopic ultrasound [10]
allows the ultrasound probe to be placed closer to the visualization target, thus obtaining
a clearer view. A similar approach is taken in endoscopic optical coherence tomography

(endoscopic OCT) [11], which provides a higher resolution with a narrower field-of-view.

2.2.2 Computational developments

Computational approaches to endoscopy largely focus on two areas: aiding the user in
navigation, and helping the user in decision making. Visual computing is often applied
here to process the raw data coming from the endoscope. Using visual computing for
processing the raw data becomes more important as the amount of data generated by
the endoscope increases, for example through usage of multiple modalities, or by using
volumetric imaging enabled by e.g. an ultrasound probe. The overarching theme is that
of aiding the user to understand the data provided by the endoscope.

A relatively simple way to aid the user in performing endoscopy is to apply image
processing techniques such as contrast adjustment to highlight specific features in the
imaging target [12]. To aid in navigation, augmented reality can be used to display nearby
non-visible structures on the feed from the endoscope. Feature tracking methods can be
used to track the movement of the endoscope, and further to monitor the movement and
deformation of organs [13]. Computer-aided clinical decision making is also a target for

active research, and can help clinical professionals discover potential malignancies within
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the image [14].

Another way to apply visual computation to the field of endoscopy is not through op-
erational support, but by providing virtual environments for training. Often these employ
physical tools such as the endoscope and forceps, and present the user a virtual envi-
ronment where their actions take place. Quantitative evaluation of performance is easy
through various metrics that can be collected, and training can be done cost-effectively,
irrespective to the time and available resources such as animal carcasses [15].

In a similar sense, visual computing methods are also used in the development of
endoscopes. Computer-aided design (CAD) has applications in any kind of industrial
design, and for endoscopy it can be used to model endoscope structures also.

Fig. 2.3 shows some of the above-mentioned hardware and computational aspects in
the context of endoscopy, as a pipeline from the patient to the computer. It implies that
although visuocomputational endoscopy is concerned with computational innovations, it is

also highly dependent on the hardware solutions that enable the application of computa-
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Computer graphics Image processing Structural modifications

tional methods.

Virtual Surgical training Contrast
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=
=
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Fig. 2.3: Putting different aspects of endoscopic research and development into a context.

. Computational innovations

Hardware innovations
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2 Visuocomputational endoscopy




Chapter 3

Texture mapping for dual-mode en

face-OCT endoscope system

For minimally invasive surgical operations, endoscopes are used to obtain a view to the sur-
gical target. Traditional endoscopes require the operator to look through a small eyepiece,
requiring considerable concentration and taking said concentration away from operation of
other surgical equipment such as pincers, scalpels and such with which the actual operation
would be done. Modern endoscopes make this operation a bit easier, having integrated digi-
tal camera sensors and enabling the endoscopic view to be projected to an external monitor.
Still, the field of view presented by the endoscope is fairly narrow, and usually only the
immediate surface of the tissue viewed is visible. Currently, a novel endoscope utilizing a
technique known as optical coherence tomography is under development. With this tool
it will be possible to simultaneously obtain both the conventional en face endoscopic view
as well as a view inside the tissue, helping medical professionals avoid possibly dangerous
areas of operation and to potentially identify cancerous cells from other benign tissue. We
present an algorithm for processing the data produced by such a device that combines
both of the imaging modalities and presents the user with the en face image mapped to the
topological surface information obtained from the OCT image. This will help the medical
professional to more clearly see the structure of the tissue, and thus help with making

surgical decisions.

3.1 Introduction

In this paper we will present a system for handling the data from an endoscopic OCT
system that combines traditional digital endoscopy and an OCT sensor with the purpose

of providing a medical professional additional depth-related data when looking at soft

11
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Fig. 3.1: Schematic of the en face camera / OCT endoscope.

tissue, such as the sinuses in rhinology.

When performing surgery, it could be valuable for the surgeon to be able to see beyond
the immediate surface of the target tissue. For example in the case of nasal surgery, when
operating near the bottom of the brain there is a risk of puncturing the thin bony layer
separating the brain from the nasal cavity. In these cases, using a device such as OCT
could work as an early warning system that the bony layer is about to be cut into.

Traditional digital rigid endoscopes usually come equipped with a CCD or a CMOS
camera sensor. Light is projected from a separate arm to the target, from where the
reflecting light is directed to a camera sensor at the other end of the endoscope.

Currently, a rigid endoscope with dual integrated camera sensor and optical coherence
tomography sensor is under development. This produces both the volumetric view inside
tissue as well as the traditional endoscopic en face view. To produce maximum value for
the medical professional using this endoscope, image processing methods can be used to
unify the two imaging modalities to for example add topological information to the en face
image. The structure of the device can be seen in Fig. 3.1.

In this research the aim was to extract surface topology information from the OCT
image, and map the corresponding en face image to that. We use visuocomputational
methods to extract the foreground from the background, and then extract the topmost

layer from the foreground as a point cloud, and finally map the en face camera image to it.

3.2 Optical coherence tomography

Optical coherence tomography is an imaging method that is comparable to ultrasound,
with the distinction that instead of using soundwaves, it uses near-infrared light as the
medium for transferring data. Due to the high propagation speed of light, the distance

travelled by backscattered light signals cannot directly be measured, so interferometry is
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used instead for constructing intensity profiles. OCT is extended from a technique used
for measuring the axial length of the eye [16]. In 1991, Huang et al. [17] published an
article in Science, titled "Optical coherence tomography", which can be considered the
beginning of the usage of this technique. From its very inception, it has been applied in
the field of ophthalmology, for visualization of cross sections of the anterior segment [18],
for diagnosis of retinal diseases such as macular detachment, macular edema and such, [19],
and especially for imaging the various layers of the retina [20,21].

Although the focus of OCT imaging has from the start been on retinal imaging, a
plurality of other applications also exist. Due to the relatively small size, the OCT device
can be implemented in endoscopy, for example [22]. Other medical OCT applications
include studying the differences in optical properties between basal cell carcinomas and
healthy skin [23], investigation of contact dermatitis and psoriasis [24], where changes in
optical properties between healthy and afflicted skin were also reported, and imaging dental
structures [25] for cross-sectional imaging of dental structures. Recently, OCT devices have
been used to image cochleae, from imaging microvascular perfusion in mice [26] to imaging
the effects of endolymphatic hydrops in cochlea [27]. OCT has also found use in industrial
settings, for helping with analysis in subsurface defect detection in ceramic materials [28]

and material characterization of epoxy resin compounds, among others.

3.2.1 Interferometric imaging

OCT works on the principles of interference and coherence. Since the speed of light is
too high to accurately discern the point an echo originates from via time gating like in
ultrasound, more sophisticated methods are required. Thus, a system is devised where we
can discern the distance travelled by returning light based on its interference with another,
sample light path.

When two light waves are incident on the same point in space, the total intensity at
that point is a pointwise sum of the individual waves, dependent on their phase difference.

This is governed by the following equation:
I =1+ 154 2vIiI5cosd.

I is the total irradiance at a point P in space the two waves are incident at, Iy and
I5 are the respective waves, and cosd the phase difference between the two waves. Thus,
when
6 =0,+2mr,+4m, ...

cosd = 1 and the phase-difference dependent term is maximised. This is referred to as
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total constructive interference. Conversely, when
0 = 4w, 37, +5m, ...

the waves undergo total destructive interference, and the phase-dependent term becomes
zero. An example of both is shown in Figure 3.2. On the left side, the peaks of the
red signals match eachother, creating the resulting green signal with increased amplitude.
On the right side, the upper signal’s peaks match the lower signal’s valleys, creating the
resulting green signal where the two signals have cancelled each other out. Between these
terms, depending on the sign of the term e.g. which quartile the cosine term falls on,
the waves undergo either constructive or destructive interference [29]. This was famously
visualized by Dr. Thomas Young in the early 19th century, in what later became known
as Young’s experiment. He took a screen otherwise opaque save for a small pinhole in the
middle (S7), placed another screen with two of these pinholes side-by-side a little bit away
from the first screen (S2), and placed a third screen on which the light going through both
of these earlier screens was projected (S3). As the light waves propagate from the two
pinholes to the projection screen, depending on the relative distance travelled, they go in
and out of phase and form a fringe pattern (F') on the wall. Young’s experiment and the

resulting fringe pattern is visualized in Fig. 3.3 [29].

For a stable interference pattern to form, the two light sources must be coherent. In
Young’s case, the coherency is formed by the first screen, which forms a spatially coherent
beam. In the usual case, however, a light source is composed of many different wavelengths
of light combining together into white light. Due to the different frequency signals being
mixed together, this causes a rapidly varying phase difference, averaging the cosd-term
in the previous formula to 0, thus causing no fringe pattern to form. Coherence length is
defined as the distance over which a signal acts in a coherent way, i.e. is predictable. Only
light waves that have travelled equal distances within this coherence length can exhibit
the interference ptaterns. For an ideally monochromatic light source, the coherence length
would be infinite, thus allowing the pattern to form over any distance. The broader the
bandwidth of the lightsource, the shorter the coherence length becomes. It is this feature

of low-coherence light that allows OCT to achieve such high resolutions.

OCT devices use interferometry based on a light beam that is split in two using a 50/50
beam splitter. One of these resulting beams goes to a reference mirror, from where it is
bounced back to a photodetector. The other beam is projected on the measured sample,
where part of it backscatters and reflects back to the detector. Due to the low coherence

light that is used in OCT, interference only occurs between the backscattered light from the
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Fig. 3.2: An example of constructive and destructive interference.

sample that has travelled the same distance as the reference arm light. Thus, by moving
the reference arm, interfaces at different depths can be imaged. One swipe of the reference
arm is called one axial scan or A-scan. By moving the detector in a direction perpendicular
to the axial scan, one can obtain a B-scan, or a 2-dimensional cross sectional image of the
sample. By combining several of these B-scans, a volumetric representation of the data
obtained from the sample can be created. A typical OCT B-scan of a cochlea can be seen
in Fig. 3.4.

A schematic of an OCT device is presented in Fig. 3.5. This type of OCT device with a
moving arm is called time-domain OCT (TD-OCT). The very first OCT devices were like
this. However, due to the mechanically moving reference arm, the scan speed of TD-OCT
devices is relatively low. The first clinical OCT devices were limited to 400 A-scans per
second [30]. In the early 2000s, OCT devices that worked in the frequency domain were
first introduced, with much higher scan speeds due to the now fixed reference arm. [31]
For frequency domain OCT, either a broadband light source or a swept narrowband light

source are used, and accordingly the methods are called spectral-domain OCT (SD-OCT)
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Fig. 3.3: A schematic of Young’s double-slit experiment.

or swept-source OCT (SS-OCT). Generally, for both SD-OCT and SS-OCT, the scan rates
are in the hundreds of thousands of A-scans per second, enabling reasonable times for

obtaining volumetric scans [32, 33].

3.2.2 Challenges

Main challenges of OCT imaging are caused by the random scattering of light. This causes
both signal attenuation that is dependent on the depth and substance imaged, as well as

noise due to multiple-scattered light.
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Fig. 3.4: An example OCT B-scan image of a cochlea.

Noise

Optical coherence tomography exhibits a type of noise called speckle noise. It is inherent
to the way OCT signal is formed, and it is caused by random delays between backscattered
light inside the sampled tissue. As long as at least two individual light beams that return
to the detector in the OCT device with a phase difference of less than the coherence length
of the signal, they can undergo constructive or destructive interference resulting in the
intensity variation within an otherwise uniform tissue sample. The speckle in OCT images
can be split into two components: signal carrying speckle, and signal degrading speckle.
Signal carrying speckle is formed by single backscattered light arriving to the sensor, while
the latter is caused by interference between multiple forward- and backscattered photons
that reach the detector. Due to this duality of speckle, it can thus be considered as both
the signal and the noise component. [34] Differences in speckle patterns between tissues
have been used to segment OCT images. [35,36] On the other hand, the noise component
can cause misdiagnoses due to masking relevant image features [37].

Reduction of speckle can be achieved by both software and hardware methods. Hard-
ware methods involve generating uncorrelated speckle patterns and averaging over them.
This can be achieved for example by utilizing temporal, spatial, frequential or polarization
diversity. [38] The problem in these approaches becomes generating images with varying
speckle patterns but with minimal structural changes in the object imaged, as any uncom-
pensated movement of the sample or the OCT device reduces the resolution in the final

image [39].
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Fig. 3.5: The structure of a typical (time domain) OCT machine.

Software approaches for noise reduction range from spatial averaging over a window [40],
wavelet thresholding [41], to anisotropic diffusion [42]. A good overview of different noise

reduction methods in general can be found in Szkulmowski et al. (2012) [39].

Signal degradation

Generally the deeper into tissue we look in OCT, the less contrast the images exhibit. As
OCT collects as signal the backscattered light that bounces back from the imaged sample
to the device, there are mainly two reasons for the loss of contrast. Firstly, as the imaging
depth is increased, less and less light actually penetrates deep enough into the tissue,
allowing for backscattering. The second reason is due to the different types of light coming
back to the sensor. The light can be either of single scattering or multiple scattering type.

In single scattering the light has reflected directly back from the sample, and as such due
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to the coherence gating likely originates from the point that is being imaged. Multiple
scattering refers to the amount of light that has scattered multiple times, bouncing from
particle to particle, and eventually due to random chance reaches back to the sensor. The
latter type is considered noise and becomes increasingly strong the deeper into tissue is

being imaged [43].

3.3 Endoscopic and multimodal OCT imaging

Optical coherence tomography is an imaging method that is analogous to ultrasound imag-
ing, with the exception that instead of using sound waves it uses near-infrared light to cap-
ture images. It can obtain high resolution, 2-10 um volumetric images from up to about
2 mm inside soft tissue. It is mostly applied in the field of ophthalmology for imaging
the different layers of the retina, to detect diseases such as macular degeneration. Here,
image processing methods for delineating these different layers have been applied, and is
a popular field of research. Applied methods include graph-theoretic methods [44] and
graph-cuts and dynamic programming [45]. Diffusion maps have also been applied before
for OCT image segmentation of retinal layers [46].

There have been numerous applications of endoscopic OCT, such as for gastrointestinal
visualization [11] of rabbits via a catheter-endoscope, for real-time imaging of human gas-
trointestinal system [47], and for thickness measurements and bladder tissue imaging [48].
Multimodal OCT has been achieved with an integrated photoacoustic microscopy-OCT
sensor [49]. Recently, a simultaneous chromoendoscopy-OCT system was developed for

gastrointestinal imaging [50].

3.4 Proposed method

The structure of the algorithm can be seen in Fig. 3.6. We take the OCT volumetric image,
and to allow for fast processing, reduce the image to a quarter of its size using trilinear
filtering. For further preprocessing, we do noise reduction using a median filter. Then,
to further reduce the processing time without sacrificing much detail, we perform super-
pixelation using SLIC superpixels [51]. Then using the intensities and coordinates of the
superpixels we apply the diffusion map algorithm to obtain the diffusion coordinates, which
we cluster into two groups, the background and foreground by k-means clustering. Here
we assume that the biggest foreground component corresponds to the main feature, so by
extracting only the largest connected component using connected component labeling, and

further by going through the resulting volume slice-by-slice, column-by-column, selecting
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Fig. 3.6: Structure of the algorithm.

only the pixels closest to the endoscope (corresponding to the smallest y-value) we extract
the top layer. After this is done, we take the en face image, and match the obtained OCT

topological information to the color information from the camera sensor.

3.5 Results

To evaluate the algorithm, we used an OCT volumetric image obtained from a guinea pig
cochlea as the target. The OCT system used was a Thorlabs OCS1300SS with a reportex
axial resolution of 12 ym over air, and a lateral resolution of 25 ym. The imaging area is
5 mm by 3 mm by 5 mm. Furthermore, for the texture we used a white canvas with a
red dot in the middle. Figure 3.7 shows three phases of the algorithm, including the end

result.

3.6 Discussion

As can be seen from Fig. 3.7, the curvature of the surface was preserved in the end result.
Some of the smaller details, such as the folded over piece of tissue visible in the right side
of the original image were lost. This can be explained by the information lost due to the

somewhat drastic reduction in resolution as the first step of the algorithm. In the future,
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Fig. 3.7: Three phases of the algorithm. Top left: original slice of the OCT volume. Top
right: Resulting point cloud before extracting the largest connected component. Bottom:
end result, with the top layer extracted and the texture mapped to it.

this step should be replaced with another method that would preserve the details better,
such as the superpixel method used later on.

Furthermore, currently the algorithm takes a few seconds to process the data. To
achieve true real-time processing, steps to speed up the algorithm should be taken. Con-
sidering a constant stream of OCT data, frame-to-frame redundancies could be exploited
to reduce the amount of processing for the segmentation.

Considering potential usability issues, the exact way to present the information to
the surgeon needs to be considered. Since the conventional way to present the digital
endoscopic view is a monitor next to the operating surgeon, methods to show the three-
dimensional information using a two-dimensional projection (the monitor) in a way that

does not negatively affect the usability of the device should be considered.

3.7 Conclusion

In this paper, we have presented a proof of concept for taking the data from a dual-mode
en face camera-OCT endoscope and mapping the camera image to the surface topology
information obtained from the OCT volume. This can be used in surgery to give the

surgeon more information to work with when considering for example where to perform an
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incision.




Chapter 4

Estimating the degree of EH using

optical flow

Endolymphatic hydrops is a disorder in which an excessive amount of endolymph fluid
causes an increase in the pressure of the endolymphatic system of the inner ear. In cochlea,
endolymphatic hydrops can cause stretching in the scala media, a tubular construction that,
along with two other similar structures, the scala vestibuli and scala tympani, runs through

the cochlea from the base to the top.

Visualizing the enlargement of the scala media has traditionally been done by histolog-
ical study of tissue sections, and the degree can be calculated by comparing the ratio of
the area of the scala media to the combined total area of the three compartments. How-
ever, this requires the obtainment of tissue samples, and thus is not suited for in vivo

measurements, and is a labor intensive process in general.

Imaging modalities that have been used to measure endolymphatic hydrops include
MRI, uMRI and uCT. Recently, optical coherence tomography (OCT) has been applied for
visualizing cochlea of mice in vivo. However, just visually discriminating between healthy
and afflicted cochlea, and judging the degree of affliction can be difficult. Thus, we aim to

establish a new technique for estimating the degree of enlargement of the scala media.

We measured two healthy and two diseased cochlea using conventional area calculation,
as well as our method, and present results that show that our technique correlates with
established standards for measuring the degree of endolymphatic hydrops in cochlea (R =
0.977, p = 0.5 x 1077).

23
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4.1 Introduction

Méniere’s disease is a disease of the inner ear, with symptoms such as hearing loss, vertigo,
tinnitus and a sensation of fullness in the ears. Méniere’s disease is believed to be caused by
endolymphatic hydrops, which refers to the accumulation of excess endolymphatic fluid in
the inner ear. Genetic knock out of the Slc26a4 gene is also known to cause endolymphatic

hydrops in the inner ear [52].

Traditionally, the diagnosis of Méniere’s disease has been through the clinical route,
based on observations by a medical professional of the patient’s clinical history and symp-
toms [53]. From histological sections, calculating the degree of endolymphatic hydrops
(dnya) can be done by comparing the size of the scala media (Amea) to the combined sizes
of the three vestibules: the aforementioned scala media, the scala vestibuli (Ayes), and the

scala tympani (Agym), i-e.

Amed
Aves + Amed + Atym

dhyd =

Recently however, methods for directly imaging the cochlea in wvivo have emerged.
Magnetic resonance imaging (MRI) has been used to image cochlear structure [54]. How-
ever, the internal structures including the Reissner’s and the basilar membranes have been
difficult to visualize with MRI because of their small size and thinness. The use of lo-
cal contrasting agent has started to enable this visualization [55]. Attempts to visualize
cochlear structure in vivo using a technique known as optical coherence tomography (OCT)

have been made with success [26,27].

OCT is an imaging technique based on near-infrared light that utilizes low-coherence
interferometry and the soft-tissue penetrating properties of near-infrared light to measure
the reflectivity profile of different points inside tissue samples. Thus it can be used to
rapidly obtain micrometer resolution volumetric images of samples. Obtaining these im-
ages using OCT, the angle between the Reissner’s membrane and the outer wall of the
cochlea (the spiral ligament) can be calculated. This study was conducted to find out if
the angle between these two planes could be used as a measurement for the existence of

endolymphatic hydrops.

To achieve this, we took cochlea samples from mice with and without the Slc26a4
gene, obtained images from them using an OCT machine, and did histology study on the
cochlea to obtain a ground truth for the severity of endolymphatic hydrops. After that we

compared the results to find out if a correlation exists.
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4.2 Related work

Endolymphatic hydrops in Méniere’s disease was first discovered independently and simul-
taneously both by Hallpike & Cairns [56], and Yamakawa [57]. It has since been imaged
by uMRI in [58] as well as MRI in [54,55,59]. In [54], the focus was on visualizing fluid
progression in the inner ear by injecting gadolinium hydrate diluted with saline in the
perilymphatic space. Recently, cochlea have been imaged by OCT devices in [26,27]. In
the former the authors were interested in imaging the microvascular perfusion in mice
using OCT, and in the latter visualizing the effects of endolymphatic hydrops in cochlea
using OCT. The authors in [59] also proposed a scaling method for assessing the severity
of endolymphatic hydrops. Grading was based on the distortion of the Reissner’s mem-
brane, and the relative sizes of the scala media and the scala vestibuli, with none hydrops
being observed when the size of the scala media is smaller and there is no disruption of
the Reissner’s membrane, mild hydrops being observerd when the Reissner’s membrane is
disrupted but the scala media is still smaller, and severe hydrops when both the membrane

is disrupted and the scala media is bigger.

Kakigi et al. [60] used isolated and decalcified guinea pig cochlea to obtain full thickness
midmodiolar images of cochleae by OCT. With their image, it was possible to apply classical
method of calculating the area ratio. However, it is not always possible to obtain such
images. Due to the limited imaging depth, normally OCT images include only the lateral
area without the modiolus, thus making it difficult to measure the areas of each scala, and
to validate if these images are midmodiolar. With our method, only the lateral cochlear

areas are required for the calculation and the images do not have to be midmodiolar.

Within the realm of otorhinolaryngology, imaging techniques for diagnosis are increas-
ingly used. MRI and CT scans are common for detecting tumors in cases such as acous-
tic neuroma [61], dural sinus thrombosis [62] and many others. In ophthalmology, OCT
has proven as a superior technique for retinal imaging, such as in detection of macular
edema [63] and for detecting macular holes [20], among others. It is also often used for
obtaining high resolution cross sectional and volumetric images in eye check ups. Many
algorithms have also been developed for automatic retinal layer segmentation, which can
help medical professionals in diagnosis, as the amount of data produced by a single volu-
metric OCT scan can be quite large. A good overview of the different algorithms used for

segmentation and their clinical uses can be found in [21].
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4.3 Theory

In this section we will go through the structure of the cochlea, as well as an explanation of
endolymphatic hydrops. The structure of the cochlea varies depending on the species, and
in this study cochlea from mice were used, so in some parts the explanation of the anatomy
and the figures will focus on that. After the anatomical background, a short overview of

the theory behind OCT is presented, as well as the fundamentals of optical flow.

4.3.1 Cochlea

The ear is the organ used for hearing and balance. It is split into three parts: the external
(outer) ear, the middle ear and the inner ear. As sound waves travel inside the outer ear,
they vibrate the thin tympanic membrane (eardrum), which transfers the sound waves into
mechanical movement. As the eardrum vibrates, it moves the three ossicles, the malleus,
incus and the stapes, which in turn transfer this movement to the inner ear through the
oval window. The oval window then transfers the mechanical movement into the fluids

inside the inner ear. The general structure of the ear is visualized in Fig. 4.1.

Vestibular system

Ossicles

Cochlea

Tympanic membrane

Fig. 4.1: General structure of the ear in humans.

The inner ear in mammals is housed inside the bony labyrinth and is composed of
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two parts: the vestibular system, responsible for the sense of balance, and the cochlea,
responsible for the sense of hearing. Although the shapes are quite different, both are
mainly composed of endolymphatic and perilymphatic fluids, and the circulation of these

fluids is essential in guaranteeing their functionality.

Structure

The cochlea is a spiral shell-shaped structure that provides the sense of hearing. In humans,
it makes 2.5 turns around its mid-axis, called the modiolus. The amount of turns varies
in mammals, for example in mice only making around 1.5 turns and in guinea pig making
about 3.5 turns. The general structure of the cochlea is visualized in Fig. 4.3. From the
figure it can be seen that inside the cochlea, there are three tunnels that run along all the
way from the bottom to the top. These tunnels are called the scala vestibuli, scala media
and scala tympani. Sound is transferred to the cochlea by the stapes, a small bone that
is connected to the oval window. This transfers the mechanical movement of the ossicles
to the fluid inside the cochlea. The oval window is connected to the scala vestibuli, and
the vibration of the oval window moves the perilymphatic fluid inside the scala. This
movement goes through the entire length of the cochlea, transferring at the very tip to the
scala tympani through which it travels back down the length of the cochlea, vibrating the
round window at the end. Depending on the frequency of the noise, at some point through
its traversal of the cochlea, the movement is picked up by the inner hair cells of the organ
of Corti, which convert the movement to electrical impulses that are then sent to the brain
stem to be processed. Thus, the frequency range audible to the human ear is laid out along
the length of this tunnel [64]. The next subsections will go through some of the important
features of the cochlea and how they relate to relaying the sound from the cochlea to the
brain. A labelling of these features on a microscope image obtained from the cochlea of a
mouse is shown in Fig. 4.2.

The scala vestibuli (or vestibular duct) is the topmost of the three cavities inside the
cochlea. It houses perilymphatic fluid. The purpose of the scala vestibuli is to transfer the
sound vibrations entering the ear to the scala media through the Reissner’s membrane, a
thin membrane that separates the two. Scala vestibuli is connected to the scala tympani
at the top of the cochea, called the helicotrema.

Housing the endolymphatic fluid, the scala media (or cochlear duct) is the middle tunnel
spanning the cochlea. Unlike its neighbors, the scala media is not connected to the other
scalae. It is separated from the scala vestibuli by the Reissner’s membrane, and from the
scala tympani by the basilar membrane. It also houses the organ of Corti.

The scala tympani is the lowest of the cavities, connecting to the scala vestibuli at the
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Fig. 4.2: A microscope image of a mouse cochlea, with all the relevant features labelled.

top, and to the round window at the bottom. Together with the scala vestibuli it allows
the movement of the perilymphatic fluid inside the cochlea, which is conveyed to the scala

media through the basilar membrane.

The basilar membrane is the part separating the scala media from the scala tympani.
It is a structure that is narrow and stiff at its base and becomes wider and thinner towards
the apical end. Due to this structure, when a stimulus is applied the maximum vibration
of the membrane varies as a function of the frequency, that is, depending on the frequency
of the sound entering the ear the basilar membrane vibrates strongly at differing positions.
The strongest response to high frequencies are obtained at the basal end, and to lower

frequencies at the apical end [65].

Located inside the scala media, the organ of Corti is responsible for converting the
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Fig. 4.3: A detailed cross-sectional view of the structure of the cochlea, showing the small
features inside the tunnels. Note that the scala media here is labeled ductus cochlearis,
and the Reissner’s membrane is referred to as the vestibular membrane. Image obtained
from a public domain version of Gray’s Anatomy of the Human Body [1].

movement of the fluids inside the cochlea to the electrochemical signals that are then
transferred to the brain through the auditory nerve. As the basilar membrane vibrates,
small hair cells that are attached to both the organ of Corti and the tectorial membrane on
top of it translate the vibration into shearing motion. This bends the stereocilia, organelles
that protrude from the hair cells, causing changes in voltage, thus transducing the energy
caused by motion into electrical signals sent to the brain [65].

The Reissner’s membrane separates the scala vestibuli and scala media. Along with
the separation of these two areas, it functions to allow the transfer of sodium ions from

scala media to scala vestibuli [66].

Endolymphatic hydrops

Endolymphatic hydrops is the accumulation of endolymphatic fluid inside the inner ear.
In the cochlea, it accumulates inside the scala media, causing an imbalance in the pressure

between the scalae distorting the delicate features around it and impairing the function
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Fig. 4.4: Histological slices imaged by a microscope, obtained from a cochlea with no
hydrops (left side) and with severe hydrops (right side). The red area represents the scala
vestibuli, the green area the scala media, and the blue area the scala tympani. The colorings
were added afterwards to highlight the features. Reissner’s membrane is the membrane
between the red and the green areas.

of the cochlea. This buildup can happen both in the cochlea and in the vestibular sys-
tem. The cause for endolymphatic hydrops is unknown, but theories for the cause include
constrictions in blood vessels, viral infections and genetic variations that cause abnormal-
ities [67].

As can be seen in Fig. 4.4, the accumulation of the fluid stretches and pushes out
the Reissner’s membrane, a thin membrane that separates the scala media from the scala
vestibuli. This distortion is the basis for measuring the degree, as the more enlarged
the scala media becomes, the larger the ratio between its circumference and the total
circumference of all the three scalae becomes. Nakashima et al. [59] proposed a three-staged
system for grading endolymphatic hydrops in cochlea: none, if there is no displacement of
the Reissner’s membrane, mild, if there is displacement of the membrane, but the size of
the scala media is less than or equal to the size of the scala vestibuli, and severe, if the size

exceeds that of the scala vestibuli.

Méniere’s disease (MD) is a disease of the inner ear. It manifests itself through four
common symptoms: vertigo, experienced from minutes to hours at a time, tinnitus, hearing
loss and a feeling of pressure inside the ear. It was first described by Prosper Méniere’s in
1861 [68]. Later on, many investigations have been done to find the source of the disease,
and it has become largely associated with endolymphatic hydrops [56, 57,69, 70].

MD is typically diagnosed clinically through the symptoms present, and thus it can be
difficult to diagnose, especially when not all of the symptoms are present. Due to this,

its prevalence is also hard to measure. Many studies have been made on the incidence
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and prevalence of Meniere’s disease, with prevalence numbers ranging from 21 / 100 000
persons in Japan [71] to 513 / 100 000 persons in Finland [72]. One of the most recent
and biggest studies, performed by Harris and Alexander in 2010 and based on 60 million
patients, puts the prevalence of MD to about 200 cases / 100 000 patients in the United
States [73].

When the symptoms are sufficient to point towards a diagnosis of MD, clinical tech-
niques such as an audiometric assessment or various nystagmographical tests can be per-
formed to further validate the diagnosis. Other techniques that may provide to be useful
include electrocochleography and vestibular evoked myogenic potential [53,74].

Due to endolymphatic hydrops being the main histopathological correlate to MD [53],
it can be surmised that the ability to visualize the condition of the inner ear to detect any
abnormalities would be valuable in the diagnosis. Indeed, such attempts have been made
and endolymphatic hydrops has been visualized by using techniques such as MRI [54],
wMRI [58] and optical coherence tomography (OCT) [26,27].

4.3.2 OCT

OCT is an imaging method that utilizes the near-infrared light spectrum and a phenomenon
known as interference to capture three-dimensional images from optical scattering media.
OCT is analogous to ultrasound, in that the reflection of the light wave is used to measure
the distance of the interface from which it reflected. The main difference is that with light
the propagation speed is too high to measure the time it took for the light to bounce back.
Instead, the phase difference of the light, and the fact that the coherency length of the
light source is very short, are used to filter out other light that arrives at the detector.
This incoherent, i.e. wide-spectrum light, allows the obtainment of micrometer-resolution
images from samples. Traditionally, OCT machines have worked in the time domain, by
scanning over a single column of the tissue by moving a reference mirror. This approach
with its moving parts is relatively slow, however, and recently frequency domain OCT (FD-
OCT) devices have been manufactured, which allow for real-time capturing of volumetric

images with voxel counts in the tens of millions.

4.3.3 Optical flow

Optical flow, in a general sense, is the apparent movement of objects in a scene. In image
processing, it is the movement of pixels between two sequential images. In this sense, it is
often used to track some features over time or space. The general optical flow algorithm is

based on two constraints: the brightness constancy constraint [75]:
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E(z,y,t) = E(x + 0x,y + dy,t + 6t),

which essentially confirms that between two sequential samples of a scene (images),
the brightness of a certain feature stays unchanged. Another form for the equation is as

follows:

VE xv+E, =0,

where VE is the spatial intensity gradient, and v the image velocity. This equation
has two unknowns and thus cannot be solved as is. Different approaches for calculating
optical flow thus introduce additional constraints to the equation. The method used in our
approach is known as the Lucas-Kanade method [76], which calculates optical flow locally
in a window, overdetermining the above equation, and using the least squares principle
to calculate the best optical flow vector. Because it calculates the movement in a local
neighbourhood, it is less sensitive to noise than some other optical flow calculation methods.
In particular we use an iterative version of the method that utilizes image pyramids and
affine transformations for more robust tracking [77]. It was selected over feature- and pure
pixel based methods because of the relative robustness to noise (calculates movement in

local patches) and large scale movements.

4.4 Method

Five months old laboratory mice were used for cochlea harvesting. In total, two mice
had their cochlea harvested, one of which was morphologically normal (Sl626’a4(+/ ) ), and
the remaining presenting endolymphatic hydrops (SlcQ6a4('/ ?) ). Cochlea from both ears
were used. After harvesting the cochlea, they were encased in a 4% paraformaldehyde
solution overnight, after which they were immersed in 10% ethylenediaminetetraacetic
acid (EDTA) for 7 days for decalcification. After that they were imaged using the OCT
machine. Following, they were encased in paraffin solution for a week and histological
slices were obtained. 7-10 slices per cochlea were obtained to ensure that the measuring
would be a success. The slices were 4 ym thick with 20 um spacing. Histological slices were
stained using hematoxylin and eosin, and imaged using a microscope (Olympus BX50).
From the images obtained, the areas of the particular compartments of the cochlea were
calculated using ImagelJ software [78] by hand-drawing borders around the three structures,
and having the software calculate the areas. The experiment was approved by the animal

experiment ethics committee at Kyoto University prior to conducting the experiments
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(Approval number: MedKyo15155). An example that shows both the OCT image as well
as the dyed histological slice from roughly the same area is shown in Fig. 4.5.

From the OCT volumetric image series, the angle facing the scala media between the
Reissner’s membrane and the spiral ligament was calculated using custom software. To
obtain a more reliable result for the angle, as a preprocessing step the algorithm applies a
bilateral filter to remove noise in the image. Bilateral filter was selected because it is good
at reducing noise while maintaining the edges present in the image. Then, the software
prompts the user to draw points on a slice corresponding to the two different structures.
From these points, using an optical flow algorithm, the software calculates the movement
of the points over several frames to both directions along the Z-axis (refer to Fig. 4.8). An
example of the movement of the points and the tracking by optical flow is illustrated in
Fig. 4.6.

This mitigates the effect a single slice has on the angle. As the angle can be hard to
see, two rules for the point selection were made: 1) the connection between the Reissner’s
membrane and the spiral ligament has to be clearly visible, and 2) since the exact point
of attachment can be hard to discern, the point of steepest angle around the area is used
as the point between the two planes. The slice as close as possible to the center of the
cochlea was used, to ensure that all of the structures would be visible, and that the angles
would be as close to right as possible. Two planes are then fitted using all of the points,
and the angle between the planes is used as the measurement of endolymphatic hydrops.
An illustration of the user inputted points as well as the calculated lines can be seen in
Fig. 4.7. From the slices, the ratio between the area of the scala media and the total area of
the three vestibules was calculated. Using these two measures, the angle and the ratio were
compared to find out if there exists a correlation between the two variables. Also, using
the calculated ratio, the severity of hydrops was assigned by using the scale mentioned in
section 4.2.

To summarise, the workflow is as follows:

1. Load the data.
2. Navigate to the center slice of the data.

3. Assuming the structures are clearly visible, mark the points on the two different

structures.
4. Calculate the positions on the n adjacent slices.

5. Fit two planes on these points using a least squares plane fitting algorithm.
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The size & resolution of the OCT images obtained are illustrated in Fig. 4.8. The
machine used was a Thorlabs OCS1300SS OCT system, with a central wavelength of 1300
nm, a spectral bandwidth of 100 nm, and an average output power of 10 mW. The axial
scan rate of the machine is 16 kHz. Thus it can obtain the measured 1024 column by 256

slide volumes in about 16 seconds.

4.5 Results

The results of the measurements are shown in table 4.5, and further visualized in Fig. 4.9.
The data is comprised of three sets of measurements made by different researchers, as
well as the calculated averages and standard deviations. Two of the researchers mentioned
were qualified medical professionals, and one was familiar with the proposed method. The
grades are assigned according to the method explained in section 4.2. As can be seen, there
is a clear difference between the ratios of the cochlear ducts, as well as the angles, between
the healthy and the diseased cochlea. Furthermore, two clear groups can be seen in the

scatter plot, indicating that there is indeed correlation between the angle and the ratio.

Ratio (%) Angle (deg) Assigned grade

NO left 0.258 109.239 none
NO right 0.270 106.195 none
HY left 0.953 150.214 severe
HY right 0.932 148.891 severe
NO left 0.242 116.913 none
NO right 0.267 107.191 none
HY left 0.946 152.723 severe
HY right 0.923 146.321 severe
NO left 0.233 108.279 none
NO right 0.253 99.675 none
HY left 0.952 150.239 severe
HY right 0.938 142.022 severe
NO mean & st. dev. | 0.254 +0.014 | 107.915 + 5.554

HY mean & st. dev. | 0.941 £0.012 | 148.402 £ 3.758

Using the Kruskal-Wallis test to check if the angles between the normal and the hydrops
groups differs gives y? = 8.3077 with p = 0.004, indicating that the mean ranks between
the two groups are different. This suggests that there is a significant difference with the
angle between the cochlea with and without hydrops.

Calculating the Pearson correlation coefficient using the values provided gives R = 0.977
with p = 0.5 x 1077, indicating that there exists a statistically significant correlation

between the angle of the Reissner’s membrane, and the degree of endolymphatic hydrops
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as measured by the ratio of the different scalae. However, with the low amount of samples

caution should be exercised when interpreting the numbers.

4.6 Discussion

This research shows that the angle between the Reissner’s membrane and the outer cochlear
wall can be used as a metric for measuring the existence of endolymphatic hydrops using
OCT imaging. Traditionally, measuring it in vivo has been difficult. Measuring the degree
of endolymphatic hydrops with MRI needs to be carried out with the aid of some shadowing
agent, which carries the risk of nephrogenic systemic fibrosis [79] and relies heavily on the
clinical expertise of the operating physician to determine the locations and sizes of the
various structures inside cochlea. With OCT the structures are also more clear. However,
completely imaging the cochlear shape with OCT is difficult because of the rapid drop
off in intensity as deeper structures are imaged. Combining OCT with our technique,
these measurements are made possible by replacing the traditionally used metric of the
ratio with a metric more useful concerning the limitations of OCT. Together with previous
research done on in vivo OCT imaging of the cochlea, this suggests the viability of in
vivo measurement of endolymphatic hydrops. The fact that OCT does not penetrate hard
tissue such as bone very well implies that completely non-invasive visualization cannot be
done, and that surgical procedures are needed to gain access to the cochlea.

Despite the correlation present in the results, more data should be collected for more
robust testing. Due to the relative simplicity in obtaining mice with and without severe
endolymphatic hydrops, the two groups were fairly well separated, as can be seen from Fig.
4.9. Indeed, using the scale mentioned in section 4.2, the measurements would be classified
either as none or as severe, depending if they were done on mice with the gene intact,
or removed, respectively. Thus, imaging various degrees of hydrops would be fruitful for
seeing in what way the data is distributed between these two extremes.

From the data obtained, and as can be seen from Fig. 4.5, it can be difficult to discern
exactly where the Reissner’s membrane actually connects to the spiral ligament. In our
study, this was taken into account by starting the two different planes from the sharpest
point in the inner curve, but cannot completely be alleviated as the problem raises from the
limited resolution & noise floor of the images. Also, due to the curvature of the Reissner’s
membrane, the angle depends somewhat on how long of a stretch of the membrane one
uses as an input to the algorithm. This is because the algorithm fits a plane to the points.
This could be alleviated by trying to fit a parabolic surface instead.

Atrophy of the lateral wall also affects the angle measured, thus modifying the ratio
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between the angle and the area. Properly determining the effect of lateral wall atrophy on
the ratio will require more measurements. In microscope images of the cochlea, the surface
of the Reissner’s membrane is often not completely smooth, but exhibits irregularities and
is sometimes completely separated from one side. It is likely that this is caused by the
histological slicing, rather than being actually present in the cochlea before separation.
The method presented using OCT and angle calculation is less disruptive to the cochlea,
thus in effect giving a higher chance for the membrane to be of normal condition. However,
the case where the membrane is disrupted but continuous is a limitation of our method, as
the angle is difficult to calculate but area calculation should still be achievable.

More robust handling of noise could also be attempted, as optical flow is considerably
sensitive to it. Either a noise model that takes better in to account the multiplicative
nature of the noise in OCT images could be developed, such as the one decribed in [80], or
a method for tracking the positions that is less sensitive than optical flow to noise could
be implemented. The tradeoff for these potentially better performing algorithms likely is
speed however. The relatively substantial amount of data that OCT produces makes it
costly to do any kind of complicated processing.

Optical flow as a method for object tracking has been used widely and is regarded as a
reliable method. Extensive evaluations on the accuracy of different optical flow algorithms
(including the one we used) can be found in [81]. Validation of the accuracy of the optical
flow method as pertains to the angle measurements was considered out of scope for mainly
two reasons: 1) the accuracy was deemed sufficient by the doctors that used the application,
and 2) accurately measuring the accuracy is in itself a problem with no clear solution, as
calculating the movement by hand is very time consuming and will not necessarily produce
the right answer.

Future work could also include automatically detecting the position of the Reissner’s
membrane. This would allow for completely automatic measurement of endolymphatic

hydrops from OCT images.
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Fig. 4.5: Upper: Cochlear structures visible in a histological frame. Lower: an OCT slice
of the cochlea, from roughly the same area as the above histological image.
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Fig. 4.6: Example of the apparent movement of the structures between two frames. Due
to the oblique angle of the Reissner’s membrane in comparison to the axes, it exhibits
apparent movement when browsing from frame to frame. The optical flow algorithm keeps
track of the position of the membrane.

Fig. 4.7: An example of an OCT image with the user inputted points and the planes the
software calculates
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Fig. 4.8: The dimensions of the captured data. X is the amount of axial scans, which in
our study was 1024 over 6 mm physical length. Y is the depth of the scan, and Z the
amount of slices scanned. Both were set as 256 over 1.5 mm.
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Fig. 4.9: Plotting the obtained angle & ratio values in a scatter plot. Two distinct groups
can be seen, indicating correlation between the two different measures.
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Chapter 5

Segmentation of OCT images

using diffusion maps

5.1 Introduction

Meniere’s disease is a disorder of the inner ear that can manifest with the following symp-
toms: spinning, hearing loss, vertigo and a feeling of fullness in the ear. It is widely
believed to be caused by endolymphatic hydrops, an accumulation of endolymphatic fluid
in the inner ear. The accumulation increases pressure in the cochlea which causes a variety
of symptoms including loss of hearing. Diagnosis has traditionally been done by look-
ing at the symptoms exhibited [53], but other indirect methods such as vestibular evoked
myogenic potential (VEMP) and electrocochleogram (ECoG) exist. Direct measurement of
endolymphatic hydrops has been achieved by MRI, and a suitable grading system based on
the relative sizes of the tunnels inside has been proposed. However, in traditional MRI the
resolution places a limitation on the diagnostic capabilities, and especially small structures
inside the cochlea such as the Reissner’s membrane are difficult to visualize. Recently, a
high resolution imaging method called optical coherence tomography (OCT) has been used
to image cochlea in vivo, and a novel technique for measuring the degree of endolymphatic

hydrops based on the structures inside it has been proposed.

In this paper, we propose a method for extracting the 3D structure of the cochlea from
volumetric grayscale OCT images, with the goal of facilitating the automatic measurement

of endolymphatic hydrops using OCT.

41
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5.2 Background and related work

Traditionally the only way to visualize endolymphatic hydrops has been through histolog-
ical sectioning. Recently images of varying resolution have been obtained through MRI,
CT and OCT creating a larger need for analysis of the phenomenon. This section will go
through the physiological background behind endolymphatic hydrops, as well as a short

description of OCT and related segmentation methods.

5.2.1 Endolymphatic hydrops

The cochlea is one half of the inner ear responsible for the sense of hearing. It comprises
three tunnels: the scala vestibuli, the scala media and the scala tympani. Before sound
reaches the cochlea, it is converted from pressure waves to mechanical motion in the middle
ear. Then, as the mechanical motion is transferred to the inner ear it causes movement in
the perilymph, a fluid housed inside the scala vestibuli and scala tympani. This also causes
movement in the endolymph, housed by the scala media, which excites hair cells that then
send electrical impulses to the brain, thus creating the sense of hearing. FEndolymphatic
hydrops is the excess accumulation of this endolymph, which causes interference in the
cochlear function and the distortion of the Reissner’s membrane, a membrane of about 12
pm in thickness [82] that separates the scala media from the scala vestibuli. The structure

of cochlea and the effect of endolymphatic hydrops on it are visualized in Figs. 5.1.

5.2.2 Cochlear imaging

Endolymphatic hydrops in cochlea has been recently imaged by MRI [54] as well as
OCT [60] [27]. A grading method for endolymphatic hydrops for MRI based on the area
of compartments inside the cochlea was proposed by Nakashima et al. [59].

Segmentation of cochlea using computed tomography (CT) has been done semi-automatically
using level sets [83]. An automatic approach using pCT for building models and then ap-
plying that model to conventional CT was explored by Noble et al. [84]

OCT is an interferometric technique that is analogous to ultrasound, with the exception
that it uses near-infrared light for the measurements, and instead of using propagation time
as measure for distance, interference between two light beams is used. One of the most
popular applications of OCT is in retinal imaging, where it is used for detection of disor-
ders such as macular degeneration. Segmentation of retinal OCT images has been done by
various techniques including a graph-theoretic approach for layer segmentation [44], graph-
cuts and dynamic programming [45] and coarse-grained diffusion maps [46]. In the latter,

the authors used varying shapes for clusters of pixels in constructing the kernel, and men-
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Scala vestibuli

Scala media

Scala tympani

Reissner’s
membrane

(a) The structure of the cochlea.

Scala vestibuli
258

Normal Abormal

(b) View of cochlea displaying the effect of endolym-
phatic hydrops. Red arrows indicate the pressure that
the accumulated endolymph applies on the membrane.

Fig. 5.1: The structure of the cochlea and effect of endolymphatic hydrops on it.

tioned the possibility of using Normalized Cuts for partitioning the image pre-application
of diffusion maps. For OCT imaging of the cochlea, due to the limited penetration of the
near-infrared light it is not feasible to expect that all of the three tunnels of cochlea can be
visualized at the same time. Thus, a different metric for the degree is needed. One such
metric could be based on the change in angle between the outer wall of the cochlea and the
Reissner’s membrane. This is visualized in Figs. 5.2. Previously, a semi-automatic method

based on user input of the position of the two features on a 2D slice has been proposed [85].

5.2.3 Segmentation

Superpixels are a group of methods for preprocessing high volume data, with the goal
of grouping pixels with similar features together in meaningful groups. The motivation
for doing this can be as a preprocessing step to reduce computational complexity, or for
segmentation purposes. Various methods for superpixels have been proposed, including
Normalized Cuts [86] and watershed [87]. Simple linear iterative clustering (SLIC) su-

perpixels is a method based on k-means clustering that iteratively assigns data points to
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the nearest superpixel based on distance metrics. It is a relatively recent method that
performs well against other state-of-the-art superpixel methods [51]. The algorithm has
one parameter, n, for the desired amount of superpixels. Using n and the dimensions of
the provided data, it places initial superpixel centers at regular intervals. Then, using
an iterative algorithm, it calculates the distance of pixels around the superpixel centers,
and based on the distances, assigns each pixel to the closest superpixel and updates the

superpixel center location. The execution stops when a number of iterations is reached.

Diffusion maps are a non-linear dimensionality reduction method based on the concept
of diffusion. As a method it was first introduced by Coifman & Lafon [88]. Diffusion maps
attempts to uncover the original lower-dimensional manifold that the data is sampled from,
and thus can provide more accurate distance measures between data points. Diffusion maps
is based on a kernel that defines connectivity in the data. By using the kernel a normalized
graph Laplacian matrix is formed, and the eigendecomposition of the matrix corresponds
to the coordinates of the data in diffusion space. The underlying idea is that by using few
dimensions in the diffusion space we can closely approximate the original distribution of
the data. It has been used for various purposes including edge-aware image editing [89],

learning visual vocabulary [90], and retinal image segmentation [46].

(a) A healthy cochlea. Note the relative (b) An afflicted cochlea. The Reissner’s
straightness of the Reissner’'s membrane, membrane has been distorted.
marked with a red X.

Fig. 5.2: Change in the position and structure of the Reissner’s membrane between a
healthy and an afflicted cochlea.
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5.3 Proposed system

The structure and flow of the algorithm is described in Fig. 5.3. The algorithm starts by
reading the OCT data that the user has obtained from the OCT device. After reading the
data, there are two major, distinct steps before the segmented binary image is created: the
preprocessing step, and the clustering step. The aim of the preprocessing step is to reduce
the amount of data we need to process by diffusion maps, and to obtain a sort of preliminary
segmentation of the data. The processing starts with median filtering, where the images are
smoothed a little bit to tend the superpixels towards more convex shapes. After smoothing
the superpixels are created. This is done to speed up the algorithm while preserving the
local structures inside the image. After superpixel creation, we form the diffusion map. For
this, we use a Gaussian kernel with the Euclidean distances between superpixel intensities
as the distance metric. Based on our attempts, using only the first eigenvector of the
diffusion matrix seems to be enough to organize the data into the foreground and the
background. Applying k-means clustering with 2 clusters on this eigenvector then gives us
the superpixels that belong to the cochlea. Finally, we use the labels assigned to each pixel
to re-expand the superpixels to have the original volume, thus obtaining the volumetric

binary image with foreground corresponding to the cochlea and background to everything

else.
Preprocessing
Read data from OCT A
device i Median .
filtering Superpixels
Individual pixel labels
.L L
Clustering
Output binary image |«
P i g Diffusion K-means
maps clustering

Fig. 5.3: The flow of the algorithm.

5.4 Results

In our study, the data is composed of 512 slices of 1000x512 pixel grayscale images, obtained
by a Thorlabs OCS1300SS OCT system. The system has a reported axial resolution of 12

pm over air, and a lateral resolution of 25 yum. The imaging area was 5 mm by 3 mm by 5
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mm. The sample cochlea used in all OCT images is from a guinea pig. In other studies, we
have also successfully imaged and delineated the Reissner’s membrane from other guinea
pig cochleae, as well as from mice. In Fig. 5.4 slices from three parts of the process are
shown. The first slice shows the raw OCT 2-dimensional data that is obtained from the
machine. The second is the corresponding slice from the superpixel image. The third one
is the final segmented binary image. The arrows point to the Reissner’s membrane, and as
can be seen, it has mostly been preserved in the segmented image. In Figs. 5.5 a 3D mesh
generated by iso2mesh [91] in MATLAB and visualized by Meshlab software can be seen.
The mesh is shown from 3 different sides, including the top view, bottom view and a view

from the side. On the bottom view the Reissner’s membrane is clearly visible.

5.5 Discussion

As can be seen from the results, the method preserves the most important detail: the
structure of the membrane in a way that the angle can be calculated. This suggests that
the data can be used for calculation of the severity of endolymphatic hydrops from obtained
OCT images. In future work, this automatic calculation of the angle from the produced
data should be considered to obtain a full framework for grading endolymphatic hydrops.
The current progress shows that creation of such a framework is feasible.

As a first step, the superpixel creation is important in order to preserve the fine struc-
tures present, but at the same time over-segmentation of e.g. the Reissner’s membrane
can cause discontinuity due to the local variance in intensity levels. This discontinuity
can be seen in Fig. 5.4c. To reduce this, a more advanced noise reduction method as a
pre-processing step could be considered.

Better methods for visualization of the data could be applied. The volumetric image
to mesh function provided by iso2mesh is somewhat clumsy for our particular application,
and much smoother meshes could be achieved by customized processing of the data.

Although the focus is on measuring endolymphatic hydrops, the proposed method is in
no way restricted to that, and can in fact be used for other data sets that exhibit similar

characteristics e.g. noisy volumetric data with relatively fine structures.

5.6 Conclusion

We demonstrated a method for segmentation of cochlear OCT images that preserves the
minute structures present, such as the Reissner’s membrane. Future work includes fine-

tuning the algorithm, and building on the presented method to allow for the use of au-
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tomatic grading of endolymphatic hydrops. Furthermore, although the focus of the work
is on cochlear OCT images for grading endolymphatic hydrops, other applications for the

method should be considered.




48 5 Segmentation of OCT images using diffusion maps

(a) Original 2D slice showing the four turns of the cochlea.

(b) The 2D section from the 3D superpixel structure corresponding to (a).

(c) The clustered binary image.

Fig. 5.4: Tllustration of selected steps along the process. Red arrow indicates the position
of the Reissner’s membrane. Note that in (b), the superpixel intensities & structure are
also affected by the neighboring slices.
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(c) Mesh as seen from -Z axis. Reissner’s membrane is highlighted.

Fig. 5.5: A mesh created from the segmented image, visualized from different directions.
Reissner’s membrane is highlighted.
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Chapter 6

Semi-Automatic Measurement of
EH from Volumetric OCT Images

We present a novel semi-automatic method for measuring the degree of endolymphatic
hydrops from volumetric optical coherence tomography images. Endolymphatic hydrops is
a condition where excess endolymphatic fluid accumulates inside the inner ear, which can
then cause diseases such as Meniére’s disease. The exact morphological changes caused
by the hydrops, and the relationship between endolymphatic hydrops and Meniére’s dis-
ease are still unconfirmed, as high resolution in vivo imaging that preserves the minute
structures inside the cochlea and the endolymphatic sac was not performed until recently.
One possibility for exploring the relationship is through optical coherence tomography,
which has been shown to have sufficient resolution and depth for obtaining partial images
of cochleae from mice in vivo. We demonstrate a method for calculating the degree of
endolymphatic hydrops from OCT images, and by comparing it and a previous method

against ground truth values show that it produces superior results (p = 0.029 < 0.05).

6.1 Introduction

Meniére’s disease is a disease of the inner ear that manifests itself with symptoms such as
hearing loss, tinnitus, vertigo and a feeling of pressure in the ear. It has a prevalence rate
of about 0.2% depending on the study cited [72,73]. It is widely believed to be caused by
endolymphatic hydrops, the accumulation of endolymphatic fluid inside the membraneous
labyrinth of the inner ear. The membraneous labyrinth runs through the entirety of the
bony labyrinth, the outer shell of the inner ear including both the vestibular system,
responsible for the sense of balance, and the cochlea, responsible for the sense of hearing.

In the cochlea, the endolymphatic fluid is housed inside the scala media, and as the fluid

o1
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accumulates, it distends the Reissner’s membrane, a thin membrane that separates the fluid
from the adjacent chamber, called the scala vestibuli. The morphological changes between a
healthy and an afflicted cochlea are shown in Fig 6.1. In a healthy cochlea, the scala media
fits between the two connected larger scalae, the aforementioned scala vestibuli and the
scala tympani (Fig 6.1(A)). As endolymphatic hydrops aggravates, it causes swelling in the
scala media and distends the Reissner’s membrane, the thin membrane separating the scala
media and scala tympani (Fig 6.1(B)). Thus, to assess the progression of endolymphatic
hydrops, looking at the relative sizes of the scalae as well as the morphological changes

related is the obvious approach.

scala media

' scala vestibuli

scala media

scala tympani

Fig. 6.1: Differences between a healthy and afflicted cochlea. Dyed histological slices from
mouse cochleae imaged by a microscope. Red color corresponds to scala vestibuli, green
to scala media, and blue to scala tympani. A: Sample from a healthy cochlea. B: Sample
from an afflicted cochlea.

The exact relationship between endolymphatic hydrops and Meniére’s disease is unclear.
For example, it is unclear to what degree does the hydrops need to progress for these
symptoms to manifest. Even the morphological changes are hard to confirm due to the
location and size of the inner ear. The traditional method for confirming the existence of
hydrops is through histological examination. However, surgical removal of the inner ear has
a chance of disrupting the fine structures inside such as the Reissner’s membrane [92,93].
Thus, having the capability of quantifying endolymphatic hydrops in vivo could be useful
when exploring the relationship between the physical manifestation and the disease, not
to mention the eventual clinical value.

In this paper, we present a novel method for measuring the degree of endolymphatic

hydrops from optical coherence tomography (OCT) images. We validate the method by
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applying it, and a previously presented method [85] to a set of OCT volumetric images of
cochleae, and by obtaining the calculated hydrops scores. By comparing these scores to
those obtained from ground truth (GT) values set by an expert, we show that the proposed
method outperforms the previous method by presenting the user with approximated fea-
tures closer to the GT features. The method also requires less user interaction, potentially

saving time spent on doing the diagnosis.

6.2 Related work

The golden standard for measuring endolymphatic hydrops is from histological sections.
Various methods for quantifying hydrops from these sections include comparing the size of
the scala media to an idealized size based on a virtual straight Reissner’s membrane [94-96].
Observing hydrops from the slices requires careful consideration of the slicing angle in order
to not cause distortion in the features, so volumetric methods such as MRI or OCT are
preferable to capture the three dimensional features and allow for freedom in viewpoint
selection.

In vitro high resolution imaging of the cochlea has been done before by magnetic res-
onance microscopy [58]. The fixation required by the procedure, much like in the case of
histological sectioning, can cause changes in the sample structure, and thus in vivo imaging
is desirable. Previously, in vivo imaging has been achieved using magnetic resonance imag-
ing (MRI) [59] and optical coherence tomography (OCT) [27]. Compared to MRI, OCT
can do more accurate visualization of the smaller structures of the cochlea, but suffers from
a high amount of noise, and is limited in the depth to which it can accurately capture the
shape of the target tissue.

Multiple approaches have been proposed to grading the degree of hydrops, including
a method that assigns one of three grades: significant, mild, or no hydrops [59] based
on the relative sizes of the two canals, scala vestibuli and scala media, and the status of
the Reissner’s membrane: if the Reissner’s membrane is undisrupted, there is no hydrops.
Alternatively, if the membrane is disrupted but the scala media is smaller than the scala
vestibuli, mild hydrops is present. Finally, if both membrane is disrupted and scala media
is larger than scala vestibuli, significant hydrops is present. Another grading system was
proposed by Giirkov et al. [97], based on a 4-point scale where the severity was decided
by MRI images reviewed by medical professionals. Finally, Kakigi et al. [60] proposed an
evaluation method based on OCT images, where the degree was calculated based on the
ratio of the area immediate to the Reissner’s membrane to the area distal to the membrane,

where the areas were separated by drawing a straight line segment between the attachment
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points of the membrane and the wall.

Due to the limited depth imaging capability of OCT especially in the in vivo case with
bone tissue present, it is preferable to calculate the degree using more local features, close
to the surface of the cochlea. One method for doing this is to calculate the angle between
the Reissner’s membrane, a thin membrane separating the scala vestibuli and scala media,
and the outer wall of the cochlea the membrane is connected to [85]. As the Reissner’s
membrane distends, the angle between the membrane and the wall changes, and thus it can
be used to track the progression and/or classify the severity of hydrops. Locally speaking,
this angle can be approximated by fitting two planes corresponding to the two features. A
further advantage of this method is that it takes into account the aforementioned three-
dimensional aspect of the features, allowing the cochlea to be imaged from angles not

conforming to the main axis of the cochlea.

6.3 Methods

The proposed method can be broken to roughly three sections: preprocessing the data,
segmentation of the data into background and foreground, and the calculation of the angle
between the two features based on this segmentation. The background segmentation is
based on preprocessing and clustering steps, and the angle calculation is based on first
extracting the boundaries of the scalae and then fitting planes estimating the features to
the boundaries. The individual steps taken to form the calculated planes from the raw
OCT data are visualized in Fig 6.2.

OCT uses low-coherence interferometry to provide scans of the target either in one, two
or three spatial dimensions. Thus it provides a strong signal in areas with a high density of
scattering particles. OCT exhibits a type of noise called speckle noise which results from
the superposition of backscattered light waves from different scattering points in the target.
Speckle noise is characterized by high fluctuations in intensity, and thus can be hard to
suppress in OCT images. On the other hand, speckle can also carry information about
the imaged substance, so in some cases it can be a useful feature [34]. In our approach of
pixel-intensity based segmentation, suppressing the effect of speckle is desirable.

The algorithm takes as input the OCT data, and from the user, the locations of the
two scalae bordering the Reissner’s membrane. Compared to the previous method, the
proposed method requires less user input (2 points corresponding to the scala locations,
compared to 10 points in total corresponding to the two features in the previous method).
Furthermore, since the features are not marked directly, the user has less influence on the

initial estimated shape of the features, leading to potentially less user-influence on the




6.3. Methods 55

Fig. 6.2: Structure of the algorithm. Various steps are visualized from reading the OCT
images to the final, calculated feature angles. Note that although the shown images are 2-
dimensional slices, with the exception of median filtering and the illumination adjustment,
all of the processing is done in three dimensions. 1: OCT image after median filtering. 2:
Brightness constancy adjustment. 3: Superpixel segmentation. 4: K-means segmentation
in diffusion space. 5: Segmenting the two scalae with s/t-cut. 6: Edge pixel labeling.
7: Largest component extraction (with scala vestibuli in red, scala media in green). 8:
Wall/membrane segmentation with different colors corresponding to different segments.
9: Fitting planes to individual segments, with plane color corresponding to respective
segments. 10: Average planes from step 9, with green corresponding to wall, red to segment.

interpretations of the feature locations. The data is a volumetric OCT scan S where for
each pixel coordinate (z,y,z) € S, an intensity value is reported. Since we are interested
in the local structure, we limit our region of interest (ROI) in the Z-dimension to N slices
connected to the slice the starting values are input on. On the angle calculation phase
where we assign labels to individual pixels, we limit processing to the immediate vicinity
around the initial values. In the evaluation process the size of this region of interest is based
on the ground truth data. In future when doing measurements, it should be dependent on
the feature sizes, which should for a given target (e.g. mouse, human) be roughly invariant.

The cochleae were imaged with a Thorlabs OCS1300SS OCT system, with a central
wavelength of 1300 nm, a spectral bandwidth of 100 nm, an average output power of 10
mW, and an axial scan rate of 16 kHz. Five months old laboratory mice were used for
cochlea harvesting. Three of the cochleae were harvested from wild type (Slc26a4(+/-)),
and the remaining three from knockout mice (Slc26a4(-/-)). The study was approved by the

animal experiment ethics committee at Kyoto University before conducting the experiment
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(Approval number: MedKyo15155).

6.3.1 Preprocessing and segmentation

For preprocessing and segmenting the data into foreground and background, we follow a
previously published method using superpixels and diffusion maps [98]. First, to reduce
high frequency noise, we run the data through a median filter with window size Sy = {3, 3}
(Fig 6.2(1)). Median filter is used due to its ability to suppress the speckle noise inherent
to OCT images while preserving the edges, which is needed for the segmentation step. To
alleviate the signal degradation that OCT scans exhibit based on the depth of the imaging,
we apply an illumination consistency algorithm. Illumination consistency aims to balance
the brightness of pixels in an image despite varying amounts of light cast on different parts
of the image. We use the SLRMSR [99] algorithm, which calculates the lightness L of a

pixel ¢ in an image based on

1 X I3)
L(i) = ngl I(zm,)’
where N is the total amount of pixels in the image, I the original intensity of the pixels
and xpy, the index to the pixel with the highest intensity in a certain spray k. The sprays
are randomly picked from a distribution centered on the pixel i. Effectively, the algorithm

increases the intensity of pixels that are locally bright but globally dim, like in the example
in Fig 6.2(2).

After preprocessing the data, to segment it into foreground and background, we use
the SLIC superpixel [51] method for supervoxelization (Fig 6.2(3)). SLIC uses a k-means
clustering method that groups semantically similar pixels together in local clusters. SLIC
was chosen due to its performance characteristics especially for grouping volumetric data.
The algorithm requires as parameters the supervoxel size, which is set as S = {3, 3, 3},
and the compactness factor, which is set as C' = 15. Next, to split the superpixels into
background and foreground, we calculate the diffusion map [88], which is a non-linear
dimensionality reduction method based on the concept of diffusion. The method works on
the supposition that the pixels in an image are sampled from a non-linear manifold, and
attempts to uncover that non-linearity. The goal is to more accurately be able to perform
the final foreground—background segmentation, as the distances in the diffusion space are
strongly correlated with the distances in the original sampled object. Diffusion maps are

based on a kernel, which captures the local connectivity in some meaningful way. We use
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the Gaussian kernel, where the weights w; ; between pixels were calculated as

dzznt )

2h2

wnt

wi,j = exp —(

where d;; is the Lo-distance between the intensities of the superpixels. Although speckle
noise is not usually considered normally distributed, after the abovementioned preprocess-
ing steps we consider the noise effectively suppressed, and the normal distribution to be
an appropriate model for the intensity variation. Finally, based on the calculated diffusion
map, we cluster the data in the resulting diffusion space into two clusters using k-means
clustering, thus obtaining the segmented data. For clustering we used the 6 eigenvectors
with largest eigenvalues, excluding the top-most constant eigenvector, and weighting with

the respective eigenvalues. The final segmentation is shown in Fig 6.2(4).

6.3.2 Angle calculation

Once we have segmented the cochlear shape from the background, we use the user indicated
scala vestibuli and scala media locations to estimate the shape of the two features: the
Reissner’s membrane, and the inner wall of the cochlea. We use a max-flow/min-cut
approach [100] to separate the scala media pixels from the scala vestibuli pixels. The aim
of a max-flow/min-cut (or s/t cut) operation is to find a cut of a graph that separates
the graph into two subgraphs S and T, where the source s belongs to S, and sink t to T.
The cost of the cut is the sum of the weights assigned to the boundary edges that are
cut. The objective of a min-cut algorithm is to find a cut that minimizes this cost. In
our implementation, we use the user inputs as the source s and sink t, and all pixels in
the segmented images belonging to the same cluster as the source/sink are considered as
nodes of the graph. For each node n, there are 3 kinds of connections: ng, n; and n,, for
node-source, node-sink and node-node, respectively. For weights between the connections,
we use the spatial distance combined with a function dependent on the non-node pixels
crossed by a straight line between the pixels corresponding to the two nodes. The node-
node weights were set only between (3-dimensionally) adjacent pixels on the images. For

all weights w; ; between linked nodes 4, 7 we used the formula

dgpat<i7j) dgep(ivj)
2h2 2h2

spat sep

Wi, = €XP _( )7
where dgpqe:(7,7) is the spatial Lo-distance between ¢ and j, and dgep(,j) a distance based
on the number of pixels not belonging to the node segment crossed. This effectively makes

the connection weaker between nodes that are either far away from each other, or have
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foreground pixels (such as the membrane) between each other. For calculating the amount
of foreground pixels between two points, we use Bresenham’s line drawing algorithm [101]
to draw a virtual line between ¢ and j, and check each point on the line if it was assigned
to the node pixel segment. For each non-assigned pixel, dgep(7, ) is increased by 1. hgpas
and hgep are set to 0.95 * max(hgper) and 0.05 * max(hgep), respectively. The values are
obtained through empirical testing. Although the graph is directional, we set w; ; = w;;
enforcing a symmetry constraint. After labelling all of the pixels (Fig 6.2(5)), we extract
the edge pixels neighbouring either a non-assigned pixel or pixels belonging to the other
graph subsection (Fig 6.2(6)). This gives us two main groups of pixels corresponding to
the edges of the scala vestibuli and scala media, along with some noise that we remove by
extracting the largest component using connected component labelling (Fig 6.2(7)).

Next, to split the extracted edge pixels to the two features, we use an implementation
of the RANSAC algorithm [102] with a plane function to fit two planes to each pixel
group. RANSAC takes a minimal amount of data points to create a model for a particular
mathematical shape. It then checks how well the rest of the data conforms to the generated
model, and by iterating the algorithm with different data points for input, picks the one
with the least outliers. For both groups, when performing many iterations, the resulting
two planes should correspond to the cochlear wall and the membrane. Thus, we fit a plane
equation twice to both of the groups, resulting in 4 groupings of pixels: two for either side of
the membrane, and two corresponding to the scala vestibuli and scala media side cochlear
wall segments (Fig 6.2(8), all four parts highlighted in different color). To calculate the
final parameters for the two planes corresponding to the two features, we do least square
fitting of planes on the membrane segments and the wall segments separately (Fig 6.2(9)),
and calculate averages for both, resulting in the final feature approximations (Fig 6.2(10)).

The angle can then be calculated by comparing the normals of the planes.

6.4 Validation

We had a medical professional who was an expert in analyzing cochlear OCT data mark
the locations of the membrane and wall on 15 consecutive slices for each dataset, starting
from the slice that they believed they could most accurately recognize them. This was the
ground truth data used for assessing the accuracy of the algorithms. Next we generated
the predicted membrane locations on the same slices by using the previous, direct feature
marking (DFM) and the proposed scala-location based (SLB) methods, and compared the
angles obtained to those calculated from the ground truth values. Since both methods

require user input as initial values, we used the ground truth locations on the first slice to
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generate the input.

To evaluate the methods, we took the output from both DFM and SLB methods,
and the ground truth feature locations, and fitted planes to them by using least squares
estimation for the plane parameters. We then measured the distance between the normals
of the planes produced by the two methods to those obtained from the GT values. The
similarity metric used was cosine similarity. The reason for comparing the individual
features instead of the angles was using the angles hides some of the dynamics between the
features — if both differ from the ground truth by the same amount to the same direction,
the error would not reflect on the angle. We used 6 datasets of cochlear OCT data, and
ran the evaluation on each dataset five times. 3 of the datasets were from mice afflicted by
endolymphatic hydrops (datasets 1, 3 and 5 in Fig 6.3), and 3 from healthy mice (datasets
2, 4 and 6 in Fig 6.3). For each dataset and method, the evaluations were ran 5 times, and

in the results, the average of these is presented. Fig 6.3 shows the first slices’ regions of

interest for each dataset, the ground truth values, and the eventual features estimated.

Fig. 6.3: Features, ground truth values, and estimated features for each dataset. For
ground truth values, magenta corresponds to the cochlear wall and teal to the membrane.
For estimated features, yellow marks the ground truth, green the DFM method, and red
the SLB method.

Finally, since it can be assumed that for the OF algorithm, given a set of initial values
reasonably close to the actual features most of the error will be caused by the algorithm and
be distributed along the Z-axis, it is of particular interest when it comes to the performance
of the algorithms.

As the two methods use different kinds of input for the initialization, a fair method for
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generating the input based on the ground truth features is needed.

6.4.1 Initial value generation for DFM method

The performance of the previous method is largely dependant on the accuracy of the initial
value input from the user. As the expected user input is 5 points for each feature marked
in even intervals along the appropriate length of the feature (such that the local shape
stays as close to linear as possible), we split the ground truth values along the features
into 5 equally sized segments and sample randomly from each segment using a uniform
distribution. First, we sample the inputs directly from the ground truth to get the "ideal"
output from the method. Then, to simulate user input error, we use input values sampled
from a radius r circle perimeter, where the center of the circle corresponds to a randomly

sampled GT value.

6.4.2 Initial value generation for SLB method

For the proposed method, since just the general location of the scala vestibuli and scala
media is enough, we form a pool of initial values from the triangles formed by the end-
points of the two features (see Fig 6.2). Then we sample from each pool a starting point
for the algorithm by using a normal distribution with the parameters calculated from the

coordinates of the points.

6.5 Results

The similarities between estimated features and GT values are shown in Table 6.1. We
evaluated the DFM method with » = [0,...,6]. As can be seen, the proposed method
estimated the features generally better in all cases when compared with the direct sampling
(with r = 0), except for the wall in dataset 6, and the membrane in dataset 4. Due to the
non-normally distributed data, we did the Wilcoxon signed pair test to test for differences
in the mean ranks of the distributions between the similarity scores for both methods
(N = 60), and rejected the null hypothesis with p = 1.449%107% < 0.05. The distributions
are similar, so we can further claim that the median values’ difference of 0.019 in favor of
the SLB method is statistically significant, indicating that the proposed method performs
better than the previous one. Both average similarities and variances for the datasets are
visualized in Fig 6.4. Fig 6.5 shows the similarity score and variance averages as calculated
over all datasets. For differences in performance between the healthy and afflicted datasets,
a significant difference was found for the SLB method (p = 0.0005 < 0.05). For the
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DFM method, no significant difference was found (p = 0.7747). Looking at the specific
components of the normal vectors, the average differences from the GT axes for each
dataset and overall average differences are reported in Table 6.2. Both X- and Y-coordinate
differences were statistically insignificant (p = 0.0523 and p = 0.6221 respectively), but for
the Z-coordinate, the difference was significant (p = 0.0024 < 0.05).
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Fig. 6.4: Results for the evaluation. Top: calculated similarities for the wall feature over the
datasets. Middle-top: calculated similarities for the membrane feature over the datasets.
Middle-bottom: calculated variances for the wall feature over the datasets. Bottom: cal-
culated variances for the membrane feature over the datasets.
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Fig. 6.5: Results averaged over datasets. Average similarities and variances for each
method, averaged over the datasets.

Table 6.1: Calculated cosine similarity of the two methods to the GT plane normal vectors.
DFM represents the previous method, and SLB the novel one. r equals the distance to the
GT value at which the inputs were sampled from. Bolded numbers represent the closest
average to the ground truth, and the smallest standard deviation for that particular dataset.

0.8515£0.1500 0.9755£0.0093 0.6908+0.1701 0.4850£0.2026 | 0.8267+0.1194 0.9692+0.0203
Membrane | Similarity to ground truth (average + st. dev.)
SLB 0.9958+0.0012 | 0.9902+0.0010 | 0.9989+0.0004 | 0.7352£0.1113 | 0.9989+0.0003 | 0.9970+0.0005

Method Dataset 1 ‘ Dataset 2 ‘ Dataset 3 ‘ Dataset 4 ‘ Dataset 5 ‘ Dataset 6

Wall Similarity to ground truth (average + st. dev.)

SLB 0.9944+0.0028 | 0.9985+0.0009 | 0.9960-+0.0007 | 0.9378+0.0252 | 0.9936+0.0010 | 0.9913+0.0021
DFM (r=0) | 0.9661+0.0327 0.9984+0.0003 | 0.9046+0.0283 0.6929+0.0149 | 0.9871+0.0049 0.9917+0.0034
DFM (r=1) | 0.97714+0.0124 0.9983-+0.0007 0.8759-+0.0213 0.6898+0.0226 | 0.9889+40.0042 0.993740.0025
DFM (r=2) | 0.9629-+0.0503 0.9955-+0.0031 0.8941+0.0318 0.6808+0.0298 | 0.9895+0.0065 0.9937+0.0023
DFM (r=3) | 0.9252+0.0595 0.9977+0.0015 0.8770£0.0335 0.6736+0.0257 | 0.9874+0.0081 0.9919+0.0075
DFM (r=4) | 0.982540.0122 0.9935-+0.0047 0.8579-+0.0359 0.6810+0.0238 | 0.9895+0.0107 0.9844+0.0104
DFM (r=5) | 0.8709+0.1220 0.9878+0.0117 0.7713£0.2279 0.6408+0.0505 | 0.8672+0.1714 0.9858+0.0163

6)

DFM (r=0) | 0.9794-+0.0060 0.9585+0.0013 0.9660+0.0023 0.8833+0.0077 | 0.9882+0.0074 0.9953+0.0018
DFM (r=1) | 0.9780+0.0143 0.954440.0050 0.970140.0022 0.883240.0075 | 0.979540.0113 0.994540.0061
DFM (r=2) | 0.9754+0.0076 0.9573+0.0049 0.9682+0.0071 0.8821£0.0129 | 0.9712£0.0048 0.9948+0.0038
DFM (r=3) | 0.9787+0.0115 0.9612+0.0122 0.9675+0.0073 0.8695+0.0106 | 0.8707+0.2057 0.9955+0.0016
DFM (r=4) | 0.9741£0.0182 0.9676+0.0216 0.9649+0.0094 0.8867+0.0133 | 0.8591£0.2509 0.9957+0.0029
DFM (r=5) | 0.9693+0.0213 0.9608+0.0260 0.9715+0.0139 0.8801£0.0421 | 0.6301£0.1719 0.9722£0.0238
DFM (r=6) | 0.9805+0.0252 0.913840.1009 0.964440.0116 0.637240.2153 | 0.791240.2494 0.923840.0665

6.6 Discussion

Overall the proposed method performed better. The dataset with the worst performance
was the fourth one, mostly due to the poor visibility of the membrane (see Fig 6.3(4)).
Although a significant difference in performance between the healthy and afflicted data
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Table 6.2: Normal vector component differences averaged over all datasets and both fea-
tures, when compared to the GT normal vectors. The score of the method that achieved
the smaller difference has been bolded.

Coordinate ‘ SLB ‘ DFM
Wall

X 0.0443 | 0.1028
Y 0.0785 | 0.0792
7 0.0890 | 0.2563
Membrane

X 0.1264 0.0738
Y 0.0977 | 0.0580
7 0.0713 | 0.2163
Combined

X 0.0853 | 0.0883
Y 0.0881 | 0.0686
7 0.0801 | 0.2363

was found for the proposed method, this is mostly because of dataset 4, as comparing the
results with the other two datasets with endolymphatic hydrops present, the difference in
performance is quite obvious.

Further, the supposition was that if the optical flow method used in the DFM method
was as susceptible to noise as thought, most of the error should be concentrated on the
Z-axis component of the normal vector. As can be seen in Table 6.2, this is indeed true.
For the variance scores, although in most cases the SLB method provided the better score,
due to the poor performance on dataset 4, overall the DFM (with r = 0) performed better.

Increasing the radius doesn’t have such a drastic effect on the average quality of the
results until towards the larger end of r. Since we are adding essentially zero-mean noise
to the user input sampling, and because the DFM-method tends to "stick" to the original
inputs, on average the only case where the performance suffers is when sampling directly
from the GT values would accurately track over the Z-dimension, but sampling from dis-
tance r misses the membrane and thus cannot track it. Due to this, and the error in
the DFM-method mostly being introduced in the Z-dimension to begin with, increasing r
doesn’t contribute much to the accumulated error. Meanwhile, the variances do increase
compared to SLB, due to the deviance in sampling locations growing larger with increased
r.

Related to the above, something that the measurements do not show is the inter-user
variability in the results. As the DFM method is very dependent on the user’s idea of
where the membrane is located, the SLB method could possibly result in lower variability.

To investigate this, in the future a user test should be carried out. Further validation
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could be done by having test participants do measurements using both algorithms, and
see how the actual results compare in that case. Furthermore, based on the amount of
input required from the user (10 coordinates in the previous method, 2 in the proposed),
it can be assumed that the proposed method requires less interaction. Nevertheless, actual
measurements should be done to showcase this.

For the SLB method, we avoid erroneous input by only considering the pixels that
belong to the scalae (the "background" area with lower average intensity in the segmented
data). Thus we do not have to deal with situations where the user has clicked on a
foreground pixel. This can happen especially when the membrane has bulged out due to
extreme hydrops, and the area of the scala vestibuli has shrunk. This can be dealt with
using additional information of the surrounding pixels, but nevertheless can introduce

uncertainty in the solution.

6.7 Conclusion

We have presented a novel method for estimating the degree of endolymphatic hydrops from
segmented OCT images that achieves higher accuracy than a previously presented state of
the art method. The results can be used for modeling the progression of endolymphatic
hydrops, and together with symptomatic information, to investigate the deeper relationship
between endolymphatic hydrops and Meniéreé’s disease. Future work includes working

together with medical professionals to bring the method to actual use.




Chapter 7

Evaluation of a novel
multi-articulated endoscope: proof
of concept through a virtual

simulation

In endoscopic surgery such as video-assisted thoracoscopic surgery and laparoscopic surgery,
providing the surgeon a good view of the target is important. Rigid endoscope has for years
been the go-to tool for this purpose, but it has certain limitations like the inability to work
around obstacles. To improve on current tools, a novel multi-articulated endoscope (MAE)
is currently under development. To investigate its feasibility and possible value, we per-
formed a user test using virtual prototype of the MAE with the intent to show that it
outperforms the conventional endoscope while bringing minimal additional burden to the
operator. To evaluate the prototype, we built a virtual model of the MAE and a rigid
oblique-viewing endoscope. Through a comparative user study we evaluate the ability of
each device to visualize certain targets placed inside the virtual chest cavity by the an-
gle between the visual axis of the scope and the normal of the plane of the target, while
accounting for the usability of each endoscope by recording the time taken for each task.
In addition, we collected a questionnaire from each participant to obtain feedback. The
angles obtained using the MAE were smaller on average (p = 0.01, MD = 7.25), indicating
that better visualization can be achieved through the proposed method. A non-significant
difference in mean time taken for each task in favor of the rigid endoscope was also found
(p = 0.42,MD = —2.09). We have demonstrated that better visualization for endoscopic

surgery can be achieved through our novel MAE. The scope may bring about a paradigm
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shift in the field of minimally invasive surgery by providing more freedom in viewpoint
selection, enabling surgeons to perform more elaborate procedures in minimally invasive

settings.

7.1 Introduction

Abdominal and chest surgery have traditionally relied on big surgical operations such as
thoracotomy or laparotomy. However, through the use of devices such as the thoracoscope
and the laparoscope, the surgeon has become able to access the target organ inside the
chest or abdominal cavity only by creating a small incision. This approach results in less
invasive treatment for patients who require surgical interventions, and is commonly called
minimally invasive surgery [103]. Largely due to only requiring a small incision it has
been shown to be the superior approach in comparison to conventional invasive methods
such as the thoracotomy [104], with studies showing it leads to comparatively shorter
hospital stays, better cosmetic outcomes, less pain, less complications and better prognosis
overall [105] [106] [107].

Especially because of the small incision, in endoscopic surgery the method of visualiza-
tion through the endoscope is important. The traditional tool for visualization is the rigid
endoscope, a 300-400 mm long, 3-10 mm diameter tubular device that provides a view inside
the human body. In addition to the rigid endoscope, semiflexible thoracoscopes [108] [109]
containing one joint for twisting the distal portion are also available.

The problem with minimally invasive surgery, and endoscopy in general, is that only
a two-dimensional view can be obtained, necessitating training for the surgeon to success-
fully be able to perform the elaborate procedures needed [110]. Recently, various stereo-
scopic endoscopes have been developed that aim to reconstruct the three-dimensional fea-
tures [111] [112]. Even still the problem of presenting this information to the user remains.
Furthermore, there is the problem of the difference between the viewing axis and the work-
ing axis: the surgeon often has to perform operations where the angle between the optical
axis of the endoscope and the instrument’s plane is large. This has been shown to be of
detrimental effect to the performance of the surgeon [113] [114].

We introduce a virtual prototype of a novel endoscope composed of multiple joints that
allow the endoscope body to change its shape based on user guidance. The principle is that
as the user controls the leading segment, the other joints conform to the movement in a way
that allows the rest of the endoscope to follow along on the same route. Previously, similar
ideas have been explored using cable actuators [8] [7], as well as for laparoscopy using servo

motors [115] and shape-memory alloys [116]. In contrast to building a complete surgical




7.2. Methods 67

system with a high degree of freedom (DOF) such as the i-Snake [117] or the Flex robotic
system [118], we focused on creating and evaluating the usability of a simple endoscope
that comprises of joints with one DOF that would allow for superior visualization of targets
compared to traditional rigid endoscope, while staying low cost and easy to manipulate.
The goal is to produce a view for the surgeon that reduces the disorienting effect caused by
the lack of depth-information and non-optimal placement of the endoscopic view in relation
to the other tools in use during surgery. We validate the feasibility of this approach and

compare our novel MAE with a traditional rigid endoscope through a user study.

7.2 Methods

The concept of the MAE is to manipulate the orientation of the leading segment, and as
the endoscope is inserted/retracted from the body, have the rest of the endoscope body
follow along the same route the leading segment takes. Thus we can avoid certain obsta-
cles, and most importantly decide on the direction of approach when visualizing a target
(see Fig. 7.1). To evaluate the endoscope we created a virtual chest cavity to simulate
video-assisted thoracoscopic surgery (VATS). The project was realized using Unity 5.4.1.
Basic Unity assets and self-created textures were used for the endoscope and the targets.
The chest cavity was built from a CT scan using LiveVolume & Amira softwares. By us-
ing a game controller, the user can manipulate the endoscope in an environment closely
resembling the VATS setting. The reason for using a game controller as opposed to sim-
ulating manual operation of the endoscope was twofold: Firstly, using a game controller
shouldn’t bias the test participants either way. By this, we mean that since we’re using
the same control method for both the novel and the conventional endoscopes, it should not
give an inherent advantage to either. Secondly, multiple robotic endoscope designs already
use control methods similar to a game controller, thus lending credence to it [119] [120].
After deciding on the prototype specifications, we then conducted a user study where we
evaluated the performance of the MAE and a conventional rigid endoscope through tasks
where we asked the user to visualize different targets inside the thoracic cavity. We scored
the performance of the user based on their ability to visualize the targets appropriately as
well as the time taken for each task. The expectation was that using the prototype the
targets could be visualized better, but because of the added functionality and thus more
complicated controls, the elapsed time per each task would be longer. At the end of the
experiment, we collected a questionnaire about the experience, to further evaluate and aid

in development.
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Fig. 7.1: Concept behind the movement of the endoscope. As the head of the endoscope is
moved through the push/pull and angle adjustments, the rest of the body conforms to the
route. This allows the endoscope to both avoid obstacles, and show the target from head
on even if it is at an angle.
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7.2.1 Endoscope structure

Before the user study, we considered multiple prototypes of the endoscope with varying
features. The overall limiting factor was the predicted cost for the configuration. The

features that were varied were:
e Length of each joint.
e DOF for each joint.
e Rotation of the camera.

To compare the different versions, we prototyped them in a virtual environment and used
them for visualization of the chest, eventually arriving at a single setting we considered
optimal. We prototyped joint lengths of 2, 3, 4, 5, and 6 centimeters for operating inside
the cavity. 2 cm was the lower limit due to estimated technical limits for the eventual
hardware implementation. It quickly became obvious that lengths longer than 2 cm were
unfeasible due to the limited operating space within the cavity. Meanwhile, 2 cm was
considered short enough to allow for the endoscope to bend freely while being still able to
house all of the components. To keep the structure simple, each joint can only move in
one dimension, and all of the joints are aligned so that the endoscope on the whole can
only change its shape in two dimensions if only the joints are manipulated. Adding a joint
at the leading end of the endoscope that could be orientated orthogonally from the rest of
the joints was considered to allow turning the camera more freely, but ultimately it was
decided that by carefully choosing the endoscope’s orientation it would not be necessary.
Further, mechanically rotating the endoscope camera is not needed, as we can perform the
rotation in software.

As the endoscope is based on the idea that the only part actively moved by the user
is the head of the endoscope, and the rest of it follows in a “follow-the-leader" manner, we
have to calculate the angles of the individual joints continuously. In the prototype we have
7 joints k € 0, ..., 6 whose angles f3, are calculated from a list of key-value pairs [¢, o] where
t is the distance the endoscope has travelled from the port, and « the absolute angle taken
at that point. For an endoscope that has travelled a distance T' from the port, the angle

¢ at any point ¢ between [0, 77 is defined as

I
¢r =y w(ti,t) * (2 — aic1), (7.2.1)
i=0

where

w(t;, t) =1 — max(0, min(¢; — ¢, 1)).
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As « represents the global angle, and we need the relative angle, we calculate a; — a;—1
and define «;|;<o = 0. By using equation 7.2.1, we can define the angle for all of the joints

k for any given t.

7.2.2 Controls

To control the virtual endoscopes, we mapped the movement to an Xbox 360 game con-

troller. For controlling the rigid endoscope, we gave the user the following possibilities:
e Rotation of the endoscope by using the port as the fulcrum.
e Twisting of the endoscope along its main axis.
e Insertion/retraction of the endoscope.

For the prototype, we additionally gave the user the ability to manipulate the orientation

of the endoscope head along one dimension.

7.2.3 Evaluation

To evaluate the MAE, we performed a user study. The general flow of the test is shown
in Fig. 7.4. The participants comprised trainees and faculty members of the Department
of Thoracic Surgery, Kyoto University Hospital. Total number of participants was 7, and
the average age was 34.8. Informed consent was obtained from all individual participants
included in the study. Fig. 7.2 shows the setup for the user evaluation. Every participant
had previous experience in VATS and using an endoscope during it. We asked the partic-
ipants to visualize six different targets inside the thoracic cavity, corresponding to actual
surgical targets. The targets were 3 cm by 3 cm squares that had a bullseye with radius
r = 0.5 cm in the middle. The placement, shape and the order of the targets can be seen
in Fig. 7.3. Each participant evaluated both of the endoscopes. To account for bias caused
by the order the tests were taken, we randomly decided which of the endoscopes would be
evaluated first for each participant. Before the actual test, the participants were allowed to
practice the controls of the endoscope for a period of time they deemed necessary. During
the practice 4 targets separate from the actual targets but placed at similar positions were
displayed to the participant one at a time, to provide context for the training. Average
time for participants to complete the test was 15 minutes.

The scoring was based on the proximity of the target to the center of the screen, as well
as the angle between the camera forward vector and the target’s normal vector, such that
if the camera forward vector as drawn from the middle of the camera didn’t pass through

the bullseye, it was not considered a valid placement. The validity of the placement was
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Fig. 7.2: The test setup. The controller, screen as well as the software are shown.
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shown to the participant during the test. If the validity requirement is passed, and the
user presses a button to record the target placement, the software calculates the angle
between the abovementioned vectors, and stores it in memory. The user could not record
the placement and progress until the validity requirement was passed. For evaluation
purposes, the closer the endoscope optical axis is to the perpendicular view of the target,
the better the score. It has been shown that the best results for surgical operations can
be obtained when the working axis and the optical axis are close to same [121]. In this
sense, the head-on visualization of the target can be considered to be equivalent to having
the endoscope minimizing the angle to the working axis. The participants were briefed
to the scoring system, and indicated to pursue the best visualization angle they deemed
reasonably achievable, according to their experience in endoscopic surgery.

After the test, we collected a questionnaire to get feedback on the experience. In the

questionnaire, the following questions were asked:
e Participant information
— Age
— Sex
e Rigid endoscope evaluation (Likert, 5-point scale)

— Explanation for the controls was satisfactory.

— I could understand the controls.

— If T became more accustomed to the controls, I feel I could better visualize the
target.

e MAE evaluation (Likert, 5-point scale)

— Explanation for the controls was satisfactory.

— I could understand the controls.

— If T become more accustomed to the controls, I feel I could better visualize the
target.

e Method comparisons (Conventional/Proposed/Neither)

— With which method was it easier to capture the target?
— Which method felt easier to use?

— Which method did you feel more secure in using?

e Free-form feedback
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Fig. 7.3: A screen capture of the test, showing the targets the participants were asked
to navigate to. Numbers indicate the order in which the targets were shown to each
participant.
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Randomly
Explain test choose
purpose & P between rigid
procedure. / proposed
endoscope.
v
Practice using Test using Practice using Test using
chosen > chosen > other > other
endoscope. endoscope. endoscope. endoscope.
v
Answer to
> Test over.

questionnaire.

Fig. 7.4: The course of events for the test for each participant. After testing both of the
endoscopes, the participants answered a short questionnaire to evaluate their experience.
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Fig. 7.5: A combined scatterplot-boxplot of the angles achieved (left) and times taken
(right) per task for each endoscope.

7.3 Results

Results of the study are shown in Table 7.1. For both time and angle, a lower value equals
a better score. Accordingly, the winner of the category is highlighted by bolding. As can
be seen, on average the conventional endoscope achieved faster operation, while the MAE

achieved better angles.

As the compared angles are not independent due to being measured by the same user,
we perform the paired t-test giving p = 0.01 with ¢ = 2.74 and a mean difference of 7.25,
indicating that with a statistically significant difference, the MAE provides a lower angle
between the optical axis and the target normal axis. For the times, similarly performing
the paired one-tailed t-test gives p = 0.42 and ¢t = —0.81 with mean difference of —2.09,
indicating that the mean time taken for the normal endoscope is not significantly less than
the time taken for the proposed methdod.

Combined scatter-box plots for the angles and times taken for both types of endoscope
are shown in Fig. 7.5. A Bland-Altman plot showing the differences vs. means for both

metrics is shown in Fig. 7.6.




7 Evaluation of a novel multi-articulated endoscope: proof of concept through a virtual

76 stmulation
Bland-Altman plot for rigid vs. MAE endoscope angles Bland-Altman plot for rigid vs. MAE endoscope elapsed times
o o o
L 6 Tt 2
o~ b
o o
o o o o | °
R of 8% o0 o °
] 0, ©°° ] o9
2 o o o = _ 0 o0 o 0 o
2 ’@8”5"0 ””””””” ;) ””””””””””””””” g ° "06”695"3237@"5 ””” O oo
8 o 9 0o%°%0 . o & o oo °
o o o e
S -
® o o ° @©
o | o T
& 2 g
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i o
T T T T T T T T T T T
20 30 40 50 60 70 80 20 30 40 50
Means Means

Fig. 7.6: Bland-Altman plots showing the relation between differences and means for the
two endoscopes for both angles and times elapsed for the tests. For calculating the differ-
ences, a positive value indicates that the score was larger for the rigid endoscope.

For the questionnaire answers, the data is shown in Table 7.2.

7.4 Discussion

The results were as expected when concerning the achieved angle: In a statistically signifi-
cant way, the proposed method performed on average better than the traditional endoscope.
Similarly, regarding the average time spent on operation, the mean score was in agreement
with the expectations, but the data was not sufficient to confirm significance. Both the
inter-task and inter-user standard deviations were quite high, which can be explained by
the difficulties in navigating using an unfamiliar game controller, as well as the differences
between experience levels of the users. Indeed, as pure personal conjecture, it seemed that
there was a portion of test participants who could quickly grasp the concept of the pro-
posed method, and those who struggled for quite a while. Most difficulties seemed to come
from using the “twist" function of the endoscope. Lowest scores for angles were obtained
in task 4 (Fig. 7.3) (combined average 23.3°), which was the easiest to navigate to. On
the opposite, the most difficult task for the users was task 1 (combined average 59.0°),
which had been anticipated as one of the more difficult ones. On top of that, this task was
presented to the users as the first target. Care should be taken when interpreting these
figures, especially considering the limited number of participants.

Although on average the users performed tasks faster using the rigid endoscope, the
differences weren’t significant. This might be caused by two factors: the users took quite a
long time after arriving close to the target to find the optimal angle for the rigid endoscope,
whereas in many cases the MAE allows the user to just turn the camera towards the target.

Also, the Xbox controller already provided a baseline difficulty level for many of the users,




7.4. Discussion

77

Table 7.1: Comparison of the average times and angles for the traditional endoscope and
the proposed MAE. Total average times are shown on the top, and task-specific and user-
specific times follow. For each row, the better scores are bolded.

Rigid endoscope MAE
Time (s) Angle (deg.) Time (s) Angle (deg.)

Total avg. & st. dev. | 23.49 + 12.88 44.63 + 21.98 | 25.58 + 9.77 37.38 £+ 16.34
Task avgs.

T1 33.13 + 23.23 61.04 + 15.60 | 27.61 + 9.72  56.93 £ 18.57
T2 23.18 £ 10.36  55.25 +23.98 | 21.34 +£ 6.81  39.03 £+ 12.13
T3 21.54 £ 893 37.85 £ 17.05 | 29.98 + 16.05 32.73 £+ 9.96
T4 15.89 £ 7.77  22.36 +2.23 | 29.61 £+ 10.27 24.25 4+ 9.96
ThH 24.24 £+ 10.01 56.50 £ 22.07 | 24.58 £+ 3.67 44.80 £+ 12.03
T6 22.99 + 8.03 34.78 + 18.60 | 20.37 + 5.86  26.56 + 10.63
User avgs.

U1 34.81 +24.92 4740 £+ 22.74 | 29.39 £+ 10.07 40.82 £ 20.30
U2 23.13 £ 832 6192 + 27.22 | 25.59 + 6.78 45.35 + 19.56
U3 13.26 + 3.22  67.49 4+ 24.07 | 17.51 4+ 4.25 45.23 + 14.37
U4 24.54 + 6.61 35.35 + 11.88 | 28.11 + 3.87 44.71 £+ 14.20
Ub 16.09 £ 3.37  32.67 £ 13.00 | 33.44 £ 1758 21.89 + 6.34
U6 31.21 £10.95 34.84 + 10.76 | 18.00 + 4.76  35.05 & 12.46
U7 21.41 £ 7.81  32.74 £ 12.01 | 27.03 £ 4.65 28.64 + 13.27

Table 7.2: Questionnaire results data. For Likert-scale questions, the options for answers
were: 1: Strongly disagree, 2: Disagree, 3: Neither agree nor disagree, 4: Agree, 5: Strongly
agree. For the comparisons, the participant could choose between 1: “rigid endoscope", 2:
“multi-articulated endoscope’, or 3: “neither”.

Rigid endoscope
1 2 3 4 5
Explanation for the controls was satisfactory | 0 0 1 2 4
I could understand the controls 0 0 1 2 4
If I became more accustomed to the controls, | 0 0 1 3 3
I feel I could better visualize the target.
Multij. endoscope
1 2 3 4 5
Explanation for the controls was satisfactory | 0 0 0 3 4
I could understand the controls 0 0 0 5 2
If I became more accustomed to the controls, | 0 0 0 2 5
I feel I could better visualize the target.
Comparisons
1 2 3
With which method was it easier to capture the target? 0% 100% | 0%
Which method felt easier to use? 42.9%| 57.1%| 0%
Which method did you feel more secure in using? 14.3%| 71.4%| 14.3%
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which may have a diminishing impact on the relative difference.

Grasping the relationships between all the different input possibilities seemed to pose
difficulty for most participants in the case of the MAE. For example, twisting a regular
endoscope can be thought of as applying a rotation to the point of view along the endoscope
axis, whereas in the case that the leading segment doesn’t share that axis, like often happens
in the case of a MAE, a translation of the viewpoint is also required. This makes it difficult
to predict how the multijointed endoscope acts if the current shape is not clear in the user’s
head. Some form of visualization method through a graphical user interface could be useful
here, to allow the medical professional to better grasp the shape of the endoscope from the
beginning, and to quickly adjust to the changes in shape.

Due to the joints’ movement being restricted to one DOF (pitch), the proposed MAE
cannot compensate for movement along the joints’ rotation axis, as opposed to the case
where the joints have 2DOF (pitch, yaw). This can be alleviated with careful route plan-
ning. However, in cases where the endoscope is engaged in a complex shape, partial or full
retraction may be needed to navigate to a new target.

For the questionnaire, similar scores were given for both of the methods. On the whole,
all of the participants agreed that it was easier to show the target with the MAE, which
seems to correspond with the results as well. On the ease of use, the opinions were much
more divided, which also reflects in the less clear division between the usage time between
the two endoscopes. On the last question regarding the feeling of security, a majority
answered that they felt more secure in using the MAE, which suggests that indeed a
demand for this kind of technology exists.

Recently, a virtual reality VATS lobectomy training simulator was presented [110].
In the freeform feedback section, a lot of the participants expressed that they felt the
endoscope had potential, but would require more practice to be able to use it well. In a
similar vein to the simulator, the evaluation software could be improved or altered to a
training simulator to further get the user accustomed to the use of the endoscope.

We are currently looking forward to applying the results to a real prototype, and are

considering a torque wire-driver to implement the articulation mechanism.

7.5 Conclusion

A user study using a virtual model of a novel multi-articulated endoscope was conducted.
In this report, we showed that the system could provide a better view on targets inside
virtual thoracic cages with no significant difference in usability of the endoscope. Although

the MAE requires skill for optimal controlling, we believe that this can be solved by further
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improvements, such as a more sophisticated user interface.
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Chapter 8

Augmented virtuality platform for
usability evaluation of a novel

endoscope concept

The endoscope is a key component of minimally invasive surgery, and several methods for
improving the traditional rigid endoscope have been proposed. These generally increase the
complexity of the endoscope, and thus the feasibility of operation of such devices should be
ensured through user testing in an environment that closely resembles the real use scenario.
We present an augmented virtuality endoscopy simulator that can be used for evaluating
virtual endoscope concepts. We achieve this by having the operator of the endoscope hold a
physical object resembling the prototype, and through operating the physical object, have a
virtual version displayed through a head-mounted display behave accordingly. We evaluate
the system through implementing a previously proposed novel articulated endoscope. The
system allows for usability evaluation of endoscopes in a setting closely resembling that
of the real surgical room without the need for constructing a working physical prototype,

potentially saving costs and allowing for quicker prototyping of novel endoscope concepts.

8.1 Introduction

Surgical interventions in the abdominal and chest areas have traditionally relied on opera-
tions such as thoracotomy or laparotomy to gain access to the surgical target. Endoscopic
methods with devices such as the thoracoscope and the laparoscope have enabled surgeons
to access the target organs through small incisions. This kind of approach is commonly

called minimally invasive surgery [103]. Owing to the fact that it only requires a small in-
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cision, it has been shown to be the superior approach when compared to some conventional

invasive methods such as thoracotomy [104].

The endoscope is thus an indispensable tool when considering minimally invasive surgery.
Traditionally, the rigid endoscope, a 300-400 mm in length and 3-10 mm in diameter tubu-
lar device has been used for visualization. Various improvements to it have been proposed,
ranging from adding a single joint to the distal end of the rigid endoscope [108] to multi-
articulated approaches that allow the user to modify the shape of the endoscope with
varying degrees of freedom [7,8,115,116]. These kind of multi-articulated endoscopes
(MAE) generally have the advantage of allowing for finer control of the point of view to
the surgical target, as well as potentially enabling manoeuvrement around obstacles within

the range of motion of the endoscope.

Previously, we have looked into a novel endoscope concept based on joints with 1 degree
of freedom (DOF). Through a comparative user study, we have showed that without a
significant difference in elapsed time, the operators could achieve a significantly better
angle of visualization for the surgical target, indicating that usage of such a device could
result in less complications caused by the surgery due to increased operational efficiency.
The evaluation for this endoscope was done by having the user operate the endoscope
with a game controller, and having the endoscopic view presented through a computer
screen. While this may be sufficient for comparing the maneuverability of the proposed
endoscope, it does not necessarily reflect on the actual usability, as the endoscope is likely

to be manually operated.

We propose a system to allow the evaluation of these kind of novel endoscopes in an
augmented virtual environment. Using a commercial VR head-mounted display (HMD)
and motion tracking software, the surgeon can manipulate a physical model of the endo-
scope, and through wearing the HMD, see the virtual prototype model with multiple joints
behave accordingly. Similar systems have been previously applied to delivery simulation
for medical training [122], and virtual reality has been used widely for endoscopic train-
ing [15,123]. We show that the system is a feasible platform for evaluating the usability
and user experience of the novel MAE in a situation closely resembling the actual use sce-
nario, by allowing the operator the tactile feedback from holding a physical device while
virtually modeling the behavior of the MAE. Such a system can be used for measuring
the usability and user experience of novel endoscope concepts in a way that closely mimics
the real hospital environment. This closes the gap between the purely virtual environment
that lacks physical feedback, and the purely real environment, in which costly prototypes

would need to be developed for accurate evaluation.
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8.2 Methods

We display the test environment to the user through the HTC Vive HMD. For tracking
the endoscope movement we attach markers to the physical model and use the OptiTrack
motion tracking system to follow the markers’ movements, and update the virtual endo-
scope position and orientation accordingly. The virtual environment was created with the
Unity game engine. By streaming the marker locations from the motion tracking system
to Unity, we match the physical endoscope model’s movements to the virtually modeled
MAE, and by having the user wear the HMD), overlay the virtual model on top of the
physical model to give the illusion of operating a more complex endoscope while allowing
for realistic manipulation and tactile feedback. Figure 8.1 shows the main components of
the system. Vi and Vs represent the Vive lighthouses, while O,, represent the OptiTrack
cameras. 1 marks the physical operating target, i.e. the endoscope, while HMD is the
head-mounted display worn by the user.

The endoscope itself is based on a previously proposed novel MAE, and is composed of
seven aligned joints with each having 1DOF. By manipulating the angle of the joint at the
distal end of the endoscope, and through insertion and withdrawal of the endoscope from
the target, the user can proceed to the desired direction while the rest of the joints conform
to the path taken by the leading portion. The distal joint angle manipulation was achieved
by using two buttons for angle increase/decrease on one of the controllers provided by the
HTC Vive system.

Several requirements were determined to have to be fulfilled for the environment to
be usable. First of all, the movements in the physical world have to closely match to the
movements in the virtual reality. This applies to both the user and to the endoscope: if
position tracking is not accurate, the user will have problems focusing on the task, and the
accuracy of the evaluation suffers. Related to this, the system should not interfere with
what is being tested. Physical equipment used should be as unobtrusive as possible, to allow
for free interaction with the endoscope. Further, the system should allow the user enough
space for movement to perform the tasks without becoming a hindrance. The evaluated
device should be modeled as close to the specifications as possible, to ensure relevancy
of the results. Likewise, the dimensions of the physical component corresponding to the
device should match the dimensions of the virtual counterpart on the relevant parts. In

general, we propose three main requirements for the system to be fit for its purpose:

1. The mapping between the real world positioning and the virtual reality coordinates

should be accurate.

2. The system should be both unobtrusive and accommodating for relevant actions.




84 8 Augmented virtuality platform for usability evaluation of a novel endoscope concept

3. The physical and virtual counterparts of the prototyped device should match the

concept to a high degree for the relevant parts.

Given that these three requirements are fulfilled, the system should be suitable for
modeling the endoscope and evaluating its usability in a way that the results translate well

to the surgical room.

8.3 Ewvaluation

To evaluate the system, we look at each requirement and see how well the system fulfills it.
By considering the performance in regards to each requirement, we can say if the proposed

system is suitable for usability evaluation of the particular kind of endoscopic system.

8.3.1 Mapping between real/virtual world

Figure 8.2 shows the test scenario in both real and virtual environments. To achieve a high
correlation between them, we use the OptiTrack system with Prime 13 infrared cameras
for tracking markers attached to the physical endoscope. The cameras have a latency of
4.2 ms and can track the markers with sub-millimeter accuracy'. For tracking the user, we
use the HT'C Vive system, which uses various sensors in unison with two base stations that
project structured light and can track the HMD with roughly 2 mm accuracy'. To combine
the two sets of data from the devices, we use the Unity game engine which has plug-ins to
stream data from both. Matching the coordinate systems is a question of providing proper
positional and rotational offsets, as both systems use similar scaling for coordinates.

The moment the user rotates the joints of the virtual model, it ceases to be fully in
agreement with the physical model. We avoid any problems caused by this by limiting the
extent of withdrawal of the endoscope, so that for the parts where it undergoes deformation,
neither the physical nor the virtual model are directly accessible by the user.

Since both the Vive and the OptiTrack use infrared light for tracking, there is a pos-
sibility for interference. In practice however, this was not found to be an issue, and in
the case that interference is exhibited, the systems can be synchronized to eliminate the

problem.

8.3.2 Accommodativeness

The general layout of the area can be seen in Figure 8.1. The Vive allows an area with

diagonal length of 5 m to be set up for tracking. For the OptiTrack system, multiple

!The accuracy numbers for the Vive are from http://doc-ok.org/?p=1478, and for the Prime 13 camera
from http://optitrack.com/products/prime-13/. Both pages were accessed on 2017-02-27.
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cameras are needed for accurate tracking but the maximum range for each camera is 12.2
m. For our experiments we set up a 2 m x 2 m area within which the tests are carried out.

The HTC Vive has a cord that connects the HMD to the computer, which can get
in the way, but careful wiring can eliminate this problem, and wireless solutions exist for
transmitting data. Likewise, the markers that are required for the OptiTrack system can

interfere, but with proper placement should get in the way only minimally.

8.3.3 Models’ suitability for concept

For the physical counterpart of the endoscope we repurposed a laparoscopy training simu-
lator’s endoscope handle for the system (Figure 8.2). This provided a realistic feel for the
endoscope operation, but 3D printed parts could also be considered for replacement. For
the virtual counterpart, we modeled the movement of the joints in a "follow-me" kind of
way as described before. The target for endoscopy was a CT-scan from the right lung area

with separate segmented meshes for the muscular and skeletal structures, and the pleura.

8.4 Discussion

The proposed system allows the evaluation of the usability of the novel endoscope in a more
realistic setting. By having the user operate the physical endoscope model, the disconnect
caused by having to use e.g. a gamepad for controls is removed, and the user can get a feel
for how the endoscope would actually handle.

Limitations for the proposed system include the difficulty of implementing realistic
haptic feedback for the parts where the virtual model doesn’t agree with the physical one.
A vibration mechanism could be implemented to improve the experience, but limitations
remain when compared to using a physical prototype and e.g. an animal carcass. This
further emphasizes that the system is best employed in the early stage of the development
process.

To control the angle of the distal joint, we used a controller provided by the HTC Vive
system, held in the operator’s free hand. In practice dedicating a whole hand for this
operation is not feasible, so alternatives such as integrating the buttons to the endoscope,
or using foot pedals should be considered.

Using the system we can compare endoscopes with varying complexities to model the
tradeoffs between usability and capability. Since the user is completely immersed in the
virtual environment, it also allows for the simulation of alternative visual feedback methods
such as HMD’s within the virtual environment. Methods for reducing user disorientation

caused by either the environment or the endoscope’s dynamic shape (such as displaying
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the endoscope like in Figure 8.3) can be also be explored, and user evaluations conducted
to see what kind of information can be displayed for positive effect. In a similar vein, the
system could be applied for endoscopy training.

The proposed system can be expanded to be a platform for exploring related concepts
such as visualization and endoscope manipulation techniques, stereoscopic endoscopy, and
training in an environment closely resembling the surgical room. For future work, contin-

uing development in this direction should be considered.

8.5 Conclusion

We presented a platform for evaluating the usability of a novel endoscope system. By
showing that it adheres to the requirements, it can be considered to be a viable platform for
not only evaluating the usability of the previously proposed endoscope, but also for future
evaluation of various concepts related to endoscopy, such as methods for visualization and

operation of the endoscope.
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Fig. 8.1: Overview of the components of the system.
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Fig. 8.2: Top: the virtual stereoscopic view towards the endoscopic target provided by the
HMD. Bottom: view in the physical world from the same viewpoint.
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Fig. 8.3: The endoscopic view inside the target, with current endoscope shape overlayed.
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Chapter 9

Discussion

In this thesis, we explored different ways to support the development and use of novel
endoscopes through means of visual computing. To this end, in Chapters 3, 4, 5, and 6,
we explored tools and clinical applications for a novel endoscope combining conventional
visible light imaging and OCT imaging capabilities. We applied visuocomputational en-
doscopy for both operational support of the novel dual-mode endoscope through image
processing and reconstruction of the OCT images, as well as for clinical decision support
in developing methods for measuring the degree of endolymphatic hydrops in cochlea. In
Chapters 7 and 8, we explored visuocomputational support for the development and us-
ability evaluation of a novel multi-articulated endoscope (MAE).

Within the visuocomputational endoscopy pipeline, as shown in Fig. 2.3, the works
covered all aspects labeled, with the first half covering the middle three (multimodal en-
doscopy, image processing, and image analysis), and the second half covering the structural
modifications and computer graphics aspect. Creating a guideline for endoscope research
and development based on and combining the researches done for both projects would be
an interesting endeavor, and might be considered in the future.

A combination of the two approaches, a dual-mode MAE, and the usability challenges
it implies might be an interesting project to tackle through visuocomputational endoscopy
means. By modeling the endoscope virtually and generating mock data resembling the
OCT/digital endoscope data, usability issues related to the endoscope shape and how to
present information to the user could be explored. Especially methods for controlling and
visualization of the endoscope orientation could be explored through a setup similar to
that presented in Chapter 8.

In a broader perspective, the researches introduced in this dissertation showcase the
different aspects of visuocomputational endoscopy as described in Fig. 9.1. The figure

shows the examples of visuocomputational support introduced in Chapter 2, as well as
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the research results presented in the previous chapters. For the latter, the parts dealing
with visual computing applied to the novel OCT/digital endoscope mostly focused on the
operational support (image segmentation, dual-mode image synthesis, and surface recon-
struction methods) to decision support (measurement of endolymphatic hydrops). The
research related to the MAE mainly applied visual computing in the development phase,
but the system could be feasibly extended to provide training support for the novel en-
doscope, also. The framework in Fig. 9.1 could further be split into applications prior to
use of endoscopy (top row) and applications during use of endoscopy (bottom row). This
classification seems to make sense in that the tools developed for support in one of the four

aspects can be readily applied for the horizontally neighboring aspect too.

Visuocomputational endoscopy

Ch. 7: virtual Surgical training
concept eval. simulators

Development Training

Ch. 8: aug. virt.
platform

POIyp feteeton i teIXture
endoscopy mapping

Decision support Operational support

Ch. 4: EH degree Ch. 6: EH degree Contrast Ch. 5: OCT image
measurement measurement adjustment etc. reconstruction

Fig. 9.1: The four aspects of visuocomputational endoscopy: development of novel en-
doscopic methods, training for endoscopic procedures, operational support, and decision
support.

In the next few paragraphs, we will go through discussion relevant to the two projects,

starting with the OCT/digital endoscope project, and moving to the MAE project.

9.1 OCT project

In general, more robust methods for handling the noise need to be developed. Due to
the nature of the speckle noise, a strongly reflecting particle in the imaged sample can
cause whole column clusters to become corrupted with noise of high intensity. This kind
of noise is hard to filter with traditional noise filtering methods, and can get detected as a
feature by even the most sophisticated segmentation and feature detection algorithms. In

the future, algorithms for specifically dealing with this type of noise could be developed to
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reduce their effect on segmentation and such.

For the dual-mode endoscope, considering that its ultimate application is in real-time
endoscopic imaging, algorithms that take advantage of the continuous nature of imaging
such as motion estimation, perhaps in the form of optical flow, should be taken advantage
of to reduce the amount of unnecessary re-segmentation from frame to frame. This could
help push the proposed method more towards true real-time performance.

The first algorithm focusing on Méniere’s disease, based on optical flow, turned out to
be quite vulnerable to the speckle noise present in OCT images. Performance could be
improved either by better management of the noise, which likely would increase processing
time, or by using another method for motion estimation that doesn’t rely so much on the
brightness consistency principle like optical flow does.

Evaluating the tools for the measurement of endolymphatic hydrops proved to be quite
difficult. Although it is possible to manufacture hydrops in mice via knocking out the
relevant gene, it still only enables the procurement of only cochlea with no hydrops, or
those with severe hydrops. Harvesting cochleae that exhibit a mild form of hydrops would
require going through a lot of mice. However, this kind of large scale validation should
be considered, not only due to the validation aspect on the tools created, but because it
would also enable the forming of a precise model of how the Reissner’s membrane behaves in
general when the hydrops progresses. Having data to "fill the gap" between the none/severe
hydrops groups would allow us to come up with similar classification for the angle, leading
to a truly quantitative assessment method for the severity of hydrops.

Although evaluations were made on mice cochleae and the method should translate to
work well in human cochleae, some modifications are bound to be needed. The larger size
of the cochlea in humans means that less of the features are probably visible in an OCT
volumetric image. This means that more skill is needed for the medical professional to get
the image so that the needed features are visible, but due to the increased feature sizes,
the algorithm should perform better. Due to this it would be interesting and enlightening
to be able to work with some human cochlea data in the future.

Throughout the publications, we used a simplification of the Reissner’s membrane
structure and the cochlear wall shape by fitting planes onto them. In reality, neither
of the structures, except the Reissner’s membrane in the case of no hydrops, are perfectly
straight, being more closely estimated by a parabolic surface if anything. Thus, instead of
the angle, the curvature of the membrane could be used as an indicator of the severity of
endolymphatic hydrops.

Similar to this, the diffusion maps we used for segmentation could also be used for

noise reduction. Combined with a proper kernel that takes into account the characteristics
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of speckle noise that OCT images exhibit, it could prove to be a powerful tool for noise
reduction when combined with some form of local noise filtering method. Exploring pos-
sibilities for this in the future could lead to some nice results when it comes to de-noising
OCT images.

It would be interesting to try to perform some sort of automatic detection of the
OCT features to solve the initial value problem that in the presented methods were solved
through user input. Although full cochlear modelling based on the spiral structure was
briefly considered, it was discarded as being too complicated, and furthermore due to only
part of the cochlea usually being able to be captured by the OCT sensor. To this end,
modelling local features like the three scalae, or even simpler the curved shape of the inner
wall of the tunnels could be utilised to automatically detect the location of the Reissner’s
membrane, for example.

Automatic segmentation of different tissue types could also be considered, for example
to separate the outer layer of the cochlear wall from the inner layer. Methods for achieving
this could include taking advantage of the speckle noise, and the different types of texture it
creates depending on the material. For this, texture analysis methods could be considered
and might provide good results. This could prove valuable for delineating cancer cells from

benign soft tissue, for example.

9.2 MAE project

In Chapter 7 we built a virtual model of a novel multi-articulated endoscope (MAE),
and through a user test, confirmed its feasibility as a clinical tool. Building upon the
experiences, in Chapter 8 we explored an augmented virtuality platform for modeling
and evaluating the endoscope and similar kinds of clinical equipment in a highly realistic
fashion.

For the MAE, although previous researches have investigated the applicability of multi-
articulated endoscopes with >2DOF per joint to various clinical targets, usability and UX
research has been lacking. In this sense, it would be valuable to compare the usability of
MAE to models of these endoscopes, too.

The platform for evaluating the novel MAE has some limitations. The markers required
for the motion tracking system to work require careful placement to not get in the way
during operation. Unfortunately, a good solution for this does not exist yet. A marker-less
Kinect-type system could be used for tracking the movements, but the accuracy of such a

solution is questionable.




Chapter 10

Conclusion

10.1 Contributions

In this dissertation, we investigated multiple methods for improving upon conventional
endoscopy through visual computing. We looked at some previous approaches in Chap-
ter 2, and provided a structured view to endoscopic research and development in Fig. 2.3.
Based on this structure, and our contributions from Chapters 3-8, we proposed a model

of visuocomputational endoscopy in Fig. 9.1.

Texture mapping for dual-mode en face-OCT endoscope system

In Chapter 3 we explored image processing methods for a novel endoscopic system com-
bining a traditional digital endoscope with an OCT imaging sensor. The focus was on
providing a real-time system for mapping the camera image to surface data obtained from
the OCT image. This kind of functionality could be valuable for medical professionals
when diagnosing diseases, and especially in surgery to see not only the surface image but

the structural changes in tissue more accurately.

Estimating the degree of EH using optical flow

For Chapter 4, we showed that it is feasible to use the angle between the Reissner’s mem-
brane and the cochlear wall it is connected to, to measure the degree of endolymphatic
hydrops. We used motion estimation to calculate the slice-by-slice movement of the fea-
tures marked by the user, and fitted planes using least squares method to obtain the angle.
We then performed some tests on cochleae obtained from mice for further validation. The
results obtained show that there is a correlation between the area calculated and the angle

between these features, indicating that the tool could be used for clinical purposes when
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calculating the degree of endolymphatic hydrops.

Segmentation of OCT images using diffusion maps

In this chapter, we used diffusion maps and superpixels to show that we could segment
the cochlear structure from OCT images that include the delicate features such as the
Reissner’s membrane, suggesting that the segmented data could be used in further analysis

of the degree of endolymphatic hydrops.

Semi-automatic measurement of endolymphatic hydrops from volumetric

optical coherence tomography images

In Chapter 6, we used the method from the previous chapter, along with a novel method
for delineation of the two previously mentioned features for calculating the degree of en-
dolymphatic hydrops. Although the results had a higher standard deviation than those
presented in Chapter 4, the method works as a proof of concept and further adjusting of

the parameters should work to allow for more accurate results.

Evaluation of a novel multi-articulated endoscope: proof of concept through

a virtual simulation

In Chapter 7, a new point of view was introduced: utilizing virtual prototyping to demon-
strate the feasibility of a novel endoscope design. Through building a virtual model, it was
possible to conduct a feasibility study and evaluate the usability of the design. By avoiding
the need to construct physical prototypes, quick evaluation of various configurations, and

facilitation of user study was made possible.

Augmented virtuality platform for usability evaluation of a novel endo-

scope concept

Finally, Chapter 8 introduced a platform whose design was inspired by the research con-
ducted in Chapter 7. By having a user interact in an augmented virtuality environment,
they can evaluate novel endoscopic prototypes in a highly realistic setting without the need

for a working prototype.

10.2 Future direction

The work undertaken for this dissertation could continue in several ways. In general,

applications of visuocomputational endoscopy involve multiple areas of visual computing,
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allowing for a broad selection of possible future research avenues.

For the evaluation of endolymphatic hydrops, further improvement of the delineation
of the inner cochlea features could help obtain even more accurate measurements of the
angle, and thus lead to more accurate analysis. Other ways to measure the degree such
as the beforehand mentioned curvature of the Reissner’s membrane could be explored.
Definitely, more thorough evaluation of the method is needed before any clinical use can
be considered. This could be done by harvesting mouse cochleae with various levels of
endolymphatic hydrops.

Another direction would be to focus on improving the handling of the endoscopic data,
particularly for real-time processing. Eventually as the endoscope is finished and as the
applications for it become clear, adding functionality in respect to those applications could
prove to be valuable.

Furthermore, feature delineation in form of detecting cancer cells from surrounding
benign tissue, or bone tissue from soft tissue, could be attempted. To this end, texture
analysis methods could be considered.

For the virtual endoscope prototype, an obvious next step is the development of a
physical prototype based on the specifications. Replicating the user study with the physical
prototype would also give valuable information about the validity of the virtual prototype
user experiment results.

Finally, regarding the augmented virtuality platform, although it was created specif-
ically for the evaluation of the MAE, very little domain-specific knowledge pertaining to
the endoscope was used, and its application for other medical device development could be

a direction for future research.
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