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Abstract

Age related macula degeneration (AMD), Cystoid Macular Edema (CME) and glaucoma are
retinal diseases that affects vision and often lead to irreversible blindness. Many imaging modal-
ities have been used for screening of retinal diseases. Optical coherence tomography (OCT) is
one such imaging modality that provides structural information of retina. Optical coherence
tomography angiography (OCTA) also provides vascular information of retina in addition to
structural information. With advancement in OCT and OCTA technology, the number of pa-
tients being scanned using these modalities is increasing exponentially. Manual analysis of vast
data often makes human experts feel fatigue. Also, this extends the time to treat any patient
and creates a demand to develop a fast and accurate automated OCT image analysis system.

The system proposed in this thesis aims at analysing retinal anatomy and its diseases.

We approach the problem of automatically analysing the retinal anatomy by segmenting its
layers using a deep learning framework. In literature these algorithms usually requires pre-
processing steps, such as denoising, image flatenning and edge detection, all of which involve
separate parameter tunings. We propose a deep learning technique to automate all these steps
and handle the presence/absence of pathologies. This model consists of a combination of Con-
volutional Neural Network (CNN) and Long Short Term Memory (LSTM). The CNN is used
to extract layers of interest image and extract the edges, while the LSTM is used to trace the
layer boundary. This model is trained on a mixture of normal and AMD cases using minimal
data. Validation results on three public datasets show that the pixel-wise mean absolute error
obtained with our system is 1.30 & 0.48 which is lower than inter-marker error of 1.79 + 0.76.

The performance of the proposed module is also on par with the existing methods.

We next propose three modules for disease analysis, first for diagnosing them at volume level,
second at slice level and finally at pixel level by segmenting the abnormality. Firstly, we propose
a novel method for glaucoma assessment at volume level using data from OCTA modality.
The goal of this module is to gain insights about glaucoma indicators from both structural
information (OCT volume) and vascular information (angioflow images). The proposed method
achieves a mean sensitivity of 94% specificity of 91% and accuracy of 92% on 49 normal and 18
glaucomatous volumes. Secondly, for slice level disease(AMD and CME) classification from OCT

volumes, we learn a decision boundary using a CNN in the new extremal representation space of



an image. Evaluating on four publically available datasets with training set consisting of 3500
OCT slices and test set having 1995 OCT slices, this module achieves a mean sensitivity of 96%,
specificity of 97% and accuracy of 96%. Finally, we propose an automated cyst segmentation
algorithm from OCT volumes. We propose a biologically inspired method based on selective
enhancement of the cysts, by inducing motion to a given OCT slice. A CNN is designed to learn
a mapping function that combines the result of multiple such motions to produce a probability
map for cyst locations in a given slice. The final segmentation of cysts is obtained via a simple
clustering of the detected cyst locations. The proposed method is trained on OPTIMA Cyst
segmentation challenge (OCSC) train test and achieves a mean Dice Coefficient (DC) of 0.71,
0.69 and 0.79 on the OCSC test set, DME dataset and AEI dataset respectively.

Thus, the complete system can be employed in screening scenarios to aid retinal experts in

accurate and faster analysis of retinal anatomy and disease.

viii
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Chapter 1

INTRODUCTION

Medical image processing is a research area focused on developing computational methods and
algorithms to analyze and quantify medical images. With the advancements in making machines
understand visual data, an entire field has opened up in pursuit of early prediction of diseases.
Imaging modalities have aided medical experts to know the human anatomy better. Medical
data in the digital version has allowed researchers across the world to build algorithms for various
complex medical image processing tasks like disease classification, identification of abnormality
and quantifying anatomical structures. This thesis focuses on analysing images of retina acquired

using 3D imaging modality.

1.1 RETINA AND ITS DISEASES

Retina is the light sensitive tissue at the back of the eye. It contains cones which produce
visual images and rods which are responsible for peripheral and night vision. Macula forms the
central part of retina. A photoreceptor cell is a specialized type of neuron found in the retina.
Photoreceptors convert light into signals that can stimulate biological processes. Rods and cones
are the two classic photoreceptor cells, each contributing information used by the visual system.
The Retinal pigement epethilium (RPE) is composed of a densely packed pigment granules.
The main function of RPE is to absorb light. Bruch’s membrane (BM) is a strategically located
structure between RPE and the choroidal capillaries of the eye. They regulate the exchange
of biomolecules, nutrients, oxygen and fluids between the retina and the general circulation [2].
A pictorial depection of a normal eye is shown in Figure (a). Retinal diseases can affect
any part of the retina and can cause total blindness. Retina of the eye is affected by diseases
like Age related macular degeneration(AMD), Cystoidal macular edema (CME), Glaucoma and
Diabetic retinopathy. Here in this thesis the focus is on diseases like AMD, CME and Glaucoma.

A diagramatic representation of the affected retina is shown in the Fig. [1.1] (b).
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Figure 1.1: 3D representation of retina . (a) Normal retina (b) Retina affected by AMD and
CME. (source:https://www.scienceofamd.org)/)

1.1.1 Age related macular degeration (AMD)

AMD is the leading cause of irreversible blindness in the world. The cell death in macula affects
the central vision of the patient. The difference in vision for a normal subject vs AMD subject
is shown in Fig. The main characteristics of this disease are Pigment Changes, Drusen,
and Geographical atrophy. Pigment changes are visible as coloration difference in the retinal
pigment epithelium(RPE) layer. Drusen are yellow deposits in retina resulting from collection
of waste products. Geographical atrophy is seen in the final stages of AMD where the RPE

layer is absent due to the death of choroidal vessels.

1.1.2 Cystoidal macular edima (CME)

CME is a retinal condition in which swelling develops in the macula. These swollen areas are
often filled with fluid, causing the macula to thicken. The cause of the disease is not known.
However, it is observed that CME occours usually after cataract surgery. The fluid filled areas
are called cystoidal structures or cysts. The difference in vision for a normal subject vs CME
subject is shown in Fig. [I.3]
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Figure 1.2: An illustration of the difference in the vision of a normal person (a) and a person with
AMD (b) (source:http://www.optos.com/en-US/Patient/Eye-conditions/Age-related-macular-
degeneration-AMD/).

(a) (b)

Figure 1.3: An illustration of the difference in the vision of a normal person (a) and a person
with CME (b) (source:http://eye.md/cystoid-macular-edema/).
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(b)

Figure 1.4: An illustration of the difference in the vision of a normal person (a) and a person
with glaucoma (b).

1.1.3 Glaucoma

Glaucoma is a disease that damages the optic nerve of the eye. It is the second leading cause of
blindness after cataracts. Glaucoma is a chronic and irreversible disease in which the optic nerve
is progressively damaged, leading to deterioration in vision. Early detection of glaucomatous
changes is crucial for timely treatment before the onset of permanent functional visual loss. A
key challenge in early detection is that many glaucoma patients are not aware of their condition
until vision loss. Glaucoma is detected from visual field loss and manual assessment of the optic

nerve head. The difference in vision for a normal subject vs glaucoma subject is shown in Fig.

4

1.2 IMAGING MODALITIES

Understanding the cause and effect of any disease requires visualization of the human anatomy
that is being targeted. A wide variety of imaging modalities exist to image human eye. The use
of light has played an important role in revealing structural and functional information from the
human retina in a non-invasive manner. Multiple imaging modalities exist to image the retina

of the eye.

1.2.1 Fundus imaging

Fundus imaging projects the 3D retinal tissue into a 2D image. Each pixel in a color fundus image

represents the reflected red, blue, and green waveband. This is a popular imaging technique
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(a)

Figure 1.5: Fundus imaging . (a) Color fundus image (b) Fluorescein angiography

used for screening purpose. Since only visible light is used to illuminate the eye, the modality
is very cost effective. It can document the appearance of the optic nerve and blood flow in the
eye. A technique for imaging vasculature is fluorescein angiography. Here an image intensity
depicts the amount of emitted photons from the fluorescein dye injected for circulation. This
technique is used to assess the damaged retinal vessels. But, the method is limited because of
its invasive nature. An illustration of Color fundus image and fluorescein angiography images
is shown in Fig. [I.5]

1.2.2 Optical Coherence Tomography Imaging (OCT)

The origin of OCT is traceable to optical ranging used in the telecommunications industry for
locating faults or defects in optical fibers. Faults in the fiber produce a partial or complete
reflection when optical pulses are incident. The time delay between the original and reflected
pulse is measured to localize these faults. Analogous to optical ranging in fibers, optical ranging

can also be performed on biological tissue.

OCT imaging works by estimating depth at which a specific backscatter originated by measuring
the time taken by light to travel in the eye. The cause of backscatters are typically due to the
transitions in refractive index from one tissue to another. The time taken for backscatter is used
to differentiate the deeper tissues from the superficial ones. Low-coherent light interferometer is
employed by OCT to measure the thickness of retina. A low coherent light is split optically, one

reference beam is sent to a mirror at a specific distance to reflect and the other beam is made to
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Figure 1.6: Axial scans (A-scan) in purple (Column of the XZ plane) are combined to form a
2D cross sectional slice (B-scan) in red by scanning through the volume in a raster scan pattern
in blue (Row in of the XY plane). Multiple B-scans are combined to form a complete OCT
volume.

reflect from the retinal tissue. The energy of the interference between the reflected two beams
is encoded as intensity in the OCT image. Different depths observed from backscatters is coded
with different intensities making it a depth scan also known as A-scan. Aiming to increase the

number of A-scans, different approaches have been developed.

1. Time domain OCT: Time domain OCT is the initial imaging method in which the
reference mirror is moved mechanically to different positions. This mechanical opera-
tion restricts the acquisition time of A-scan. The other limitations include poor image

resolution and subject inconvenience.

2. Spectral domain OCT: Spectral domain OCT differs from its predecessor TD-OCT
with an inclusion of a spectrometer in the receiver. This spectrometer according to the
Fourier principle assesses the spectrum of reflected light on the retina and transforms it
into information about the depth of the structures. The need of mechanically moving
reference mirror is eliminated in this approach. This consequently increases the speed at
which A-scans are captured and also the axial resolution. A 2-D slice or B-scan is obtained
from a single sweep of the scanning beam over the retina in a linear or circular fashion.
The increase in the rate of A-scanning created the possibility of capturing multiple B-scans
for an examination. Thus, this resulted in imaging retina in 2-D and 3-D with resolution
depending on the number of A-scans and B-scans acquired. Figure[I.6]show the acquisition
and the coordinate system of the OCT.
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(a) (b)

Figure 1.7: Optical Coherence Tomography Imaging . (a) Time domain OCT (b) Spectral
domain OCT

Sample Time domain OCT and Spectral domain OCT images are shown in Fig. ocCT
scanning results in cross-sectional images of the retina unlike angiography or fundus photogra-
phy. Hence, anatomy of the retina greatly facilitates interpretation of normal and pathological

conditions.

Optically transparent vitreous is invisible and appears as the black (non-reflective) region in
the upper part of an OCT image (see Figure . This region is not visible in any other
imaging modality (Color fundus image or Fundus angiography). Vitreous detachment causes
blurry shadows that obscure the vision. The retinal nerve fiber layer (RNFL) appears next as
a hyper-reflective band. The thickness of RNFL layers is often measured to assess Glaucoma.
RPE is a highly reflective layer visible as a thick line at the base of alternating bright and dark
bands. This marks the outer boundary of the retina and is used as a landmark for calculation of
retinal thickness. The layers in between together with RNFL and RPE are of great prognostic
importance in a range of retinal diseases. The 3D volumetric information from OCT helps in

profiling each layer and abnormality across the surface of the retina.

1.2.3 OCT angiography (OCTA)

OCTA is a new imaging modality providing blood flow profiles at various layers of the retina.
It is based on a rapid OCT scanning of the eye at the same location in the retina, over a time
interval, to look for changes in the scan. All the structures in the retina are static except for the
blood flow through vasculature or by movement of the eye itself. Mapping these areas of blood
flow is done using the Split-Spectrum Amplitude-Decorrelation Angiography algorithm [3] to

derive highly detailed maps of the vasculature in a noninvasive manner as opposed to fluroscein
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Figure 1.9: Comparison of images of Fluroscein angiography to OCTA enface image. (a) Con-
ventional fluroscein angiography (b) Superficial plexus enface image (¢) Deep plexus enface
image. (source:|[1])

angiography. A comparison of fluroscein angiography in imaging the peripapillary or the deep
capillary networks with the OCTA is studied [1] and shown in

Specifically, in addition to structural information about the retinal layers, OCTA also provides
angioflow (enface or top view) images which capture blood flow information at different layers
namely, the superficial capillary plexus, deep capillary plexus, outer retina and choriocapillaris
area which aid a detailed study of the capillary network. The figure [1.10] illustrates enfaces at
different depth of eye and figure [I.10] is a sample slice from an OCTA volume.
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A slice from OCTA volume

(i) Deep plexus {iv) Choriocanpillaries

Figure 1.10: The different enface images in relation to a cross-sectional OCT slice. (source:[I])

1.3 MOTIVATION AND THESIS FOCUS

Retina can be examined by visually assessing the images obtained by different imaging modali-
ties. Manifestation of different diseases is clear or invisible according to the imaging modality.
Clinical screening of retinal disease is usually done using imaging modalities such as Color fundus
image or luroscein angiography or OCT. Color fundus image gives a gross 2D understanding of
the health of the eye. Likewise, luroscein angiography captures useful information about retinal
vessel integrity. These two imaging modalities are however projection based and lack structural
information of the retina. On the other hand, OCT provides morphological information about
the examined retinal tissue. OCT provides 3D information which is helpful in estimating the
thickness of individual retinal layers and quantitative characterization of abnormality, including

area, volume, height. Hence, OCT is widely used in practice,

Cystoidal macular edima results in decreased visual acuity [4]. But, Age related macular dege-
naration causes irreversible blindness [5]. RNFL thickness is an indicator for assessing glaucoma
diagnosis. Early detection of the retinal disease is particularly important to prevent permanent
vision loss. Understanding the severity of the disease is crucial for planning image guided ther-
apy. Advancement in OCT imaging modality and its usability for multiple disease assessment
is resulting in using it at large screening scenarios. Manually going through each volume for
a human grader is laborious. Also, obtaining quantitative information for anatomy and ab-
normality via manual delineation is often strenuous and time consuming. Automated computer

assisted systems are developed with an aim to reduce the human fatigue experienced in assessing
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Figure 1.11: Optical Coherence Tomography image analysis system.

medical images. Along with reducing the burden on medical experts, these systems also helps
in early detection and providing quantitative information about the disease. This motivates us

to develop an automated OCT image analysis system in this thesis.

The proposed system is capable of diagnosing disease and analysing anatomy. The block diagram
of the OCT image analysis system is shown in Fig. [[.TI] The entire system is developed in four
parts. In the first part, we focus on anatomy analysis by developing an automated retinal layer
segmentation algorithm. Next, we turn to analysis of the diseases. Initially, we concentrate
on developing an algorithm for glaucoma detection at OCT volume level. Next, we develop an
algorithm for diagnosis of the retinal disease (Normal vs AMD vs CME) at slice level from an
OCT volume. Later, we focus on solving the problem of quantifying abnormality by formulating
an automated retinal cyst segmention algorithm. In the Fig. there are bi-directional arrow
connecting each parts of the system indicating the possibility of information flow within the
parts of the system. Combining the four parts, a complete automated OCT image analysis
system is formed to assist experts in anatomy and disease analysis. In this thesis, however, we
have not made any connections between the parts so as to make it customizable according to
the need.
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1.4 CONTRIBUTIONS

The major contributions in developing an automated OCT image analysis system described in

the thesis are:

1. A novel deep learning based framework for segmenting retinal layers.
2. A novel framework for glaucoma detection from angio-OCT volumes.

3. A Convolutional Neural Network based classifier for slice level diagnosis of retinal disease
(Normal vs AMD vs CME).

4. A selective enhancement technique for retinal cysts segmentation using Convolutional

Neural Network.

1.5 OUTLINE OF THE THESIS

The organization of the thesis is as follows. In Chapter [2| a deep learning based retinal layer
segmentation framework is explained. The novel deep learning architecture has three stages
performing layer of interest extraction, edge detection and boundary tracing. The goal of the
work is to build a layer segmentation module that can segment retinal layer in presence and
absence of pathology. A detailed description of the training procedure and the preparation of the
data required for training is given in this chapter. Results of the module are validated against
two experts who had marked the retinal layer boundary. Chapter [3] describes the use of angio-
OCT data for diagnosis of glaucoma at volume level. A detailed description about angio-OCT
and the bio marker used for detecting glaucoma is explained in this chapter. Chapter 4] discusses
the disease classification from a given OCT data. The concept of extremal representation from
motion pattern for an image is introduced and the use of it for classifying the image is explained.
The proposed novel Convolutional Neural Network classifier architecture is also introduced in
the chapter. The corresponding input and output for the architecture is discussed in brief and
the need for extremal representation is justified. The performance of the classifier for each class
is validated by the decisions given by an expert. Chapter [5] discusses the proposed system for
localizing and segmenting retinal cysts in detail. The method utilizes a biologically inspired
selective enhancement technique for obtaining probable retinal cyst regions. The proposed
pipeline along with the architecture of the Convolution neural network used is explained in
detail. The results of the work are compared against the available results from state of the art
methods. Finally, in the last chapter a general discussion, conclusion and the possible future

work is described.
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Chapter 2

RETINAL LAYER SEGMENTATION

Optical Coherence Tomography (OCT) is an imaging modality capable of capturing structural
composition of retinal tissues at micrometer resolutions. The OCT data are captured with
different orientation and scanning protocol. Quantifying the retinal layer thickness is essential
for human expert in assessing retinal disease like Glaucoma, Cystoidal Macular Edima and Age
related Macular Degeneration. Manually marking accurate layer boundaries on large dataset
is laborious and time comsuming. Hence, there is a need to develop automated algorithms to

segment visible retinal layers for assisting the experts.

2.1 INTRODUCTION

OCT imaging of a retina aids in visualizing seven structural layers. They are (from top to
bottom): Retinal Nerve Fiber Layer (RNFL), Ganglion Cell Layer and Inner Plexiform Layer
(GCL+IPL), Inner Nuclear Layer (INL), Outer Plexiform Layer (OPL), Outer Nuclear Layer
(ONL), Inner Segment (IS), Outer Segment (OS), Retinal Pigment Epithelium (RPE). An illus-
tration of the same is shown in Fig. (a). Accurate segmentation of these layers is necessary
to quantify the morphological changes in the retinal tissue that aid in the detection of ocular
diseases. The layer information is also further used a position prior for localizing abnormalities.
In AMD, the drusen deposits in the RPE layer lead to irregularities and undulations in the
RPE;, boundary as depicted in Fig. (b). In absence of pathologies, assessing each layer in

terms of its thickness helps in understanding the progressive health of the retina.

2.1.1 Long Short Term Memory networks

Recurrent neural network (RNN) are neural networks with loops in them. This allows them

to retain the information by remembering the past. RNN’s in practice fail to learn when the
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Figure 2.1: Retinal layer boundaries in OCT B-scans of a) Healthy retina, listed from top to
bottom: ILM(Red), NFL/GCL(Green), IPL/INL(blue), INL/OPL(yellow), OPL/ONL(cyan),
IS/OS(magenta), RPE;,(pink) and RPE,, (purple); b) Retina with AMD: ILM(Red),
RPE;,(Green) and RPEy,;(Blue).

gap between past and present become very large. This is refered to as long-term dependency.
Long Short Term Memory networks (LSTM) [6] are a special kind of RNN, capable of learning
long-term dependencies. A detailed walk-through on working of LSTM is explained in the blog

.

2.2 RELATED WORK

Automating the layer segmentation task is challenging due to the presence of speckle noise, vessel
shadows and varying layer orientation. These were generally handled using a set of modules
as preprocessing. Denoising relied on methods such as median filtering, block-matching and
3D filtering [§] and diffusion filtering [9] [10] [II]. Vessel shadows were removed by explicitly
masking out such regions found via vertical projections [I2]. Variable orientation of the layers
across the dataset was addressed by flattening the structures with respect to one of the roughly
estimated layers [I3]. All these steps are data dependent and hence require tuning. In layer
segmentation, the uppermost and the lowermost boundaries (Vitreous-RNFL and RPE-Choroid)
are marked by intensity gradients and hence this information has been used to extract them[I4]
[15]. Gradient and intensity information along with an active contour approach [I6] has also
been proposed. By far the most popular approach is based on graph search. In this class there
are techniques which use intensity, gradient and 3D context based cost function for optimization
[17], shortest path computation with Dijkstra‘s algorithm [I8] and graph based tracing of the
layer boundary [I3]. These methods detect layers in a sequential fashion by constraining the
ROI after each detected layer. Most of these algorithms were proposed for segmenting retinal

layers in a normal case.

Presence of pathologies alter the layer morphology locally and thus increases the complexity of

the problem. Automatic segmentation of three layers relevant to age related macular generation
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and geographic atrophy was proposed [19] by adapting the edge weights used in graph theory and
dynamic programming based framework [13]. More recently, information such as slope similarity

and non-associativity of layers as edge weight have been explored to handle pathologies [20].

Thus, existing techniques employ many (pre)processing blocks all of which require separate
tuning of parameters and modify approaches designed for normal cases to handle pathologies.
This limits the robustness of the methods. Deep neural networks offer a way to learn the main
segmentation task in addition to these early processes. In this chapter, we propose a novel
supervised method for layer segmentation applicable to both normal and pathology cases. It is
based on a combination of Convolutional Neural Network (CNN) and Bidirectional Long Short-
term Memory (BLSTM). The major strengths of the proposed method are (i) no requirement
for any preprocessing (ii) one-shot solution multi-layer segmentation (iii) robustness to presence

of pathologies (iv) robustness to imaging systems and image quality.

2.3 PROPOSED ARCHITECTURE

OCT images are corrupted due to presence of speckle noise whose characteristics vary across
scanners. In order to extract layers of interest which is agnostic to the source of data (scanner),
we use a CNN-based first stage. The presence of vessel-shadows and pathologies cause the
boundaries between retinal layers to be discontinuous. Naive edge detection algorithm fails to
extract eight continuous boundaries shared by seven layers. Hence, layer segmentation from the
output of first stage is achieved using a cascade of stages: edge detection followed by boundary-
tracing. A CNN-based strategy is adopted for the former while for the latter, a specific type
of Recurrent Neural Network, namely LSTM is adopted. The LSTM stage learns to trace
eight continuous boundaries by following the detected edges, with continuity ensured by using
a bidirectional LSTM (referred as BLSTM).

The custom-designed architecture for the proposed system is shown in Fig[2.:2] and details are
provided in Table with CONV being Convolution layer and ACTN as Activation. We

describe each stage in the system next.

Table 2.1: Description of the proposed architecture

LOI extraction Edge detection Boundary-tracing
Module | Layer | Filter size ACTN Module | Layer | Filter size | ACTN Module Layer (1)\‘;?1): ACTN.
HM1 CONV | (20x30x2)x32 | Relu [21] HM1 CONV | (15x20x9)x16 Relu fwd-LSTM1 LSTM 64
HM2 | CONV | (20x30x32)x32 Relu HM2 | CONV | (15x20x16)x16 | Relu bck-LSTM1 LSTM 64
VM1 | CONV | (30x20x2)x32 Relu VM1 | CONV | (20x15x9)x16 Relu fwd-LSTM2 | LSTM 32
VM1 CONV | (30x20x32)x32 Relu VM1 CONV | (20x15x16)x16 Relu bck-LSTM2 LSTM 32
SM1 CONV | (10x10x64)x32 Relu SM1 CONV | (10x10x32)x16 Relu ™D Fully 3 Siemoid
SM2 | CONV | (5x5x32)x9 Sigmoid SM2 | CONV | (5x5x16)x1 | Sigmoid connected Smo
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Figure 2.2: Deep learning architecture for layer segmentation.

Stage 1: Layer of interest (LOI) extraction. The input to the CNN is a stack of OCT image
I in addition to a position cue image I,. which is defined as Ip.(x,y) = y. The input passes
through 2 parallel modules: Horizontal-filter Module (HM) and Vertical-filter Module (VM).
Resultant activations are stacked and merged using a Square-filter Module (SM) to generate a
LOIT image I;; with 9 channels, each depicting one region(7 layers plus the vitreous cavity and
choroid). Ideally, each channel of Ij; is expected to be a Boolean image with 1 denoting inside
the respective regions and 0 denoting exterior points. Along with learning interested layers,
HM and VM learn intra- and inter-layer characteristics respectively. HM should ideally learn
to inpaint pathologies and vessel-shadows, based on the horizontal neighborhood belonging to
the same layer. VM should learn to differentiate two neighboring layers. SM ensures equal
contribution from both horizontal and vertical neighbors. Ij; is passed to next stage as well as

taken as an independent side-output.

Stage 2: Edge detection. This stage is implemented with a second CNN. LOI image [j;
is passed through HM, VM and SM similar to stage 1. Here HM and VM learn edges with
horizontal and vertical orientations respectively. Both edge-maps are combined using SM to
generate a single map I,4 capturing edges of all orientations. I.4 is passed to next stage as well

as taken out as a side-output.

Stage 3: Boundary-tracing. This is implemented using a BLSTM. For each column i of an
image, eight boundary-coordinates (L;(j),j € {1,2,...,8}) depend on the edge passing through
the neighboring columns. Hence, a stripe representing information of neighboring columns is
extracted (online) from I.4 as follows. I.4 is shifted left and right twice (I.q(x — k,y);k €
{0,41,42}) and stacked such that each column is aligned with its neighbors in the 37 dimen-
sion. FEach column of this stack is termed as ‘stripe’. Stripe extraction from the edge image is

illustrated in the Fig. 2.3 Columns of the edge map are separated for the visualization purpose.

Extracted stripes are sequentially passed to the two-staged BLSTM. A BLSTM has two LSTMs,

each learns to generate boundary-coordinates for the current stripe in continuation with coor-
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Figure 2.3: Stripe extraction by column stacking

dinates from the right and the left neighboring stripes respectively. Estimated L;,i € {1,2, ...,

No. of columns} traces the desired 8 layer boundaries simultaneously across the image.

2.4 DATA AND TRAINING METHOD

The proposed system was trained and evaluated using publicly available datasets.

2.4.1 Dataset description

Dataset with normal cases: Two publicly available datasets were considered. The first (we
refer to as C'hiuperm) is made available by Chiu et al. [I3] and contains 110 B-scans from 10
healthy subjects (11 B-scans per subject) along with partial manual markings from two experts.
The authors state that, “each expert grader exhibited a bias when tracing layer boundaries” and
“manual segmentation tended to be smooth”. Thus, manual segmentation does not follow edges
tightly. The second dataset (called OCTRIMA3D) is made available by Tian et al. [18] and
contains 100 B-scans from 10 healthy subjects(10 B-scans per subject); manual markings by
two observers are also provided. The authors emphasize that in contrast to the smooth manual

labellings in [13], the delineated boundaries in OCTRIMAS3D trace small bumps.
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(a) Original image (b) Image after column rolling

Figure 2.4: Data augmentation using column rolling.

Dataset with pathology cases [19]: This is a dataset made available by Chiu et al. [19]
and it consists of a total of 220 B-scans from 20 volumes. This dataset is characterized by
the presence of pathologies such as drusen and geographic atrophy and hence we refer to it
as Chiupg. Manual segmentation from two experts are available for only 3 layer boundaries
(Vitreous-RNFL, OS-RPE and RPE-Choroid). The dataset includes scans with varying image
quality.

2.4.2 Preparation of Training data

Input image I. The datasets have been acquired with varying scanning protocols and hence
vary in resolution and layer orientation. This is addressed by standardizing the images to
300 x 800 pixel resolution as follows. Columns of each image were summed to obtain a 1D
projection and a Gaussian function was fitted on the same. The mean value of the Gaussian
represents the y-coordinate of the center (Cror(x,y)) of a region containing the layers. Images
were shifted /cropped/padded vertically such that resultant height is 300px and y-coordinates
of Cror and the center of the image are aligned. Next, images were padded horizontally with
trailing zeros to achieve a standardized width of 800px. The position cue image I,,. was generated
with pixel value proportional to the y-coordinate of the pixel location. Finally, I and I,. were

stacked and the pixel intensities were normalized to have zero mean and unit variance.

Layer boundary coordinates L;(j). Since the Chityorm, dataset provides partial /discontinuous
manual markings from two experts whereas our network requires unique and continuous GT for
each image, partial markings from the 1% expert was given to a local expert who completed
them. It is to be noted that subjective bias and smoothness of marking maintained by the
15t expert is impossible to be reproduced by the local expert. Also, the markers for all three
datasets used for training are different and exhibit different subjective biases and smoothness of
marking. In summary, GT used for training is noisy given that they are derived from 3 different

markers.
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LOI image [;;. Each I can be divided in 9 regions demarcated by 8 boundaries. 9 binary
images were defined to represent each region (see Fig which were stacked to generate Ij;.

Edge-map [.4. For all Is, 1.4 is defined as a binary image indicating 1 at the boundary pixel
and 0 elsewhere (see Fig[2.2).

As mentioned earlier, GT for pathological cases have markings for only 3 boundaries. Hence,

Li(j), I;; and Iq for the Chiupq, dataset were modified to have only 3 boundaries.

2.4.3 Training

Two copies of the proposed system were trained, one for only normal cases and one for both
normal and pathological cases. The first copy, referred to as Myorm, was trained for 8 layer-
boundaries using two normal datasets. The second copy, referred to as M, eq Was trained for
detecting the 3 boundaries for which manual markings were available. M,,;,.q Was trained using
the GT for 3 boundaries in C'hiuyq:, dataset and the same ones in C'hity,orm and OCTRIMASD.

For both M,,orm and M,,;.cq, datasets were divided into training and testing set using a split
of 8:2. Equal portion of pathological and normal cases were taken for training and testing
M izea- Online data augmentation was done by applying random rotation, scaling, horizontal
and vertical flips, shift and column rolling wherein neighboring columns are rolled up/down
systematically (see Fig[2.4|b)).Training of the entire network was done in an end-to-end fashion.
All slices(11 B-scans) of a single volume constituted a batch while training. Binary cross-
entropy and Mean Square Error loss functions were used at stages-1,2 and stage-3 respectively.
ADADELTA optimizer [22] was used with sample emphasizing scheme [23]. Emphasizing scheme
chooses training example with large errors more frequently. This ensures that network sees

informative data more often.

Result: L;
initialize Lo;
for i < 0 to nb_epoch do
Lo = Lo/(i+1);
for b € batches do
for j < 0 to 9 do
[Lii, Lea, Lr| = NN(X[b],Y'[b]);
if L; < L, then
break;

end
end
end
end

Algorithm 1: Homogeneous Training
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Figure 2.5: Visualization of learnt filters

The proposed pipeline was implemented on a NVIDIA GTX TITAN GPU, with 12GB of GPU
RAM on a core i7 processor. The entire architecture was implemented in Theano using the

Keras library. Training for 250 epochs took about a week.

2.5 RESULTS

Proposed model has two side outputs (in Fig. at stages 1 and 2 respectively. Side output at
1st stage is a 9-channel image. Each channel represents one region (Vitreous, RNFL, GCL+IPL,
INL, OPL, ONL+IS, OS, RPE, Choroid). Side output at 2" stage is a single channel image
representing the edges between the two consecutive layers. Both predicted and GT are shown
for each stage. Middle panel shows the proposed deep learning model. Top panel depicts side
output from M., network. Bottom panel depicts side output from M,,;zeq network. Learnt
filters at layer of interest extraction stage Fig. HM1(left) and VM1(right) is shown. Each
colored box represents one filter and the subimages inside the box shows channels. Red filters
are applied to image I and blue filters are applied to position cue image Ip.. It can be observed
that both red filters have learnt to retain edges and blobs from noisy input. Blue filters of VM1
has learnt useful vertical gradient in I,.. Blue filters of HM1 could not learn anything useful as

there is no horizontal gradient in Ip..

The networks Myorm and M ,izeq Were evaluated separately using the mean absolute pixel
error (MAE) and layer thickness. Mo was trained for predicting eight layer boundaries on
Chitnorm and OCTRIM A3D datasets. M,,;.eq Was trained with normal and pathological data
(Chiupatn, Chitporm and OCTRIM A3D) for estimating three layer boundaries. Benchmarking

for each dataset was done against the output provided by the authors of the datasets.

Qualitative results comparing manual marking to predicted layer boundaries are shown in Fig.
277 and Fig. 28 Tables[2.:2] and [2:3|list the obtained MAE for the My,orm and M,y ;zeq networks,
respectively. Likewise, Tables [2.4] and [2.5] show the mean layer thickness for Myorm and Mized
network. The overall MAE obtained by our system is lower than the inter marker error on all
the datasets and our results are comparable to the benchmarks at a subpixel level. It is to be

noted that MAE for normal cases is less with M,,;zeq than that achieved for the same cases
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Table 2.2: Pixel-level Mean Absolute Error(MAE) for predictions with M., network. Values
indicate mean=+std.

Boundary Chiunofm OCTRIMABD
Inter marker [13] ours Inter marker [18] ours

Vitreous - RNFL 2.37£0.79 | 1.38+0.37 | 1.11£0.30 | 1.00£0.24 | 0.68+0.20 | 1.49£0.47
RNFL - GCL&IPL | 1.73£0.85 | 1.67£0.77 | 1.3840.42 | 1.70+0.76 | 1.1640.34 | 1.56+£0.38
GCL&IPL - INL 1.81+£1.44 | 1.48%£0.58 | 1.424+0.58 | 1.79£0.47 | 1.01£0.15 | 1.24%0.30
INL - OPL 3.02+0.87 | 1.4840.46 | 1.60£0.32 | 1.4440.33 | 1.11£0.41 | 1.39+0.51
OPL - ONL&IS 2.18+0.97 | 1.74£0.65 | 1.884£0.65 | 1.83%0.60 | 1.5040.77 | 1.78+£0.77
ONL&IS - OS 2.85%£0.93 | 1.004+0.30 | 0.92£0.34 | 0.76+0.22 | 0.5440.10 | 0.91£0.25
OS - RPE 1.88+£1.08 | 1.14£0.40 | 1.01+0.23 | 1.81£0.87 | 1.2240.53 | 1.09+0.32
RPE - Choroid 2.18%£1.69 | 1.26+0.35 | 1.43£0.68 | 1.2240.22 | 0.76+0.17 | 0.98£0.27
Overall 2.256+1.08 | 1.394+0.48 | 1.34+£0.44 | 1.4440.47 | 1.00£0.33 | 1.30+0.41

Table 2.3: Pixel-level Mean Absolute Error for predictions with M,,,;,.q network. Values indicate
mean+std.

Boundary Chiupatn Chitnorm OCTRIMA3D

i Inter marker [19] ours Inter marker [13] ours Inter marker 18] ours
Vitreous - RNFL | 1.254£0.39 | 1.144+0.339 | 0.95+0.28 | 2.374+0.79 | 1.15£0.32 | 1.02+0.28 | 1.00+0.24 0.70+0.25 | 1.0340.35
OS - RPE 2.5640.75 2.53+0.83 | 2.414+0.77 | 1.88£1.08 | 0.9940.20 | 1.12+0.44 | 1.8140.87 1.2440.58 | 0.87+0.20
RPE - Choroid 1.5540.71 1.46+1.13 | 1.97+1.23 | 2.18+1.69 | 1.41+0.65 | 1.32+0.67 | 1.22+0.22 0.73£0.18 | 0.9240.33
Overall 1.79+0.62 1.71+£0.76 | 1.78+0.78 | 2.144+1.19 | 1.18+0.39 | 1.16+0.46 | 1.34+0.45 | 0.8940.348 | 0.924+0.31

Table 2.4: Mean layer thickness predictions for seven retinal layers with M, network. Values
indicate mean-4std.

Lavers Chitinorm OCTRIMA3D
Y Ours Chiu manl man2 Ours Chiu Grader 1 Grader 2

Layer 1 | 7.8417+0.8470 | 7.8252+2.1241 | 8.3478+2.5513 | 9.8632+3.2022 8.7981+1.4777 9.30912.9554 9.5904+3.4771 | 10.2503+3.2559
Layer 2 | 20.7719+2.4274 | 20.1676+3.0416 | 19.8303+2.7098 | 18.8198+4.3704 | 16.4130£2.7645 | 17.9798+3.5001 | 17.1814+3.6353 | 17.3523+3.7262
Layer 3 | 10.42544+1.5564 | 11.1408+1.4041 | 10.8679+1.3723 | 8.6956+1.9429 8.3506+1.1843 7.27154+1.1823 7.1477+1.1417 | 6.3490+1.0733
Layer 4 | 8.54240.5255 8.474242.2051 | 9.4232+1.7948 | 9.7015+2.4013 7.94764+0.6634 | 8.0451+1.2718 | 7.8069+1.2631 | 8.3618+0.9848
Layer 5 | 24.514043.6324 | 25.2039+4.3675 | 24.5995+3.6692 | 23.7206+£6.5841 | 19.51704+2.3513 | 19.735542.3904 | 20.7318+2.9901 | 19.5959+2.9799
Layer 6 | 7.71994+0.5948 | 8.1589+0.9218 | 8.5652+1.0619 | 9.6131+1.1763 6.800740.5259 | 6.8594+0.9631 | 6.9885+0.8454 | 8.4996+0.9128
Layer 7 | 9.7254+0.4684 | 8.6572+1.4035 | 8.1717+1.6276 | 10.6325+1.9408 | 10.440340.2151 | 10.5987+1.0266 | 10.1139+0.8619 | 8.9593+0.9167

Table 2.5: Mean layer thickness predictions for two retinal layers with M,,;,.q network. Values
indicate mean4std.

OCTRIMA3D
Total Retina RPEDC-BM

Chitporm
Total Retina RPEDC-BM

C’h?u,,afh
Total Retina RPEDC-BM

Ours | 81.714747.6370 | 10.104440.4008 | 81.7783+5.6924 | 9.8518+0.2378 | 70.7439+6.7810 | 10.409540.3476
Chiu | 81.865147.4941 | 9.9326+3.4077 | 81.1351£5.0261 | 8.5383£1.3996 | 70.2256+£5.3949 | 10.8160+1.1683
Marl | 79.8103+£6.8810 | 10.4770+£3.3228 | 81.81474+4.9042 | 8.2025%1.5518 | 70.5499+5.5113 | 10.187940.9305

Mar2 | 79.9374£6.6825 | 11.112244.2274 | 80.9319£7.4912 | 0.53204£1.7887 | 71.4497£5.7757 | 9.1182+1.0223
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Figure 2.6: Visualization of side output

with Myorm- This is due to the larger training set for M,,;.eq compared to My om,. However,
the improvement appears to be less for the OS-RPE boundary as the variability to be learnt has
also increased. Although training data has increased, it is not enough to learn this increased

variability.

2.6 CONCLUDING REMARKS

We proposed a solution for OCT layer segmentation problem using deep networks. It is in the
form of a single system which integrates all the processing steps and segments all the layers in
parallel. Results show the system to be robust to change in scanner and image quality. These
are the major strengths of our method. The performance of this system, even with the limited

training, is comparable to the existing benchmarks. Increase in the number of training cases has
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Figure 2.7: Comparison with manual (green) segmentation. Results (in red) for a pathological
case predicted by My, gpm,.
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Figure 2.8: Comparison with manual (green) segmentation. Results (in red) for a pathological
case predicted by M ized-
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allowed the system to learn more accurate segmentation boundaries. This shows potential for
further improvement with larger dataset. Our model also handles both normal and pathological
cases without any data dependent tuning. There are two limitations of the proposed work.
First is the fact that the ground-truth used for training was sourced from multiple, biased
markers. This created ambiguities in the training process. Second is the mismatch in the
precision of the output of the edge-detection stage and that required by the input of BLSTM.
The former is at most 1 pixel whereas the latter requires sub-pixel precision. The 1 pixel wide
edge causes a confusion field for the BLSTM while tracing precise boundaries. Nevertheless,
the proposed system for layer segmentation is robust, fast, automatic with potential for further

improvements.
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Chapter 3

VOLUME LEVEL DISEASE DIAGNOSIS

Glaucoma is a common cause of irreversible blindness. Prevention of glaucoma requires early
detection of the disease which in turn depends on the ability to recognize early clinical man-
ifestations. Clinically, retinal experts asses glaucoma by estimating the reduction in retinal
nerve fiber layer thickness using structural images. Studies [24] [25] have shown that the death
of functional blood capillaries result in the thinning of the retinal nerve fiber layer. Hence,
using information (structural and functional) from OCTA modality will help in accurate early

prediction of glaucoma.

3.1 INTRODUCTION

The optic disk (OD) is the location where ganglion cell axons exit the eye to form the optic
nerve through which visual information of the photo-receptors is transmitted to the brain. The
structures within OD region and in its peripheral regions are in Figure 3.1 In glaucoma, the
nerve cells and nerve fibers which form connection between eye and brain, die progressively.
The Retinal nerve fiber layer (RNFL) thickness is a biomarker for glaucoma [26] and hence,
OCT scanner-generated reports generally provide the deviation of RNFL thickness of a current
measurement from normative database across various regions around the optic disk. Clinically,
glaucoma is characterized by enlargement of the optic cup and peripapillary RNFL loss. The cup
enlargement is quantified by cup to disc diameter ratio and can be estimated either from colour
fundus image or OCT. Some automated methods for computing the cup to disc diameter ratio
have been put forth in [27] and [28]. Visualization of retinal nerve fiber layer is difficult using
fundus imaging. RNFL thickness measurement by OCT is possible and useful for early diagnosis
of glaucoma [29]. Spectral domain OCT is widely used in ocular disease detection and algorithms
have been proposed for segmenting the layers from OCT images [30] [31]. Clinical research has

also aimed at understanding the cause of glaucoma from vascular health point of view. To study
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Ootic Disk

a.

Figure 3.1: A retinal image (a) and a Region of interest (b) around optic disk and related
structures.

the correlation between RNFL thickness and capillary volume, postmortem studies on eyes have
been done to find selective atrophy of radial peripapillary capillaries in the superficial layers
in glaucomatous eyes [24] and in normal eyes [25]. Fluorescein angiography conducted on 75
subjects (50 with glaucoma) has also provided evidence for correlation between glaucomatous
disc damage and capillary drop out in the surface layers [32]. OCT based angiograpy (OCTA)

provides blood flow information along with the structural information.

3.2 PROPOSED METHOD

OCTA data provides structural information about the retinal layers as a 3D volume and the
2D angioflow images provide information about blood flow in a specific layer. The input for
the proposed system is an OCTA volume and four angioflow images of the Choroid disc, Nerve
head (NH), Radial Peripapillary Capillaries (RPC) and the Vitreous layer. The proposed sys-
tem comprises of 3 stages: Extraction of region of interest (ROI) centred around OD; Feature
extraction, explained in section [3.2.2] and Classification. The ROI is an annular region around
the ONH. The capillary network is extracted using vessel detection and suppression of large ves-
sels from the angioflow images. The RNFL layer thickness is calculated based on the intensity
profile (at the slice level) from the OCTA volume. A linear SVM classifier is trained using these

information for the classification task.
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Figure 3.2: Block diagram of the proposed method.

3.2.1 Extraction of Region of interest

Among the 4 OCTA angioflow images, the ONH boundary has the best definition and hence is
detectable in the choroid disc angioflow image (Ieen). A sample choroid disc angioflow image
is shown in Fig. The central dark region is the ONH. I.., is used to extract the ROI as
follows: The local minima in the image is found using a filter of size 3 x 3, following which all
small objects are removed; The centroid of the large central dark object is found and a circle
fitting operation is used to extract the ONH region; Finally, an annular region of 100 pixels
width around the detected ONH is extracted as the desired ROI. The ROI is divided into eight
sectors with sector angle equal to 45° (Fig. to identify the Temporal Upper (TU), Temporal
Lower (TL), Superior Temporal (ST), Inferior Temporal (IT), Nasal Upper (NU), Nasal Lower
(NL), Superior Nasal (SN), Inferior Nasal (IN) regions. The nasal and temporal sectors are

mirrored about the vertical for the right and left eyes.

3.2.2 Feature extraction

For every sector in the ROI, two metrics, namely the capillary density (CD) and RNFL thickness

are of interest. The procedure for deriving these metrics is explained next.
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Figure 3.3: Choroid Disc Angioflow image (left) and Eight sectors of ROI (right) for a Right
Eye.

3.2.2.1 Capillary Density estimation

An angioflow image is the input for the CD computation. Non-uniform illumination is a problem
seen in these images. This is corrected with a modified quotient based approach [33]. Here, the
given degraded retinal image I, is modelled as a multiplicative degradation function L applied
to an undegraded/original image I,. L is assumed to be a slowly varying function and thus

estimated from the smoothed version (I) of the degraded image as:

Ll@y) I (x <lo
L(z,y) =4 " (@) (3.1)
1 if Is(z,y) > 1,
where [, is the desired mean illumination level, chosen to be half the dynamic pixel range of I.

Using the above estimate of L, the desired image I, is found as:

I(z,y) = I(z,y) x Is(l;;’y) if Is(z,y) <o .
o\ = |
I(x,y) it I(2y) > Lo

Next, vessels are detected using the Bar-Combination Of Shifted Filter Responses [34]. This
method uses a difference of Gaussians (DoG) filter for vessel detection and the choice of pa-
rameters of the Gaussian determines the thickness of extracted vessels. The DoG response was
thresholded at pixel value of 30 to obtain a binary mask where all thick vessels are set to 0 while
others are set to 1. Thus we obtain capillary network from from the angioflow images. Fig.

(a) and (b) show angioflow images from a sample OCTA and the derived capillary network.
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The CD for a given angioflow image is found as

CD(m) =~ (3.3)

Here, N is the number of capillary pixels and A is the area of the m'* sector with m = 1,2, ...8.
CD is computed for each of the 4 angioflow images (per eye), to derive a set of 8-dimensional (8-
D) vectors representing the CD at 4 different layers. The capillary loss is inversely proportional
to the calculated CD.

(a) Angioflow images. (b) Detected capillary network. (c) Capillaries in the ROL.

Figure 3.4: Estimation of Capillary Density.

3.2.2.2 RNFL thickness estimation

The RNFL thickness is computed from the slices of the OCTA volume of size M x N x K.
The size of the ONH varies across subjects and as a result the sector area in the ROI is also
varies. Hence, we chose to represent the RNFL thickness in a sector by the mean value and not
a vector. We propose a computationally efficient method for RNFL layer segmentation. This
is based on the analysis of the intensity profiles along the columns of an OCTA slice. Given a
M x N slice, each column is analysed as a M-D intensity profile Fig. shows a sample column
(vertical line in green) and the corresponding intensity profile. The first major sharp rise in the
intensity profile is due to dark to bright transition corresponding to the beginning of the RNFL
layer. After this boundary, a large dip in intensity marks the end of RNFL layer. The width
of the first major peak in the profile corresponds to the RNFL thickness. We hence locate the
first local maxima and fit a second order polynomial to the profile around this peak. The full
width at half the maximum value of the first peak is taken as the RNFL thickness.
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Figure 3.5: Estimation of RNFL thickness from intensity profile.

3.2.3 Classifier

The input to the classifier is a combination of the CD and RNFL thickness features. The CD
values for 8 sectors across 4 angioflow images give rise to a 4 x8 CD matrix. The RNFL thickness
is a 1 x 8 vector which is added to the CD matrix to form the final 5 x 8 matrix. This matrix

is converted to a 1 x 40 feature vector which forms the input to a linear SVM.

3.3 EXPERIMENTS AND RESULTS

Dataset: OCTA images from an Optovue scanner (spectral domain RTVue - XR 100 OCT
(Avanti edition, Optovue, Inc, CA)) were collected from the Anand Eye Institute hospital,
Hyderabad. The dataset consists of images of 67 eyes (49 normal and 18 glaucomatous). The
data for each eye consisted of a OCTA volume and angioflow images of the choroidal disc, nerve
head, RPC and the vitreous layers. The OCTA volume was of size 640 x 304 x 304) while the
angioflow images were of size (304 x 304). Ground truth for each eye was obtained based on

clinical examination by one expert (co-author).

A six-fold validation was done to assess the performance of the system. For each fold of the
training set, features were taken from 15 glaucomatous and 40 normal class images. Post
training, test samples were given to the learnt model to predict the class. Quantitative evaluation
of the method is done by computing sensitivity, specificity and accuracy across the folds. The

sensitivity, specificity and accuracy metrics were found using the formulae below. Here, T/FP
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Table 3.1: Performance of the proposed system with only RNFL thickness or CD features.

RNFL alone CD alone
Mean Std. Mean Std.
Sensitivity | 0.4444 | 0.1721 | 0.8333 | 0.1826
Specificity | 0.8773 | 0.1370 | 0.7986 | 0.1429

Accuracy | 0.7601 | 0.1258 | 0.8081 | 0.0971

Table 3.2: Performance of the proposed system with RNFL and CD features from layers. Best
results are in bold font.

RNFL + Choroidal disc | RNFL + NH | RNFL + RPC | RNFL + Vitreous | RNFL + All layers

Mean Std. Mean | Std. Mean | Std. Mean Std. Mean Std.
Sensitivity | 0.7222 0.1361 0.6111 | 0.2509 | 0.7778 | 0.1721 | 0.7778 | 0.2722 | 0.9444 0.1361
Specificity | 0.6944 0.1701 0.7755 | 0.1658 | 0.8218 | 0.1891 | 0.9005 | 0.1167 | 0.9167 | 0.1021
Accuracy | 0.7008 0.1257 0.7298 | 0.1429 | 0.8081 | 0.0971 | 0.8662 | 0.0745 | 0.9242 | 0.0859

denote True/False Positive, T/FN denote True/False Negative.

onsitivity — TP
ensi ZU/Ly_TP-'—FN
e TN
SPECZf'LCZty = m
A TP+TN
ccuracy =
Y TPYTN+FP+FN

The RNFL thickness and CD values across the 8 sectors are presented for one Glaucomatous
and one normal eye image in Fig[3.6] Both plots exhibit a common trend in that the values for
the glaucomatous eye is lower than that for the normal eye. Based on this trend, we expect the

two features to be effective in discriminating between the two classes.

The effect of using either of these features exclusively, on classification was studied. Results are
tabulated in Table Classification with just RNFL thickness feature is seen to result in low
sensitivity and accuracy values, even though the specificity is better compared to that obtained
with exclusively CD features computed from all 4 angioflow images. Thus, it appears that the

vascular health information is generally more effective in attaining good glaucoma classification.

Next, we report on an experiment in which both CD and RNFL features were used for clas-
sification. Results are shown in Table The relative importance of each angioflow image
can be gauged based on the results reported for CD from each angioflow individually. The top

two results are seen to be obtained for the vitreous and RPC angioflow images. Thus, vascular
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Figure 3.6: RNFL thickness (left) and Capillary density (right) variation for a Glaucomatous
and a Normal case across sectors. The latter is averaged over 4 angioflow images(layers).

health information at these top two retinal layers appear to be relatively more important for
correct glaucoma assessment. The last column in the Table is the result for the full set of
features: CD features from all layers and RNFL thickness. The performance is best for this case

with all the metrics being above 90%.

The RNFL estimation in our proposed method uses a simple technique. In order to determine
if a finer segmentation method can improve the classification performance, we experimented
with a graph-based layer segmentation algorithm [30]. However, this yielded only a marginal
improvement. This is because the thickness of the RNFL layer in a sector is represented only by
its mean value and thus the proposed method is well equipped for the classification task. Since
OCTA is a new modality there is no reported work on glaucoma classification from Angio-OCT

images and hence bench marking cannot be done.

3.4 CONCLUSIONS

Inspired by the clinical significance of capillary loss and nerve fiber thickness, a novel method for
automated glaucoma detection study is proposed using images from a new modality. The method
relies on a RNFL thickness and capillary density from OCTA data. While the capillary loss
alone appears to be relatively better for glaucoma classification, compared to RNFL thickness,
it was also found that the best performance with a comprehensive set of features representing
the vascular health (CD) and structural (RNFL) information. Since this is a new imaging
modality the proposed work represents the first attempt at its utility for glaucoma assessment
application. The obtained results are promising and encourage considering further evaluation

on a larger dataset.
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Chapter 4

SLICE LEVEL DISEASE DIAGNOSIS

Visualization of retinal internal structures is possible with the availability of OCT imaging
modality. In screening scenarios, there is a need to develop automated algorithms to assist
medical experts in disease diagnosis. A diagnosis tool for screening of macular disease like Age
related macular degeneration (AMD) and Cystoid Macular Edema (CME) is important to public

health as it can speed up the diagnosis procedure.

4.1 INTRODUCTION

AMD and CME are the leading causes of blindness [35] [36] in elderly and working-age people
across the world. AMD is marked by accumulations of extracellular material (drusen) between
Bruch’s membrane(BM) and the retinal pigment epithelium (RPE). This is seen as aberration
in the BM-RPE layer. CME is marked by leakage from the perifoveal retinal capillaries and
accumulation of fluid within the intra cellular spaces of the retina. These are not restricted to

any particular retinal layer.

(a) A sample slice of a normal pa- (b) A sample slice of an AMD pa- (c¢) A sample slice of a DME pa-
tient with no abnormality. tient. A red rectangle is drawn to tient. A Yellow rectangle is drawn
indicate drusen. to cyst.

Figure 4.1: A sample slice depicting different retinal diseases
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For an AMD patient, detecting drusen (aberration in bright layer) is of interest and likewise
retinal cyst (dark regions) need to be detected to DME. These bright and dark abnormalities
can be observed in the Fig. (b) and Figli1] (c). Both these are major indicators of the

diseases AMD and CME in a screening scenario.

4.2 RELATED WORK

Segmentation of retinal layers and assessing the layer thickness have been studied for disease
diagnosis. Statistical analysis of layer thickness, with respect to the normal cases, was used to
identify the retinal diseases [37] [38]. Segmenting of the abnormalities such as drusen and Cystoid
structures for disease classification has also been attempted. Morphological and textural features
from the choroidal region were classified with a decision tree in [39] to differentiate between
AMD, DME and fibrovascular tissue. A kernel principal component analysis model [40] was
proposed into differentiate between AMD and normal eyes using a Bayesian network classifier.
Multiscale Local Binary Pattern (LBP) features were used to perform multi class classification of
retinal OCT images in [41] for the detection of macular pathologies. The reported performance
is excellent but a manual selection of a single high resolution OCT image is required to detect
the disease. A recent fully automated method [42] detects retinal diseases using Histogram
of Oriented Gradients (HOG) descriptors and SVMs to classify each OCT volume as normal,
containing dry AMD, or containing DME. These methods [39] [42] have denoising and image

flattening or alignment module as a pre-processing step that are highly data dependent.

In this chapter, we present a fully automated method that detects the presence of retinal patholo-
gies (AMD, DME) in a slice of an OCT volume using a Convolution Neural Network (CNN). The
slice-based analysis aids in localization of abnormality in a volumetric data. The input to the
CNN is a unique representation of the OCT data, based on motion patterns. This classification

approach is presented next in detail.

4.3 PROPOSED METHOD

The proposed work is a cascade of three stages: Region of interest extraction followed by
generating extremal representation from motion pattern and finally classification with a CNN.
Section [£:3.1] explains how the search region is reduced. The detail about how extremal pattern
are obtained is explained in sub-section The final stage explained in sub-section
describes the proposed architecture of the convolution neural network. The CNN here is used

to extract distinct features that are useful for classification of retinal diseases.
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4.3.1 Region of interest extraction

The variability observed in the scanning protocol, resolution and layer orientation is handled by
resizing all given slices f(x,y) to 512x256 pixels. A rough region of interest (ROI) is derived to
reduce the search region. A slice image is projected along columns to obtain a 1D profile and
a Gaussian is fit to this profile. The mean value of the Gaussian profile (with row index xg) is
used to extract an ROI of size 250x 256, centered at xy. This ROI is used for next module.

4.3.2 Generating extremal representation

When capturing a high speed object in a natural scene, depending on the camera setting, a
streak effect or motion blur is visible in the image. This visual phenomenon is synthesized
artificially by inducing translation motion to an image. This representation space of an image
has been used previously in discriminating between images of normal and abnormal cases [43]
[44]. The classification of multiple diseases based on the abnormalities using a neural network

has not been addressed before.

An image can be represented in extremal representation space by inducing motion (such as
translation, rotation) to that image. Let an image be denoted by f. Applying motion (trans-

formation T) to f results in a stack S of images

S={fiti_y (4.1)

where,

fi = 1(T(6));j € [N, N] (4.2)

where 0 denotes the transformation parameter. In our work, 7" was chosen to be a translation
which is applied in the direction 6, in steps of § resulting in an image stack of size 2NV + 1.
This stack of 2N 4 1 transformed images are combined using ‘extrema’ (maz) and (min) as a

coalescing function ¢(.) which is given by,

N

Fo(f) = {(FGTON}Y_ (4.3)

Figure shows the image in (max) and (min) representation space in vertical (0 = 90°)
direction. Two extremal representations at K different 0’s are stacked together and fed as the

input to the CNN as described in the section [£.3:3] The stack extremal representation is given
by,

EXy={F(f)}y, (4.4)
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(a) The original image (b) The original image in extremal (c) The original image in extremal
space after translation motion at space after translation motion at
90°, N =15, =5 and ¢ = mazx 90°, N =15, =5 and ¢ = min

Figure 4.2: An illustration of extremal representation space obtained using translation motion
in vertical direction.

4.3.3 Convolution neural network classifier

CNNs are biologically-inspired variants of feed forward multi layer perceptron. A CNN architec-
ture is formed by a stack of layers that transform the input to an output. The building blocks in
our CNN are: (i) convolutional layer with filters that learn specific type of feature in the input at
some spatial position (ii) maxpooling which downsamples the image by retaining the maximum
in a local neighborhood (iii) Fully connected layer have all of its neurons fully connected to all
activations in the previous layer, similar to regular Neural Networks. (iv) softmax function that

gives probabilistic value of the input belonging to one class.

The CNN architecture shown in Fig. is designed to utilize contextual information. The two
parallel pipeline in the architecture are fed with separate extremes stack EX,q. and EXin
respectively. In the first pipeline, convolutional layer assesses the input at different field of views
and collapses the E X, into a 1-D vector. Similarly, the second pipeline produces a 1-D vector
collapsing the E X,,;,. The presence of drusen will produce a high response in the first pipeline
and the presence of cyst will produce a response in the second pipeline. Hence, for a normal
macula slice, there is an absence of response from either of the pipeline. The two 1-D vectors are
merged and fully connected before the softmax activation function. A detailed description for
a single pipeline of the architecture is given in the Table The same is fixed for the second
pipeline.

The CNN architecture combines the extremes representation stack to produce a probabilistic
value predicting the disease associated with the slice. The main aim during CNN training, is
solving the unconstrained optimization problem by minimizing a loss function that compares

the ground truth with the system output. The categorical cross entropy loss function is used
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Figure 4.3: The proposed CNN architecture.
Table 4.1: Description of the CNN architecture
Input C max Outputl Output2 Output3 Output4
Stage Convolution Ma.x Convolution Ma'x Convolution
pooling pooling
# channels 8 8 8 8 8
Filtersize 10x10 - 25x25 - 10x10
Pooling size - 2x2 - 2x2
Spatial
. 250x256x8 | 250x256x8 | 125x128x8 | 125x128x8 62x64x8
Input size
Spatial =050 o56x8 | 125x128x8 | 125x128x8 | 62x64x8 62x64
Output size
Output Outputl Output2 Output3 Output4 Outputh
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for a three class classification task. The CNN network was trained for 50 epochs. Training loss

as a function of training epochs is shown in the Fig. [£:4]

0.8 T T T T

Cross entropy loss
o o o o
¥ W E=Y L
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=
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Figure 4.4: Loss function across epochs.

4.4 EXPERIMENTS AND RESULTS

The proposed pipeline was implemented in Theano using Keras library on a NVIDIA GTX
Titan X GPU, with 12GB of GPU RAM on a core i7 processor.

Dataset : Four public datasets available online were combined and annotated to create the
training and testing split. The OPTIMA cyst segmentation dataset [45] was released in 2015
as a challenge dataset in MICCAI conference. This dataset has SD-OCT volumes captured
from four different vendors(Cirrus, Nidek,Spectralis,Topcon). The data consisted of slice level
manual cyst markings. The slice that contained cysts were labeled to the CME class for training
and testing. The second dataset used for layer segmentation in presence of CME [46] contains
manual markings for both layer boundaries and cysts or fluid filled regions. These slices with
the cyst markings belong to CME class. The third dataset consists of volumetric scans for 45
patients: 15 normal, 15 AMD, and 15 CME patients [42]. In a volume, not all slices contain
abnormality. Hence, a subset of this dataset is annotated to get the training and testing data

for each class. The last dataset is the world’s largest dataset [47] containing 269 AMD patients
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and 115 normal patients volumes. A subset of slices from these volumes were asked to label as
Normal/AMD to prove the working of the proposed method. The exact split of the training
and testing for each dataset and class is shown in Table

Table 4.2: Description of the dataset

Dataset Train (No. Of slices) Test(No. Of slices)
Normal | DME | AMD | Normal | DME | AMD
5] - 600 | - - 175 | -
6] - 49 - - 42 -
[42] 623 351 351 377 275 203
[47] 877 - 659 530 - 393
Total 1500 1000 | 1000 907 492 296

Parameter setting for extremal representation: Extremal representation computation
requires choosing a few parameters such as the step size §, range or extent of translation N and
the number of translation directions or number of K in the extremal representation stack F.X.
N and K directly affect the information content and size of cake F X4, and EX,,;,. An image
in representation space was created by applying translation motion on a ROI slice with N = 5,
0 =1and 6§ = 0° to 180° (in steps of 22.5°) over a stack of K = 8; FX,,;,, was derived by using

a min coalescing function and similarly F X,,., with max coalescing function.

Results : Quantitative evaluation of the method is done by computing sensitivity, specificity
and accuracy. The sensitivity, specificity and accuracy metrics were found using the formulae
below. Here, T/FP denote True/False Positive, T/FN denote True/False Negative.

TP

oo TP 4
Sensitivity TP L FN (4.5)
TN

e TN 4

Speci ficity TN FP (4.6)
TN+TN

A = 4.

Y = TP Y TN + FP + FN (47)

The output of the CNN gives a probability score belonging to one of the class. To compute
the sensitivity and specificity for an individual class, we compare it with rest of the classes
combined. The ROC plot for individual class is shown in Fig. . The Table shows the

quantitative results for individual classes.

In the dataset [45] and [46], some slices which contain region level cyst markings also has drusen
abnormality. Depending on the dominant abnormality in the slice, the proposed system tends
to favor one of the class. Due to this, sensitivity of the DME class is reduced a bit. This is
evident from the quantitative results listed in the table
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Figure 4.5: ROC plot for individual disease class.

Table 4.3: Performance of the proposed system.

Sensitivity | Specificity | Accuracy
Normal vs Abnormal 0.98 0.98 0.98
DME vs Rest 0.86 0.98 0.95
AMD vs Rest 0.96 0.96 0.95
Mean Result 0.93 0.97 0.96

4.5 CONCLUSIONS

Moticated by the clinical significance of disease classification and localization of the abnormali-
ties in a SD-OCT volume, a novel method is proposed for automated detection of diseases using
slices of an OCT volume. The method relies on a unique way of representing an image/slice
using motion pattern. A unified approach for multiple disease classification is learned by a CNN
with extrema representation as its input. The performance of the proposed system on multiple
dataset shows the robustness of the method. For this work, the method assumes only one type
of abnormality present. In future, the model can be altered to learn multiple abnormalities in
a single slice. The obtained results are promising and encourages us in developing a system for

quantifying the abnormalities by accurately localizing them.
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Chapter 5

PIXEL LEVEL ABNORMALITY SEGMENTATION

Optical Coherence Tomography (OCT) is an imaging modality useful for assessing pathological
changes. Multiple vendors with varying resolution and scanning protocol provide OCT data.
Inter scanner variability is reflected in terms of intensity variation and SNR. Retinal experts
analyze the abnormality to plan a treatment for the subject. Abnormalities can occur at dif-
ferent regions around macula. Localizing and quantifying them will aid in accurate surgical
interventions. This calls for the need for an automated abnormality localization/segmentation

algorithm.

5.1 INTRODUCTION AND RELATED WORK

Optical Coherence Tomography (OCT) is used by human experts to assess morphological
changes in sub-retinal layers. Low image quality and high acquisition time hindered the use
of OCT in the early days. The newer Spectral-Domain OCT (SD-OCT) overcomes these prob-

lems.

Cystoid Macular Edema (CME) is a condition in which fluid filled regions (cysts) are formed in
the macula leading to swelling [48] [49]. If CME is left untreated for more than 6 to 9 months it
can lead to chronic macular changes with permanent impairment of central vision. Therefore,
the automated detection of CME from SD-OCT images is of interest. Automated detection
however has a few challenges: a)lnter-scanner and intra-scanner variability in images (voxel
intensities), b) noisy images, ¢) ambiguous demarcation between sub-retinal layers and finally

d) variable shape, size, appearance and arbitrary locations of cysts in the images.

Early work on SD-OCT image analysis focused on the intra-retinal tissue layer segmentation
[50] [17] [I3] whereas attention to abnormality (such as cyst) detection is very recent, with cyst

segmentation being posed as a challenge problem in MICCAI 2015.
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An early approach proposed to detect cysts was semi-automatic, based on GVF-snake to delin-
eate the intra-retinal and sub-retinal fluid regions in 2D OCT B-scans [51]. Later methods were
fully automatic and based on 2D analysis. A denoising step was typically followed by a variety
of approaches including thresholding and boundary tracing [52] and texture-based classification
of regions of interest derived with a watershed algorithm [53]. 3D methods have been reported
more recently. A graph-search/graph-cut based approach that simultaneously segments upper
retinal surface, lower retinal surface and fluid-filled regions in [54] reports good segmentation
only for large cysts. Since smaller fluid regions are also of interest, voxel classification based ap-
proaches have been attempted in [55] [56][57]. Among the recent approaches are layer-dependent
stratified sampling strategy to address the class-imbalance (far fewer cyst vs healthy tissue vox-
els) [55], geodesic graph cut method [56] and a kernel regression-based classification [57]. Some
of these can segment both the layers and fluid-filled abnormalities while others focus only on

the abnormalities.

The MICCAI 2015 OPTIMA cyst segmentation challenge was attempted by participants with
a variety of approaches. These range from machine learning with handcrafted features such
as intensity and layer thickness, CNN-based voxel labeling [58] and graph-based method with
layer-dependent information [59]. The latter method has also been evaluated on the public
access DME dataset [60]. The preceding methods are vendor independent. Vendor-specific
methods include 3D curvelet transform based dictionary learning [61] and a marker controlled
topographical watershed algorithm [62]. Our simple approach [63] to extract candidates with
centre-surround filters and classify with an ensemble random forest failed to perform well on
the test set. The proceedings of the challenge can be found at Optima website [64]. In this
chapter, we propose an entirely different (from existing methods, including ours) approach based

on biologically inspired motion patterns and deep learning.

To summarise the current scenario, graph based segmentation such as [54] is inadequate to
segment smaller fluid filled regions which is addressed by existing voxel classification based
methods which rely on accurate layer segmentation to derive features. However, segmentation
of layers in the presence of abnormalities, is still an open problem. The CNN based method [58]
employs three separate networks at different scales to handle the size variability of cysts, which is
a major drawback. The parametric approaches such as [61] and [62] are highly vendor dependent.
An alternate approach could be to directly detect the cystoid regions and then segment them.
We take such an approach and propose a novel, biologically inspired pipeline for segmentation
of cysts. The novel aspects of the proposed method are as follows. (i) Unique representation for
the OCT data, based on motion patterns proposed earlier by our group [43][44]. (ii) Selective
enhancement of the objects of interest (cysts) with a Convolutional Neural Network (CNN).
(iii) Combining both 2D and 3D information in CNN for detecting the cyst regions. and (iv)

Vendor independent and robust system for detecting and localizing cysts. We show that this
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novel strategy leads to superior segmentation performance even with a simple, clustering-based

post processing step. The next section provides details of the proposed system.

5.2 PROPOSED METHOD

The proposed pipeline consists of three main stages, namely, preprocessing, detection and clus-
tering. The preprocessing stage is described in sub-section [5.2.1} the detection of cyst regions

via a selective enhancement operation is explained in sub-section and segmentation via

clustering is described in sub-section A graphical representation of the work is shown in
Fig. 5.1}
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Figure 5.1: Graphical representation of the proposed pipeline.

5.2.1 Preprocessing

5.2.1.1 Region of interest extraction

SD-OCT volumes are generally acquired with different operator-defined protocols. Consequently
the layer orientation, resolution and number of slices in the acquired volumes vary widely. In
order to address this variability, the size of each slice f(z,y) was standardized to a 512x256
pixels by resizing. Since, the region of interest is only 40% of each slice, for every given volume,
a rough region of interest (ROI) was derived as follows: each slice image was projected along
columns to obtain a 1D profile and a Gaussian was fit to this profile. The mean value of the
Gaussian profile corresponds to a row index xg in the slice. An ROI of size 250x256, centered

at o was finally extracted and used for further processing.
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5.2.1.2 De-noising

The SD-OCT volumes are degraded by speckle noise. Speckle noise is signal dependent and
hence depends on the structure of the tissue in an OCT volume. A total variational denoising
method [65] was used to denoise all ROIs. This reduces the texture content and results in a

smoother image. A sample ROI extracted from an original slice and the corresponding denoised
result are shown in Fig[5.2|a) and Fig[5.2|b).

5.2.1.3 Extraction of layers of interest

Cysts are known to be restricted to the layers between Internal Limiting Membrane (ILM)
and Retinal Pigment Epithelium (RPE). Various segmentation algorithms have been proposed
for segmenting retinal layers. Some of these include pixel intensity variation-based ILM and
RPE segmentation [15], active contour with a two-step kernel-based optimization scheme [17],
complex diffusion filtering with combined structure tensor replacing thresholding [50]. In this
work, we used an accurate, graph theory based segmentation approach [I3] for extracting ILM
and RPE which forms the Layers of Interest (LOI). A mask for this region i.e, ILM and RPE
layers was extracted from the ROI (see Fig. [5.2fc)). LOI serves as a position prior in the

detection stage as explained below.

(a) A sample ROL. (b) A ROI after denoising (c) Extracted mask representing
layers of interest between ILM
and RPE.

Figure 5.2: Denoising and extraction of layers of interest on a sample ROI.

5.2.2 Detection of cyst regions

Localization of the objects of interest is a vital task in a segmentation problem. We propose
to address this task via a selective enhancement process wherein cysts are enhanced without

the knowledge of the layer positions. Selective enhancement is done by employing the notion of
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Generalized Motion Pattern (GMP). The GMP was introduced in our earlier work [43] and has
been shown to be effective in diabetic macular edema detection [44]. In this work, we construct
an ensemble of these GMPs and learn a function (using a CNN) to combine them such that

only cysts are enhanced. A detailed description is provided next.

(a) A phantom image (b) Translation GMP at 0°, N =15, 6 =5

(c¢) Translation GMP at 45°, N =15, =5 (d) The sum of K = 8 translation GMPs (1)

Figure 5.3: Sample generalized motion patterns with a min coalescing function and their sum
for a phantom image.
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5.2.2.1 Generalized motion patterns

When one captures an image of a racing car, depending on the camera setting, a streak effect or
motion blur is observed due to the fast moving object. A related phenomenon is seen when a disc
with multi color segments is rotated at an appropriate rate: the colors smear and leave an (visual)
impression of a white disc. GMP is the synthetic (discrete) equivalent of this phenomenon. It
is derived by inducing motion (such as translation, rotation) to an image and can be used to
represent an image. Let an image be denoted by f. Applying motion (transformation T) to f

results in a stack S of images
N
S = {fj}j:_]v (5.1)
where,

fi = 1T (6));j € [N, N] (5.2)

where 0 denotes the transformation parameter. In our work, 7" was chosen to be a translation
which is applied in the direction 6, in steps of 0 resulting in an image stack of size 2N + 1.

Applying a coalescing function ¢(.) to the stack yields a GMP.

Go(f) = 8(S) = 6{(f)}]__x (5.3)

The direction of the translation # and the choice of coalescing function is dependent on the
problem being solved. In the problem at hand, since the object of interest is a cyst which is a

dark structure, a minimum (min) operation is an appropriate choice for ¢.

In our earlier work, GMPs derived using translation and rotation were shown to be useful
in discriminating between images of normal and abnormal cases [43][44]. The segmentation of
abnormalities was not addressed. We propose to solve the cyst segmentation problem by deriving
GMPs in multiple directions 8 and combining them such that cysts are selectively enhanced. In
the problem at hand, since the object of interest is a cyst which is a dark structure, to get a

GMP image, a minimum (min) operation is an appropriate choice for ¢.

A cake of GMPs (C) is constructed by stacking multi-direction GMPs. C' is defined as

K
C={Go(N)}p, = {é{(fj)}jv:_N}H:l (5.4)

We propose to map the stack to a single image I, in which the cysts alone are enhanced. Let v

denote this mapping.
I, =4(C) (5.5)

The above idea is illustrated with a phantom image designed to model an OCT slice in Fig.
5.3[(a). It has a dark blob in the first layer and a bright blob in the last layer representing a
cyst and a drusen, respectively. Fig. |5.3(b) and Fig. C) show the GMP derived by applying

translation motion on the phantom image with § = 10 in § = 0° and 8 = 45° directions
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respectively. The GMP was derived by applying a min coalescing function on 7 translated
images. It can be observed that the dark blob gets smeared or extended in the layer and the
relatively dark layers are wider in the direction #; whereas the bright blob disappears. The
final map I, is shown in Figd) with 7 chosen as a simple sum. Here, both morphological
changes as well as blur is evident. With a simple > for 1, no contextual or shape information
is exploited. Hence, there is not much differentiation between a blob and layer in terms of the

net effect.

This motivates us to learn a function that enhances only objects of interest by using relevant
information while suppressing other tissues. This type of enhancement is useful when the aim
is to localize cysts as it is now possible to interpret the pixel values in the enhanced image as a
likelihood (probability) measure for the pixel belonging to a cyst. We propose to use a CNN to

learn the function 9 such that cysts are enhanced while other normal anatomical structures are

suppressed.
Stage 1 'Stage 2
P S \ - L
Input 1 ! ! ! :
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Y - o) ||V AN . 125 |
250 9 9 - s
9 9 3125 9 128
9 | 256 128 ' |
256 1 2 ! 4 5 6 3
Input 2
------------------ > —— Qutput
s ! A A1 0 0 (Al ST N - N I .
__________ 125
’ 8 125 8 1% °
256 250 9 128 - 8 128
9
i 256 T i 9 10 !
L L L " ------------- - b o o - v ------------- -
'Stage 3 'Stage 4

ﬂ Convolution layer ﬁ Reshape layer |:>Max-Poo.'."ng layer

Figure 5.4: Proposed CNN architecture

5.2.2.2 Convolutional Neural Network

CNNs are biologically-inspired variants of feed forward multi layer perceptron. Since convolution

filter weights are shared across all spatial positions, the free parameters being learned reduces
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and thus reducing the memory requirements to run the network. A CNN architecture is formed
by a stack of layers that transform the input to an output. The three building blocks in our
CNN are: (i) convolutional layer with filters that learn specific type of feature in the input at
some spatial position (ii) maxpooling which downsamples the image by retaining the maximum
in a local neighborhood (iii) sigmoid activation function that non-linearly maps the intensity

values of an image to an interval [0,1].

The task is to detect cysts from a ROI volume of size X X Y X Z where X = 250 and Y = 256. We
utilize the domain knowledge for our work i.e, cysts are 3D structures and thus use consecutive
slices as 3D information. The LOI which is mask for the region between ILM and RPE is used
as the position prior. In order to detect cysts from the Z** slice, 2 types of inputs (to the CNN)
are derived from them. Inputl provides 3D information and hence is a concatenation of the
cakes C (of 250 x 256 x K; K = 8) for the Z' slice and its 2 neighbors, i.e., (Z — 1) and
(Z +1)t slices along with their respective position prior. Thus the size of Inputl is 250 x 256 x
3 x 8+1) to CNN. Input2 provides just 2D information for the Zt glice and hence is composed
of its Cake C' along with its position prior. The size of Input2 is hence 250 x 256 x 8+1. All
images were normalized to have zero mean value and unit variance. A detailed description of
the architecture is given in Table Sigmoid activation function is applied on the learned

feature map to obtain a probability map.

Table 5.1: Description of the CNN architecture

Spatial Spatial

Input Stage # channels | Filter size | # filters | Pooling size input size output size Output
Input 1 Convolution 27 1x1x3 9 - 250x256x3x9 | 250x256x1x9 Output 1
Output 1 Reshape - - - - 250x256x1x9 | 250x256x9 Output 2
Input 1 Max-pooling 27 - - 2x2x1 250x256x3x9 | 125x128x3x9 Output 3
Output 3 Convolution 27 25x25x3 9 - 125x128x3x9 | 125x128x3x9 Output 4
Output 4 Convolution 9 1x1x3 9 - 125x128x3x9 | 125x128x1x9 Output 5
Output 5 Reshape - - - - 125x128x1x9 | 125x128x9 Output 6
Input 2;0utput 2 | Convolution 18 10x10 8 - 250x256x18 250x256x8 Output 7
Output 7 Max-pooling 27 - - 2x2 250x256x8 125x128x8 Output 8
Output 8;0utput 6 | Convolution 17 25x25 8 - 125x128x17 125x128x8 Output 9
Output 9 Convolution 8 1x1 1 - 125x128x8 125x128 Probability map

The CNN architecture shown in [5.4] is designed to utilize neighborhood information. Stage 1
in the CNN architecture collapses the 3D information into a 2D map without any contextual
information. In stage 2 at a lower scale, a large field of view is assessed to combine 3D information
to a 2D map. The output of stage 1 is stacked with the second input(Input2) for Stage 3 which
enhances the boundary information at the original scale. For the final stage, output from stage2
and stage 3 are concatenated as to form the input. A large neighborhood in 2D is considered
for this stage to strengthen the object of interest and weaken the background information. The

size of the receptive field is chosen such that the largest cyst in the dataset is enclosed in the

field.
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A weighted binary cross entropy loss function was chosen to handle the class imbalance in
the data, i.e, cyst versus background pixel. This was minimized using gradient descent. The
evolution of the probability maps learned (depicted as heat maps), as epochs increase is shown
in Fig. It can be seen that cysts gradually take shape in the map.

5.2.3 Segmentation

The output of the trained CNN model is a probability map with cyst pixels having higher prob-
ability score than background pixels. This is thresholded to obtain a binary map representing
detected cyst regions. This map is multiplied with the ROI image to extract the detected regions
in the intensity space. K-means clustering is applied on this product image. Detected regions
are clustered into cysts, false positives region and background in the intensity space. Since cysts
are relatively darker regions compared to the false positive regions, the clusters with lower mean

intensity are retained as desired cyst segments.

() (8)

Figure 5.5: Evolution of the mapping function across epochs. Along with (a) ROI input, (b)
Ground truth: Graderl N Grader2, the output of CNN is shown as a probability (heat) map at
(c). 10", (d) 50", (e) 100", (f) 200", (g) 300", (h) 500", (i) 900", (j) 1420%" epochs

5.3 EXPERIMENTS AND RESULTS

The proposed pipeline was implemented on a NVIDIA GTX 960 GPU, with 4GB of GPU RAM
on a core i3 processor. In order to assess the performance of our method, the experiments were

carried out on 3 datasets: the MICCAI 2015’s OPTIMA Cyst Segmentation Challenge (OCSC)
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dataset [66], the publicly available DME dataset [60] and a locally sourced (from Anand Eye
Institute, Hyderabad) dataset referred to as AEL

The OCSC dataset has 15 training and 15 testing volumes acquired from 4 different scanners;
included are manual markings of cysts from two graders. An overview of the dataset is shown
in Table The resolution and density of the volumes vary from 496 x 512 to 1024 x 512 and 5
to 200 B-scans, respectively. The DME dataset has 10 Spectralis scans with 61 B-scans and 496
resolution each. The manual tracings (from two experts) for these data are provided sparsely
(11 B-scans per volume) and not for continuous slices. The AEI dataset has 10 volumes from
Optovue scanner with varying number of (30-51) B-scans and fixed resolution of 640 x 304. Cyst

boundaries for every fifth B-scan of each volume was collected from an expert.

Table 5.2: An overview of OCSC dataset

H Scanner ‘ Cirrus ‘ Nidek ‘ Spectralis | Topcon H

Training 4 3 4 4
Testing 4 3 4 4

The proposed system was trained on the OCSC training dataset by taking the intersection of
the markings of grader 1(G1) and grader 2(G2) as ground truth (GT). Only slices with cysts
were used during training. A separate validation set was formed by randomly selecting a cyst
containing slice from each volume in the OCSC train dataset. The CNN was implemented in
Theano using the Keras library. Training for 1420 epochs took about a day and a half. A
stochastic gradient descent optimizer as used to minimize the weighted binary cross entropy
loss. The training parameters were: learning rate of 0.001; Nesterov momentum was set to 0.75

and batch size was chosen as 8.

5.3.1 Experiments on system design

Next, we describe a set of experiments that were done to study the impact on system perfor-
mance. Specifically, these were to study the effect of i) varying the GMP parameters, ii) variants
of the proposed system and iii) the choice of threshold value which is used to binarise I,. Since
OCSC is the largest dataset, all experiments were done by training on the OCSC training set
and testing on the OCSC testing set. System performance was assessed by computing the Dice

Coefficient (DC) defined below.

| Detected N GT|
| Detected| + |GT|

Dice Coef ficient = 2 (5.6)

where |.| denotes the set size. DC€|0,1] can be viewed as a similarity measure over the two sets.

DC=1 is the ideal value as it indicates a perfect match between computed result and GT.
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(a) ROI of a slice  (b) Ground truth (c) Probability (d) Segmentation (e) Segmentation

Graderl N Grader2 map results by thresh- results using K-
olding probability means clustering
map

Figure 5.6: Qualitative results for a slice with cysts. Top to bottom rows: Results for a slice
from Cirrus, Nidek, Spectralis, and Topcon scanners.
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Figure 5.7: Qualitative results for a slice without cyst. Top to bottom rows: Results from a
slice from Cirrus, Nidek, Spectralis, and Topcon scanners.
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5.3.1.1 Effect of different GMP parameters

GMP computation requires choosing a few parameters such as the step size 9, range or extent
of translation N and the number of translation directions or number of GMPs K. The last
two directly affect the information content and size of cake C' which is mapped by the CNN
(by learning a function). K and N were varied while 6 was held constant (= 1). The output
of the CNN (I,) was thresholded to obtain the detected cyst regions. Since these are highly
localized, they were treated as roughly segmented cysts and evaluated using DC. Fig. [5.§ shows
the computed DC as a function of K with N = 5.

0.63

Dice coefficient
(=] = [ =
in in o = =
[=') [re} o — Fa

=
in
-

=
L
=11

2 4 6 12 14 16

g 10
Number of GMP in C: K

Figure 5.8: Segmentation performance as a function of the number (K) of GMPs.

The DC is seen to increase initially and saturate after K = 8. For K < 8 the cake is smaller
which implies has less information to CNN and hence inadequate learning. Since the training

time increases with the cake size, K = 8 was chosen for all our further experiments.

Next, the extent of translation N was varied. Specifically, N = 2,5,10 were considered. Small
(large) value for N implies a small (large) range of induced motion. Since motion serves to
spatially extend the cyst (along ), a large N is potentially beneficial for detection of small cysts.
However, this can lead to merging of cysts with dark background or give rise to false positives,
given the fairly dense retinal layer structure. A small N helps overcome these problems, however
at the risk of failure to detect small cysts. Thus the DC versus N plot can be expected to have
a mode. This is confirmed in Fig. 5.9

In experiments described henceforth, each of the GMP was created by applying translation
motion on a ROI slice with N =5, § =1 and 6 = 0° to 180° (in steps of 22.5°); C' was derived

by using a min coalescing function over a stack of K =8 GMPs.
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Figure 5.9: Segmentation performance as a function of the extent (V) of translation in each

GMP.

5.3.1.2 Effect of variants of the system

The proposed CNN architecture combines contextual information at 2D as well as 3D levels.
To assess their relative effectiveness, a simple CNN architecture which relies only on 2D local
information was considered by plugging out stages 1 and 2 in the proposed architecture. A cyst
is a 3D structure and hence the 2D CNN model can be expected to perform poorly compared
to 2D+3D CNN model (proposed). The DC listed in Table is seen to improve with the
addition of 3D information by 14%.

5.3.1.3 Effect on threshold at the CNN output

The thresholded result of the probability map (CNN output) represents a rough segmentation.
The impact of this threshold on rough and fine segmentation was also assessed. The plot in
figure Fig. shows the DC and Jaccard index (JI) as a function of threshold level. Both
increase initially as the rough segments continue to improve. DC and JI fall with threshold
values above 0.5 since more noisy pixels are passed on. When the threshold exceeds 0.7 the
DC obtained after clustering drops below the DC obtained prior to clustering. This is because,
thresholding at a high probability score leads to fewer false positive (FP) regions and under
segmentation, which in turn affects clustering. However, at a threshold of 0.35, clustering is
seen to improve the performance by 7.8%. This was chosen as the optimal value for system

evaluation.
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Table 5.3: Mean DC values for different variants of the proposed CNN model on the OCSC
dataset

H Input ‘ 2D ‘ 2D+3D ‘ Proposed system H
I 056 | 0.64 | 0.69 |

Table 5.4: Mean DC values for different variants of the CNN model

OCSC DME AEI

Method Test set | Dataset | Dataset
U-net with ROI as input 0.58 0.51 0.69
U-net with GMP as input 0.61 0.55 0.71
Proposed system 0.69 0.67 0.79

5.3.2 Evaluation of the system performance

Qualitative results of the proposed method are shown in Fig. and Fig. The probability
map computed by the CNN, thresholded result overlaid on the original image and the final
segmentation results are shown for a sample slice from 4 different scanners. It can be observed
that the method is able to produce probability maps which highlight the cysts when present
and nearly flat maps when cysts are absent. The thresholded outputs (in column d of Fig.
and final segments (in column e of Fig. indicate that segmentation is consistently good for
large and small cysts and the false detections are also minimal. The results also appear to be

robust to inter scanner variation in contrast/intensity.

Next, we present the segmentation performance of the proposed system. Metrics such as DC, JI,
Positive Predictive Value (PPV) and Sensitivity were used by OCSC organizers for evaluating
the different segmentation methods. Since DC and JI convey very similar message, we choose
to evaluate our work using DC alone. In order to assess the strengths of the proposed solution,
we evaluate the work quantitatively against the U-Net [67] a widely used deep network for
biomedical image segmentation tasks. It was trained end to end on the OCSC training set
twice, once with ROI image as input and next with GMP as input. The obtained mean DC
for the OCSC test set and cross validation results on DME and AEI dataset are listed in Table
The 5.1% improvement seen with GMP as input relative to ROI as input, substantiates

the importance of using appropriate representation for the input data.

Finally, we benchmark the proposed system against i) the participants of the challenge on OCSC
test set and ii) methods reported on DME dataset. The mean DC values are presented in Table
The results on the OCSC test set for the participants of the challenge are taken from the
OCSC website [64]. The overall DC values obtained for different datasets are listed (in rank
order) separately in Table Here, G1 and G2 denote the GT from 2 graders; Unmasked

(U) denotes the entire volume while Masked (M) denotes a volume with masked central 3 mm
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circular region centered at macula as described in [66]; (S) in the row of Esmaeili et al. denotes
the results are for only Spectralis scanner. It should be noted that results reported in [61] are
for the OCSC training set whereas the DC values listed in the table are for the OCSC test
set. The DC values should be nearly equal for M and U volumes if detection is not sensitive to

location and this holds only for the proposed method which outperforms all other methods on
the OCSC test dataset.

In the DME dataset, the uncertainty of fluid boundaries is reflected by the difference in DC
values (0.65/0.9) for the two manual raters. Both [57] [59] have reported results on this dataset
though the latter report only the volume similarity error metric and not DC. We consider DC as
the standard metric for evaluating the performance of a segmentation task and hence benchmark
with [57]. The DC values against the two experts as well as their union on DME dataset are
given in Table On the AEI dataset, the obtained DC value was 0.79/0.18. The superior
performance of the proposed system on the DME dataset and AEI dataset is noteworthy given

that our system was not separately trained on these datasets.

Table 5.5: Dice coefficient for the OCSC dataset, DME dataset and AEI dataset

OCSC Test dataset DME dataset
U M Expert 1  Expert 2 Union
Gl G2 G1ING2 Gl G2 G1ING2 (MJA) (PSM)  (MJA , PSM)

Proposed Work || 0.67/0.17 0.68/0.17 0.69/0.18 | 0.70/0.17 0.70/0.15 0.71/0.16 | 0.69/0.17 0.67/0.18  0.67/0.17
de Sisternes et al. | 0.64/0.14  0.63/0.14  0.65/0.15 | 0.68/0.15  0.67/0.17  0.69/0.15 - - -

0.56/0.2  0.55/0.22  0.54/0.20 | 0.61/0.19  0.60/0.19  0.59/0.19
0.48/0.25 0.48/0.22  0.48/0.22 | 0.60/0.15 0.59/0.15  0.60/0.14
0.46/0.25  0.45/0.24  0.45/0.25 | 0.55/0.27  0.55/0.27  0.55/0.28
0.14/0.08  0.14/0.08  0.14/0.08 | 0.23/0.15  0.23/0.15  0.23/0.15

SEEEE

0.53/0.34

— DC after K-means
DC by threshold Probability map

—— |l by threshold Probability map
0.8

Dey)l

0.4
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Figure 5.10: DC and JI for various thresholds at different stages
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Figure 5.11: Sample failure (to detect) cases.

5.4 DISCUSSION AND CONCLUSIONS

An automated retinal cyst segmentation algorithm was presented. It is a generic approach
which is independent of scanners and does not require layer segmentation which is in contrast
to existing approaches. For instance, layer-dependent statistical information is used to define
a cost function in the graph based method in [59] and serves as a feature in machine learning
based algorithm in [57]. Our method depends only on extracting an ROI between ILM and RPE
for processing. The heart of the proposed method is a novel representation derived by inducing
motion. The CNN is used to selectively enhance the object of interest and aid in detection of
the object. As only few parameters are to be learnt, CNN training is possible with only 584
sample slices (containing cysts) from the OCSC training dataset. The architecture of the CNN
is designed to utilize contextual information in both 2D and 3D and at multiple scales which
results in good performance on large cysts and small fluid regions. The effectiveness of the
CNN is underscored by the fact that its thresholded output is able to achieve results similar to
the other methods proposed during the MICCAI challenge. A simple clustering on this output
improved the DC by nearly 7.8%. The cross validation results on the DME dataset and AEI

dataset points to the robustness of the proposed method.

The proposed system has some limitations. It fails to detect cyst regions which are very small
in a volume especially when they are isolated in depth. These are sometimes treated as noise

and rejected. Sample failure cases are shown in Fig. [5.11} It also tends to merge small cysts,
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when they are adjacent to a large one and this in turn affects the DC value. One such case is

seen in the second row of Fig. [5.6

Besides cysts which are fluid filled regions, quantifying fatty deposits such as drusen in the
RPE layer, which occur in Age related macular degeneration, are also of interest in OCT im-
age analysis. The proposed segmentation method can easily be extended to handle drusen by
simply replacing the coalescing function with max. This, we believe, is because our strategy for
localization is selective enhancement of the abnormality of interest, agnostic to the location of
the abnormality. Further improvement in the work is possible by embedding domain-assisted

spatial information in the input to the CNN.
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Chapter 6

CONCLUSIONS AND FUTURE WORK

This thesis has taken on the problem of developing an automated OCT image analysis system.
While there is an exhaustive literature available for OCT analysis, in this thesis we present four
individual modules which are combined to form this system. Firstly, we approach building the
system by developing algorithms for OCT anatomy analysis and disease analysis as segmenta-
tion and classification tasks from traditional machine learning and image processing perspective.
We start in chapter 2] by focusing on extraction of retinal layers by employing deep learning
techniques. With advancements in deep learning, we have been able to develop an end to end
trainable module for segmenting layer boundaries. Parameter dependent modules like image
flatenning, denoising and edge detection employed previously in literature are automated in the
proposed pipeline. The segmentation method proposed in chapter [2]is capable of handling OCT
data from both normal and AMD affected macula regions. The proposed automatic segmen-
tation algorithm’s quantitative results are on par with the existing methods. Shortage of data
and boundary markings hinders this deep learning framework to outperform the state of the art
methods. However, it is necessary to appreciate the strength of this single model in handling
scanner variability and pathological cases. In chapter |3l we have seen the use of additional
angio information for glaucoma classification. The RNFL thickness along with capillary density
helps in detecting glaucoma better. This establishes the correlation of RNFL and CD for a
normal and glaucomatous subject. Chapter [4] proposes an automated classification module for
detecting AMD and CME at slice level in an OCT volume. We discuss a pipeline in chapter
to analyze macula region of retina from OCT data. We have seen in this chapter, how biolog-
ically inspired extremal representation can be used with convolutional neural network (CNN)
classifier to diagnose retinal disease. The high performance of the system on data collected from
multiple scanner illustrates the capabilities of the module. Apart from identifying disease, the
thesis also focuses on segmentation the retinal abnormality like cysts. In chapter |5, we propose
an abnormality segmentation algorithm. This algorithm aims at localizing/segmenting retinal

cysts from OCT volumes. It is based on learning a mapping function that combines stack of bi-
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ologically inspired generalized motion patterns (GMP). Our investigations were primarily cysts
and hence the type of motion and coalescing function for GMP is fixed. A CNN in this context
learns the required mapping function to produce a an output image with probable cyst regions.
Our evaluation of this method has shown,that by a simple thresholding and clustering, it can be
used to segment cysts better than the available automated methods. Also, the system performs

well with cross validation on multiple datasets without explicit training.

6.1 FUTURE WORK

The following are the possible directions of future work.

e Anatomy extraction: In chapter[2] the method segments retinal layers even in presence
of macular pathologies. We have not attempted segmentation of retinal layers in presence
of pathologies like cysts due to the lack of data required for deep learning. Also, segmen-
tation of retinal layers is useful when Optic disk (OD) is analysed. This problem can be
addressed by proposing a unified algorithm for segmenting layer boundaries of OD and

macula. This requires large amount of annotated data (layer boundaries marking).

e Classification of diseases at volume level: Chapter [3| uses a new imaging modality
namely OCTA. The use of this modality for disease diagnosis is established in this chapter.
It would be interesting to investigate this imaging modality at macula region and study
the effect of vasculature on other retinal disease. We can approach this by obtaining

structural and vascular information by mosaicing data obtained at different locations.

e Classification of diseases at slice level: The module proposed in chapter 4] can suc-
cessfully classify a macula OCT as normal or diseased. The module can be enhanced
to handle other disease like Diabetic retinopathy. Another possible future direction is
in attempting to detect diseases at different stages. We can approach this problem by

providing domain knowledge pertaining to the stages of the disease only during training.

e Abnormality extraction: Retinal cysts are the abnormalities that is ssegmented in
chapter [5| The final stage in the pipeline involves simple clustering based segmentation.
This technique proves effective, however, in the future work we can train an end to end
conditional random field (CRF) for getting more accurate cyst regions. Methods already
exist for learning CRF’s with CNN’s for segmentation in computer vision applications.
We can attempt this problem by combining the CRF module with the proposed CNN

architecture.
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