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Abstract

Glaucoma is the second leading cause of blindness in the world, according to the World
Health Organization, the first being cataracts.Everyone is at risk for glaucoma from
babies to senior citizens. Glaucoma is an eye disease that is characterized by a particular
pattern of progressive damage to the optic nerve that generally begins with a subtle loss
of side vision (peripheral vision). Elevated pressure in the eye is the main factor leading
to glaucomatous damage to the eye (optic) nerve. If not diagnosed and treated, it can
progress to loss of central vision and blindness causing an irreversible damage.Glaucoma
usually causes no symptoms early in its course, at which time it can only be diagnosed
by regular eye examinations. Visual fields are used to diagnose the presence of glaucoma
and monitor its progression .The blind spots created in the patient’s eye by glaucoma
can be seen on the visual field map. This type of test is known as Standard Automated
Perimetry (SAP). There are various types of SAP, but the most commonly used is
Humphrey.In this thesis we use image processing and decision support techniques to
automate the analysis of visual field reports in order to aid ophthalmologists. The
main focus is extract, locate and score quantitatively the glaucomatous damage in each
hemisphere so that the extent of damage may be known. The pattern deviation (PD)
plot printed in the visual field test report contains the significantly depressed points
referred to as probability key symbols (PKS); whose shape, location in ISNT regions
and count give us information about the damage caused by glaucoma to the optic nerve.
Our thesis focuses on the extraction, location region, count and score of these PKSs in
the upper and lower hemispheres of the PD plot hence automating the scoring of the

analysis of visual field tests.

Keywords: Humphrey Visual Field, Glaucoma, Standard Automated Perimetry
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CHAPTER 1

Introduction

The visual field area of the person is described as the boundaries of the area in which a
person can see for a certain moment while viewing at a fixed direction; without moving
his eyes or head and beyond which nothing can be viewed. The extent of visual field
of healthy human eye is constant and is important to consider as the narrowing of the
visual field negatively effects one’s daily life activities and hence quality of life (QOL).
There are two types of visual fields : monocular and binocular. The visual field of one

eye is called monocular visual field.
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Figure 1.1: Spatial Extent of the Monocular Visual Field[1]

The facial anatomy of the person (brows, eyes, cheeks) limit the spatial extent of the
monocular visual field in normal eyes. Spatially; the monocular visual field extends

from approximately 60 degrees nasally to 90 degrees temporally and from 60 degrees
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superiorly to 70 degrees inferiorly|3].

The binocular visual field contains input integration and mapping information from both
the eyes defining the visual acuity and depth of perception. The overlapping region of

central 60 degrees comprises of binocular visual field. [1]
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Figure 1.2: Spatial Extent of the Binocular Visual Field|[1]

Glaucoma is a general term including a range of ocular conditions that cause a specific
neuropathy of the optic nerve[l].After cataracts, glaucoma is the second leading cause
of blindness in the world and can occur in all age groups but is most common in the
elderly[2]. Glaucoma produces a characteristic progressive damage to the optic nerve
resulting in the loss of the visual function loss[3]. The most common clinical method
of measuring the function of the visual system is perimetry or visual field testing which
assesses the eye’s ability to detect the brightness of small points of light projected in both
the central and peripheral areas of vision [4].The detection of an impairment in the visual
field due to glaucoma represents the location and extent of optic nerve damage. Standard
automated perimetry (SAP) is currently the gold standard for detecting glaucomatous

visual field loss clinically worldwide[5].

1.1 Motivation

There has been very little work done in the past on the quantitative analysis of Humphrey

Visual Field (HVF) reports. The report contains statistical plots of total deviation and
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Figure 1.3: Illustration of vision with Glaucomal/[6]

pattern deviation which display the probability key symbols (PKSs) in the ISNT quad-
rant for each patient. The count and location of each of these PKS has its significance
as the individual and overall count of PKS helps to determine the extent of glaucoma
and the location of PKS helps to determine the characteristic pattern of glaucomatous
damage to the visual field of patient. Currently there is no algorithm to automati-
cally segment, count and locate the PKSs in the HVF reports. This short coming has
motivated me towards the development of an algorithm in MATLAB R2017 Image Pro-
cessing Toolbox which will be the first of its kind. Therefore, we aim to extract, count

and locate the PKSs accurately which will aid the ophthalmologists in their diagnosis.

1.2 Problem Statement

Visual field test is performed to analyze effect of Glaucoma on patient’s vision. Tra-
ditionally manual analysis of report is being done which requires expertise. In this re-
search, we aim to use image processing and decision support techniques for automated

analysis of VFT reports to grade Glaucoma level.

1.3 Objective and Scope of Thesis

It is really essential to detect and treat (mostly asymptomatic) glaucoma as early as

possible to avoid the risk of blindness. The objectives of the thesis are as follows:

e To segment out the ROI from the rest of the image

e To label each of the PKS as one of the five categories
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e To determine the location PKSs in the ISNT quadrants

e To grade Glaucoma

Since glaucoma is a very common illness, a large number of patients present in front
of the doctors.Hitherto, there is no other way to assist doctors in the analysis of visual
field reports. Our aim is to assist the ophthalmologists in reaching the conclusion about
glaucoma extent of patients by analyzing the statistical values generated in the report,

since glaucoma presents characteristic damages in the optic nerve.

1.4 Structure of Thesis

Remaining part of the thesis is organized as follows:

Chapter 2 discusses the anatomy and physiology of human eye emphasizing on the
underlying mechanism of functioning of visual pathways as well as retinal structure and
function ( imaging ) and components of vision. It discusses the structural and functional
damage caused by glaucoma; and the perimetry in detail explaining the testing strate-
gies, the measurement units and the perimeter used to measure visual fields. It also
discusses in detail the Humphrey visual field analyzer and the interpretation of visual

field reports.

Chapter 3 discusses the literature searched on three main topics: firstly recent studies
conducted to investigate the developments in the causes, risk factors and structural
damages in in the study of Glaucoma, secondly the chronological adaptation of various
algorithms used in the standard automated perimetry (SAP) and thirdly the different

scoring methods used by the clinicians in the world to grade glaucoma.

Chapter 4 discusses in detail the implemented methodology with the explanation of

each module.

The explanation of databases used for evaluation purposes is given in Chapter 5 in-
cluding all the experimental results are discussed in detail with all desired figures and

tables.

Chapter 6 concludes the thesis and reveals future work of proposed system.
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VISUAL FIELD TESTS

2.1 Anatomy of Human Eye

Eye is one of the most complex organ of human body and consists of three separate

layers. The formation of these three ocular layers is as follows:

e Outer Layer is made up of sclera and cornea
e Middle Layer is made up of iris, ciliary body and choroid

e Inner Layer comprises of retina.

These three layers surround the transparent structures of aqueous, vitreous and the
lens. The tough outer coat that protects the entire eye ball is known as sclera. The
front portion of the eye which is convex in shape and bulges outside is cornea through
which light enters the eye. Located just behind the cornea is a dark muscular diaphragm
known as iris containing a hole in the middle called pupil. The function of the iris is to

regulate the amount of light entering the eye by adjusting the size of pupil.
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Figure 2.1: Anatomy of Human Eye[7]

Figure 2.1 shows the anatomy of the human eye.The ciliary muscles and the suspensory
ligaments (ciliary zonules) keep the lens in its place by providing supporting to it. They
also adjust the focal length of the eye to help view nearby and distant objects clearly.
The area between the cornea and eye lens is filled by a viscous liquid called aqueous
humor. It prevents the eye from collapsing due to changes in the atmospheric pressure.
Retina is a delicate membrane having a large number of light sensitive cells. Choroid
is the vascular layer of the eye containing blood vessels that nourish the inner parts of
the eye. Retina is the light sensitive region of the eye. The optic nerve carries impulses

from eye (retina) to the brain which interprets them as an image.

2.2 Structure of Retina

On the basis of class type; the retinal neuron cells are divided into six categories: pho-
toreceptors, bipolar cells, horizontal cells, amacrine cells, ganglion cells and Mullerian
glia. The axons of the ganglion cells exit the eye to form optic nerve head (ONH) also
known as Optic Disc (OD). There are no photoreceptor cells (rods or cones) at the ONH
hence creating a natural blind spot in each eye at this location also called physiological

scotoma. It is typically located 15° temporally and 1-2° inferiorly to the fovea, and its
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size is approximately 5° horizontally and 7° vertically. We do not notice the presence
of natural blind spot in our eyes because the central field of vision of both our eyes

overlaps and also because our brain fills in for the incomplete information|8] .

The axons of the gangalion cells make the optic nerve. The inner most layer of the
retina which is nearest to the eye comrises of gangalion cells. The photoreceptor cells
of rods and cones are located in the outermost layer of retina. They absorb the light
which reaches retina and use the process of phototransduction to convert the absorbed
light to electric signals.There are approximately 105 million photoreceptors and 1.2 to
1.5 million gangalion cells in the human retina. Figure 2.2 shows the organization of the

retinal cells.

outer limiti
membrang ~.

Miller calls

menbhes”

Figure 2.2: Organization of Retinal Cells[8]

The rods work under scotopic conditions and cones work under photopic conditions and
are responsible for colored RGB vision hence responding to three different intenisties
of red, green and blue wavelengths.These rods and cones are unevenly disctributed
throughout the retina. The gangalion cells are of three types: Parvocellular, Magno-
cellular and Koniocelluar gangiolon cells. The Parvocellualalr make up the 80 percent
of the gangalion cells and work slowly; with detail resulting in object recongnition and

form representation.

The magnocelluar cells work quickly but follow less detail and are responsible for object
localization and motion. They make up 10 percent of the gangalion cells. The Konio-
cellular cells operate at moderate speed and result in colored vision comprising rof the

remaining 10 percent of the gangalion cells.
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The dip in the retinal membrane is called fovea which contains a large concentration
of cones. Rods on the other hand are located near the periphry of the eye.The reason
of the dip of the fovea is the fact that photoreceptors are connected to other neurons
that send axons through the optic nerve into the brain. Hence when light hits the fovea,
more light falls on cones rather than being absorbed by axons in its way; hence giving
higher resolution. The image of the object is formed on the fovea which is responsible

for sharp central vision comprising of more detail.

2.3 Aspects of Vision

The following are the aspects of the vision.

Visual Acuity

Colored Vision

Scotopic Vision/Adaptation to darkness

Accomodation

Sensisitivity to contrast

Sterioscopic Vision

Let’s explain them briefly one by one.

Visual acuity is defined as the “spatial resolving capacity” of the eye or,or in other
words, the size of an object that can be resolved with an eye. Visual function is most
commonly tested by visual acuity since this test is very easy to perform and uses very
simple equipment i.e it is tested by using specific eye charts clinically[9]. Fovea is the

region of highest acuity as shown in figure 2.3.

Light perception occurs in retina via cones which are of three types corresponding to
three types of colors: red, green and blue. Upon visualizing a color, each cone sends its
own distinct signal to the brain. For example upon viewing the yellow light, both the
red and green cones get activated sending signals to the brain. The brain hence detects

the color as yellow. Human eye can not view colors in dark as the rods which take over
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Figure 2.3: Highest Acuity is at Fovea [9]

in darkness are only of one type; therefore sending only one type of signal to the brain.

That is they either send 1 or 0 to the brain meaning light or no light.

Accomodation reflex comprises of three functions of the eye: convergence, pupillary
constriction and rounding of the lens. When an object approaches eyes; both the eyes
converge to focus the image on the fovea. Inappropriate conversion leads to double
vision or diplopia. The pupil constricts enough to regulate the light reracted by the lens
and reflected the object failing which the object might appear blurred. Finally the lens
round up according to the distance of the object so that image of the near or distant
object falls on retina. All these three phenomenon of convergence, pupillary constriction

and rounding of the lens combine to perform accomodation.

Unlike visual acuity which tests the ability to measure smaller and smaller objects;
contrast senistivity is used to measure the ability to distinguish increments of darkness

versus light. e.g. vision in fog. It is very important especially while driving at night.

Human eyes perceive the concept of depth by combining the two images from the left
and right eye hence enabling us to have a 3-dimensional vision. This process is called

Steriopsis and the vision is called Sterioscopic Vision.
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2.4 Visual Pathways: How Our Eyes See

The visual pathway as shown in figure 2.4 begins at our eyes. An object is simultaneously
viewed by both our eyes: left and right. The image of the object is formed at the retina
of both of the eyes. The photoreceptor cells of the retina excite the bipolar cells; which
in turn synapse with the gangalion cells. The axons of the gangalion cells exiting the eye;
form the optic nerve. It is very important to note that the myelin sheath of the gangalion
cells is secreted/formed by oligodendrocytes; hence gangalion cells though originating
from eye (sensory organ which is not a part of brain or central nervous system) are
considered the part of central nervous system (brain and spinal cord). The optic nerve
(formed by axons of gangalion cells) is a sensory nerve and does not contain any motor

organs meaning it just carries impulses from eyes to brain and vice versa.

The left side of the retina in each eye receives light from left visual field and the right
side of retina receives light from right visual field.The optic nerve originating from
retina of each eye contains two components: nasal (close to nose) and temporal (close

to ears/temples). A few millimeters behind the optic nerve head redistribution of the

Right
thalamus

right

. Primary
Visual field A visual
cortex
7 Optic
chiasm | .5

left thalamus

Figure 2.4: Visual Pathway (Top View)[10]
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axons take place. The nasal component of left and right eye cross over at the part of
brain called optic chiasm.Whereas the temporal components of the left and right optic
nerve pass as such. This crossing over at the optic chiasm is the reason that our eye
balls move simultaneoulsy to the sides. Also, due to this optic chiasm we are able to see
a large portion of visual field with only one eye even if our other eye is covered. After
crossover, the temporal and nasal halves of left eye form left optic track and temporal
and nasal component of right eye form right optic track.Hence at the chiasm the fibers
decussate so that beyond the chiasm all of the fibers for the right hand are now in the
left visual pathway and the fibers for the left hand are in the right visual track. Until
now we have covered the prechiasmic pathway.Figure 2.5 shows the visual cortex in the

brain.

Left eye

Optic nerve
Optic chiasma

Optic tract

Thalamus

Midbrain

Occipital
lobes

Figure 2.5: Visual Cortex|[11]

Let us go beyond to discuss retro chiasmic track which is made up of opytic track,
lateral geniculate body, optic radiations and occipital lobes. The right and left optic
tracks connect to the lateral geniculate nucleus of the thalamus.Every signal before going
to brain is relayed in the thalamus.The fibers of thalamus then extend to the cortex of

the brain. The primary visual area lies in the occipital lobe of the cortex.The image
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is thus received in the primary visual area of occipital lobe and is relayed to secondary
visual area of the occipital lobe for further analysis. The image formed on the retina
was an inverted image but the image is received in its proper orientation in the occipital

lobe in the brain.

2.5 Glaucoma

Glaucoma is an ocular disease that may result in permanent loss of eyesight if not
detected and treated at an early stage. Eye produces a fluid called aqueous humor that
originates behind the iris and drains through a tabular meshwork after floating in the
front portion of the eye. It maintains a balanced pressure called Intraocular Pressure
(IOP) inside the eye and keeps the eye inflated. However, if drainage route is blocked;
the fluid builds an abnormal IOP which may cause damage of the optic nerve which
cannot be reversed and leads to permanent blindness i.e. glaucoma. According to the
World Health Organization (WHO) glaucoma is the second major cause of blindness in

the world.

Glaucoma has no early symptoms or pain and is also known as the “silent thief of
the sight” [3]. Therefore, for diagnosing glaucoma there are several techniques such
as measuring IOP, Cup to Disc Ratio (CDR) calculation using Fundus Images, use of
Optical Coherence Tomography (OCT) for thickness calculation of Retinal Nerve Fiber
Layer (RNFL) and Visual Field Tests (VFT).Based on causes and symptoms, glaucoma

is categorized into main two types as shown in table 2.1

Table 2.1: Comparison of Categories of Glaucoma[l1]

Open-angle Glaucoma Angle-closure Glaucoma

Caused by clogging of drainage canals Caused by blockage of draining canals

Has slow progression Develops quickly
Irreversible Needs immediate medical treatment
No noticeable symptoms Has noticeable symptoms

12
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2.6 Diagnostic Techniques for Glaucoma

The following table 2.2 enlists the examination quantity and the test used to measure

that parameter.

Table 2.2: Diagnostic tests for Glaucoma[12]

Examination parameter Name of Test

The inner eye pressure Tonometry

Shape and color of optic nerve Ophthalmoscopy (dilated eye exam)
The complete field of vision Perimetry (Visual field test)

The angle in the eyes where iris meets cornea  Gonioscopy

Thickness of cornea Pachymetry

2.7 Visual Field

Dr. Harry Traquair, a Scottish scientist has famously described field of vision as "island

hill of vision in a sea of darkness" as shown in figure 2.6

» Fovea

¥ Superm/r/f Blind Spot

-

-

AN

Temporal

Inferior

Figure 2.6: Visual Field Illustration as Hill of Vision[12]
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The shape of the island represents difeerences in sensitivities of different regions of the
retina.Isopters represent the regions having similar senistivities.The coordinate system
used in visual fields is Inferior, Superior, Nasal, Temporal (ISNT). The highest peak of
the island of field of vision has the highest sensitivity and corresponds to fovea. The area
in which there is zero senistivity is defined as blind spot and this is the area of abosulute
scotoma meaning even if you shine the brightest light on it; nothing will be seen by it.
It is about 7-8 degrees in vertical 1 diameter and 5 to to 6 degrees in horizontal diameter
and is approximately 1.5 degrees below the horizontal midline. The following figure 2.7

illustrates the visual field boundary.

Superior

Masal

Figure 2.7: Visual Field Boundary|[13]

In visual field zero degrees corresponds to fovea and is always set at the fixation as

) -

|
Temporal

shown in figure 2.8.

n ‘ .

60° 30° 0° 30° 60° 90

Figure 2.8: Fovea is located at the fixation i.e. zero degrees[12]

Any change in the shape or height of the hill of vision points to underlying pathologies.
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If the height of the hill of vision is less as compared to what it should be for patients

of that age; but this loss is equal at all points then this is called "generalized loss of

sensitivity" and can be due to old age or some disease as shown in figure 2.9.

l

| | | |

Figure 2.9: Generalized Loss of Sensitivity[12]

Temporal

Contrary to generalized losses the focal losses are like pits on the hill of island.They
represent the creation of scotomas (e.g. due to glaucoma) in the field of vision of the
person. In glaucoma the creation of scotomas follows a specific pattern as shown in

figure 2.10.

p 4 Fovea
; f,- Blind Spot

. _— Scotoma

Figure 2.10: Focal Loss[12]

2.8 Perimetry

Glaucoma causes functional and structural damage. The functional damage can only

be quantified by measuring the visual field of the patient. Perimetry is the science
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of measuring the visual field of the patient using a perimeter (device specified for the
purpose of mapping visual field). Perimetry is also used to measure the progression
of the damage to the visual field of the patient over the course of time and is the
direct measure of the damage caused by glaucoma as opposed to IOP which gives us an
indirect measure. It helps to determine the disease and the location of lesions because
diseases specifically Glaucoma and other lesions produce characteristic patterns of loss
in the visual field. Perimetry also helps to specify the extent of loss and monitor its
progression. Though perimetry is specifically used for Glaucoma but any disease in
the visual (occular) pathway presents its affect on the visual field. In addition to the
measuring the extent of the visual field of a patient it is important to measure the
sensitivity of the patient to the light intensity. The intensity of light is inversely related
to the sensitivity. A person who can see in a very dim light has a very high light
sensitivity and vice versa. Under normal day light conditions; the sensitivity of healthy

eyes is highest at the center of the hill of vision and decreases at the edges of the hill.

Perimetry helps to quantify a patient’s sensitivity of light. Different stimuli of varying
intensities are presented to the patient at various locations who fixates one eye at a
time at a certain point and hence the test measure the ability of the eye to distinguish
differences in the luminance. Stimuli are presented on a surface and the luminance
is measured as the light per unit area reflected from the screen into the eye.Units of
luminance are apostlibs (asb) or candela per square meter (cd/m2) and represent light

flux per unit area.

The frequency of seeing curve gives us the probability of perception of a stimulus versus
stimulus intensity. The curve tells that there is a very probability of viewing a highly
intense stimulus and a very low probability of viewing a low intensity stimulus at a
specific point. This is depicted by flat curves along the ends of x-axis. However, the
curve between these two extremities is quite steep and the range of intensities for a
trained observer at which they may or may not perceive the stimulus spans roughly 3

dB as shown in figure 2.11.

2.8.1 Decibels

Under normal day light conditions, the human eye can adapt to a large range of lu-

minance from 0 to 10,000 apostlibs which is impossible to be displayed . An inverse
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Probability of perception (%)

Stimulus Intensity (dB)

Figure 2.11: Frequency of seeing curve[13]

relation occurs between sensitivity and luminance. Also, the sensitivity does not change
linearly with luminance in apostlibs hence to resolve all these issues an intuitive scale of
decibels is used in perimetry. The value of db scale lies in the range of 0 to 32 db where
a value of Odb means that the patient was unable to see the brightest stimulus and 32

db represents normal vision of fovea for healthy eye.

2.8.2 Static Perimetry

The two most common types of perimetry are kinetic and static and they differ on the
basis of mobility of stimulus. In the case of kinetic perimetry the stimulus moves however
in the case of static perimetry the size and location of the target remain constant..
The static perimetry is further divided into standard automated perimetry (SAP) and
selective perimetry. Today the worldwide accepted standard of perimetry is SAP and

we will be further discussing it in detail.

Standard Automated Perimetry

With the advent of computers; the manual perimetry is replaced by automated perime-
try. The patient does not know where the next stimulus would be hence improving the

fixation and reliability of the test.
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2.8.3 Testing Algorithms

Lets explain the testing algorithms in detail.

Full Threshold

Figure 2.12: Full threshold bracketing strategy[14]

As shown in figure 2.12 ; initially full threshold algorithm was used in which a stimulus
is presented at a test location.The threshold is determined at every point in the visual
field using 4-2 bracketing algorithm.The stimulus intensity is varied so that threshold
is crossed twice, first using 4-db steps and then 2-db steps.The stimulus intensity was
decreased by 4 db. Threshold is either the intensity of the last seen stimulus (HFA) or
the average of the last seen and unseen stimulus (Octopus). It is most accurate however

most time consuming hence it is not suitable for all patients.

SITA: Standard and Fast

SITA stands for Swedish Interactive threshold algorithm and is designed to decrease
the test time by incorporating the patient’s responses in real time in an intelligent
way; hence reducing the time for test as compared to full threshold strategies and not
compromizing on reliability and accuracy.SITA is most widely used algorithm especially
for Humphrey Visual Field Analyzers. There are two versions of SITA: SITA Standard
and SITA Fast. SITA uses Bayesian model to predict the information about location
and intensity of future stimuli. By inculcating the information about the neighborhood
the stimuli which are unlikely to be seen or the stimuli that have a very high probability

to be seen are excluded from exhaustive research. SITA standard tests 90 percent of
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the test locations and exits if it reaches a definite result. Similarly, SITA Fast exits
if on testing 80 percent of the test locations a result is reached. SITA standard takes

approximately 7 minutes per eye and SITA fast takes approximately 4 minutes per eye.

30-2, 24-2, 10-2

The first part of the name indicates the extent to which the visual field is being tested
i.e. 30 means the visual field extending 30 degrees both to left and right from the center
is being tested. Hence in effect a total of 60 degrees of visual field is being tested.
Similarly, 24 and 10 refers to extension of visual field test to 24 degrees and 10 degrees
in both directions from the center respectively.Coming to second part of the name , the
2 represents the second standard developed to present stimuli. Initially, 30-1 standard
was introduced in which the initial stimulus was located directly on x and y axis and
the difference between next stimuli from the previous was 6 degrees. Whereas in 30-2,
no stimuli are presented on the vertical and horizontal axis and the distance of stimuli

from vertical axis is 3 degrees.

Both SITA Standard and Fast follow one of the three types of tests: 30-2, 24-2 or 10-2.
30-2 and 24-2 are same except the most outer ring. 30-2 has 76 test locations whereas
24-2 has 54 test locations. The distance between any test location and the next one is

6 degrees as shown in figure 2.13
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Figure 2.13: Testing 76 test locations[15]

The distance between the vertical line and first test location is 3 degrees. In 24-2, the

outer most ring is not tested. Only those test points are included from 30-2; which are
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known to be affected by glaucoma hence reducing the test time and yet achieving the

same information as shown in figure 2.14.

Figure 2.14: Testing 54 locations|14]

The central 10 degrees test gives higher resolution and better follow up of the central
and macular vision . The difference between two test locations is 2 degrees as shown in

figure 2.15.
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Figure 2.15: Measuring central field only[15]

It is important to monitor the patient who has advanced glaucoma and has signifi-
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cantly lost his peripheral and central vision and the ophthalmologist wants to get more

information about central region.

2.9 Humphrey Visual Field Tests

Two most commonly used tests for SAP are Humphrey and Octopus. Our thesis deals

with Humphrey Visual Field tests.

2.9.1 Humphrey Visual Field Analyzer

HVFTs are performed using Humphrey Visual Field Analyzer (HVFA). The following
figure shows the setup of HVFA. The patient has to rest his head on a chin rest while
facing a white bowl of 30 cm radius enveloping his visual field. While measuring the
monocular visual field of one eye; the other eye of the patient is covered. The analyzer
presents a stimulus, and if that stimulus is seen by the patient; he triggers a button

otherwise he shows no response.

Figure 2.16: Humphrey Visual Field Analyzer[14]

The Humphrey perimeter as shown in figure 2.16 works in photopic conditions and uses
background light of 31.5 abs and tests cones rather than rods using uses an attenuation
scale of 0 to 50 dB (0 being the brightest). Since HVFA provides background illumination

mainly hence it controls the contrast ratio of their stimuli.

The size of the stimulus follows Goldman standard for visual field tests in which the
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diameter of the stimulus is presented in degrees. The size of each stimulus is four times
the area of the one before it and ranges from 0.25 millimeter square to 256 millimeter
square.The standard time of presentation of stimulus in HVFA is 200 ms or 0.20 seconds
.HVFA is capable of varying the stimulus size from I to VI as shown in figure 2.17 and

the default standard size is Goldman size III measuring 4 millimeter square.

Figure 2.17: Goldman sizes for stimuli [16]

2.9.2 Interpreting Humphrey Visual Field Reports

The above figure as shown in figure 2.18 shows the basic layout of an HVF test report.
Every part has a significant meaning. First the top left portion contains the patient’s
data. The most important information which should be accurate is the age of the patient
since the analyzer matches the sensitivity of stimulus points presented to the patient’s
eye with that of the healthy eye of the same age group. Hence wrong age will yield

wrong results

Fig. 2.18 section 1 contains the reliability indices which tell the accuracy of the per-
formed test. It contains the fixation loss, false positive and false negative errors. Fix-
ation loss represents the number of times a patient responds to the target placed in
his physical blind spot. The shutter of HVFA generates a sound before presenting a
target; hence false positive errors represent the number of times a patient responds to
the sound of the shutter. False negative errors represent the number of times a patient
fails to respond to a target placed in his visual field and already seen by him because
he may have lost his attention or maybe tired.These value of all these losses should be

less than 33 percent[10] for the test to be reliable

Fig. 2.18 sections 2 and 3 give the grayscale or half tone plot and numeric display. The
grayscale does not give very clear information and is not much useful. The numeric plot
is the record in decibels of the sensitivity of patient’s eye at the test locations where

each value denotes the extent to which light can be dimmed and is still detectable by
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Figure 2.18: Humphrey Visual Field Test Report Pattern[14]

the patient. Fig.2.18 section 4 contains the numeric and graphic probability plots of
total deviation. Total deviation gives us the difference between actual (sensitivity of
patient) and expected sensitivity of the patient of same age (normal values recorded
in the program). Fig.2.18 Section 6 gives the numeric and graphic probability plots
of pattern deviation. The pattern deviation (PD) is derived from total deviation and
is the most important data [10] since it eliminates any morbidity due to age of the
patient or any other disease other than Glaucoma. PD is calculated by adjusting the
measured thresholds upward or downward hence mitigating any generalized change in

the threshold of the portion which is least damaged.

Fig.2.18 section 5 indicates the probability key symbols (PKS) which are relevant to the
scope of this thesis. They are significantly depressed points and the presence of any of

these in the PD indicates the onset of glaucoma.There are five types of probability key
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symbols: P<0.5 percent, P<1 percent, P<2 percent, P<5 percent and the single dots
(which represent normal functioning of the eye at that test location). P<0.5 percent
means that this is a normal value in less than 0.5 percent of the population and an
abnormal value for the remaining 99.5percent of the population. Fig. 4 sections 7, 8 and
9 contain values for mean deviation (MD), pattern standard deviation (PSD),Glaucoma

hemifield test (GHT) and visual field indicator (VFI).

Mean Deviation gives us information about the hill of the vision. Greater the MD lower
the height of the peak. MD of 6 indicates mild generalized depression. An MD value
between 6 and 12 indicates moderate generalized depression and MD value greater than

12 indicates severe generalized depression.

PSD gives us information about the shape of the hill of the patient.Small PSD means
homogeneous depression and large PSD indicates irregular depression of the hill of field
pf vision.PSD wvalue of 1 indicates that all points are depressed homogeneously. Even if
one point is more depressed; the PSD value will be higher. PSD should be less than 4

normally.

The values of MD and PSD combined give following information about visual field as

shown in table 2.3.

Table 2.3: Information about Visual Fields from MD and PSD[16]

MD PSD The Visual Field

Normal Normal Normal or very minimally disturbed

Abnormal Normal Pure generalized depression (whole field depressed homogeneously)
Normal Abnormal A small purely localized defect or an artifact is present

Abnormal Abnormal A large defect present with a significant localized component

GHT helps to compare the sensitivities of the upper and lower hemisphere of an eye.
Normally the sensitivity of upper and lower half should be identical but glaucoma can
causes sensitivities of the hemispheres to change. GHT is specifically designed for glau-
coma and the upper and lower hemispheres are divided into identical zones and the
sensitivity of the zones is compared with each other. Sometimes a lesion may also result

in sensitivities to change. GHT test produces one of the following outputs:
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e Outside normal limits

e Borderline

e Generalized reduction in sensitivity
e Abnormally high sensitivity

e Within normal limits

The VFI value of less than or equal to 78 percent indicates early glaucoma; the
value between 78 and 91 indicates moderate glaucoma and greater than 91 indi-

cates severe glaucoma.
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LITERATURE REVIEW

3.1 Glaucoma : The Optic Neuropathy

A study done in May 12, 2010 by Carlos Gustavo V. De Moraes et. al [17] investigated
the IOP dependent and IOP independent factors which may lead to glaucoma progres-
sion in a treated glaucoma.The study was done on 587 eyes of 587 patients having mean
age 64.9 years including 58 percent women patients from which 90 percent were of Euro-
pean descent. The common diagnosis in patients was open angle glaucoma. The study
revealed old age, exfoliation syndrome, decreased central corneal thickness, detected disc
hemorrhage,para-papillary atrophy and IOP peak as increased risk factors of glaucoma

progression in the patients who have a treated glaucoma.

Another study done by Carlos Gustavo V. De Moraes et al [18] in July 2017 investigated
whether glaucoma affecting both the hemifields progresses rapidly then that in which the
single hemfield is affected.The study was conducted on 205 eyes of 205 patients having
mean age of 64.2 years and mean follow up time of 6.5 years. The patients were divided
into three groups; the first having initial superior defect known as group A, the second
group B having initial inferior defect and group C having both hemifields involved.The
results showed that the glaucoma in patients in group C progressed faster than those in
groups A and B hence indicating more aggressive therapy for the eyes of the patients

which have both hemifields affected.

A famous study conducted in September 14, 2009 known as ADAGES (The African De-
scent and Glaucoma Evaluation Study ) done by Pamela A. Sample et. al [19] identified

the factors differing in the onset and rate of progression of glaucoma between the patients
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of African and FEuropean ancestry. ADAGES was initiated and funded by ational Eye
Institute because several studies showed that people with African descent have a high
probability of developing open angle glaucoma as compared to people with European
descent [20] [21] [22].This prospective, multicenter observational cohort study included
1221 participants of African and European descent having no glaucoma (normal), sus-
pected glaucoma, and glaucoma. The factors which were measured in all the patients
were baseline demographics ,optic nerve structure,visual function risk factors and the
clinical status.The people with African descent showed a high percentage of diabetes;
high blood pressure, thin corneas and low percentage of heart disease as compared to
the people with European descent. There were no differences in the IOP found in the

two groups.

ADAGES was futher extended to ADAGES II in May 2010 by the research done by
Christopher A. Girkin et. al. [23] defined the differences in optic disc, retinal nerve
fiber layer, and macular structure between healthy participants of African and Euro-
pean descent using the quantitative imaging techniques in the ADAGES study described
above. 648 healthy subjects participated in ADAGES and images were obtained using
stereoscopic photography, confocal scanning laser ophthalmoscopy (Heidelberg retina to-
mography [HRT]), and optical coherence tomography (OCT) . The gender, hypertension
and the diabetes were compared for the two groups of people including 634 eyes of 326
african and 630 eyes of 322 european people.This study showed significant differences in

the optic nerve variables for participants with AFrican and European descent.

3.2 Standard Automated Perimetry

Artes et al. 2002 [24] made a comaprison between Full Threshold, SITA Standard and
SITA Fast. Figure 3.1 shows that SITA Fast is the fastest amongst the three; reducing
testing time to approximately 5 minutes for an eye. However studies have shown that
SITA Fast has has less sensitivity in determining Visual Field Defects as compared to
SITA Standard ; hence uptil now SITA Standard remains the most widely used detection
algorithm [25].

A retrospective study conducted in June 20,2014 by Ryo Asaoka included [26] 128 eyes
of 128 patients. It used ‘Hierarchical Ordered Partitioning And Collapsing Hybrid —
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Figure 3.1: Comparison between Full Threshold, SITA Standard and SITA Fast [24]

Partitioning Around Medoids’ algorithm to cluster values from 30-2 and 10-2 visual
fields in order to to map the damaged regions due to glaucoma.142 total deviation
values including 74 values from the 30-2 visual field reports and 68 values from the 10-2
visual field reports were used as the database.The stable clusters were then evaluated
using bootstrapping. The tests were done using SITA Standard and using a stimulus
size of Goldmann III. Research Ethics Committee of the Graduate School of Medicine
and Faculty of Medicine at the University of Tokyo approved the study and the data was
collected from the hospital and used for research using written consent of the patients.
The study showed the presence a large number of sectors 10-2 visual field which were
absent in the 30-2 visual fields hence suggesting that ophthalmologists should use 10-2
tests along with 30-2 visual fields to examine the damage in the central ten degrees for

advanced glaucomatous patients. The results of this study is shown in figure 3.2.
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Figure 3.2: Total 65 sectors were obtained: 38 sectors from 30-2 and 29 sectors from

10-2 visual fields[26]]

An observational study done in May 2012 by Sung Chul Park et al. [27] compared 10-2
versus 24-2 visual fields for detection of progression of initial parafoveal scotoma (IPFS)
in glaucomatous eyes.50 patients were included having mean age of 62 years and mean
follow-up period of 5.7. The results showed more significant progression of IPFS in 10-2

test as compared 24-2 analyses especially in the central 10 degrees region.

A recent cross sectional cohort study done in July 2017, by Dana M. Blumberg et.
al.[28] determined the association between quality of life (QOL) and reports off 24-2
and 10-2 visual fields in patients with primary open-angle glaucoma.The data Of 113
glaucomatous patients using standardized binocular 24-2 and 10-2 visual field tests was
collected from a tertiary care specialty practice from May 2014 to January 2015 and the
was analyzed from from March 2016 to May 2016. The results revealed a very significant
clinical implication that although the majority of the ophthalmologists traditionally
think of performing 10-2 visual fields only in advanced disease, when a patient’s island of
vision has grown so constricted that the 24-2 visual field no longer provides much useful

information. However, this study showed the macular damage may occur early in the
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glaucoma as well in the central 8 or 10 degrees and hence the QOL of life of glaucomatous
patients is more associated with 10-2 rather than 24-2. Hence ophthalmologists should
pay attention in performing 10-2 test even in the start of glaucoma. The results of this

study are shown in figure 3.3.
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Figure 3.3: 10-2 visual field is affected in early glaucoma as well [28]]

A study done by Carlos Gustavo V. De Moraes et. al. in July 2012 [29] studied the
reasons of disparities among three main prime diagnostic techniques of glaucoma: stan-
dard automated achromatic perimetry (SAP), optical coherence tomography (OCT)
and multi focal visual evoked potential technique (mfVEP). It was a prospective cross-
sectional study containing 138 eyes of 69 patients having glaucoma which were tested
using SAP OCT and mfVEP.If the results of 2 out of these three techniques were same
showing a lesion at the same location then that lesion was considered a true glaucoma
defect . But if this defect was missed by the third test then the reasons for this dis-
parity were analyzed.The study revealed that the results of all these three techniques
were mostly consistent . However the fewer cases showing inconsistency in the results of
these three methods is due to modalities and limitations of the test itself and the oph-
thalmologist should better understand the limitations of each test and should consider

which test is best to perform in which situation.

A study done by Yaniv Barkana et. al [30] in Jine 2006 analyzed whether the mean
deviation(MD) or the reliability of the SITA-Standard 24-2 test is affected by the order
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of eye testing or not. 47 patients including 18 men and 29 women were enrolled in the
study. Two consecutive 24-2 Standard SITA sets were done for every patient for the right
eye. These patients showed glaucoma hence they were enrolled in the study. Afterwards;
a followup test was performed on the left eye first and then on the right eye. The results
of patients are affected by fatigue; hence ophthalmologists suggest checking the affected
eye first. The 30-2 test requires approximately 15 minutes per eye (including the rest
breaks taken by the patient) whereas 24-2 requires approximately takes 7 minutes per
eye [8]. This cohort study showed the mean deviation or the reliability of the SITA
Standard 24-2 test is not affected by the order of the eyes and fixation loss affects the

test results and is also not affected by the order of the eyes being tested.

3.3 Scoring Glaucoma

In August 2004 [31], a clinical research by J.D. Henderer et. al. emphasized on using
glaucoma staging to analyze, detect and treat glaucoma. The research stated the fact
that optic nerve analysis provides ample information regarding patient’s disease, however
the severity of disease is not reflected solely from optic nerve analysis. The article focused
on VFT interpretation which helps ophthalmologists to identify the damage occurred
due to glaucoma progression. Two common glaucoma staging systems Hodapp Parrish
Anderson (HPA) and Spaeth Field Damage Likelihood Score (FDLS) were explained
and analyzed by the author as shown in table 3.1 and table 3.2.

In a research study by Remo Susanna Jr. and Roberto M. Vessani[32], significance of
glaucoma staging i.e. mild, moderate and advanced was stated to improve the disease
management. The research stated standard automated perimetry / visual field test is an
effective method to quantify glaucoma damage. Among the standard staging systems
being used to classify stages of glaucoma from standard automated perimetry tests,
Hodapp, HPA staging system is a popular one. HPA classifies VFTs into four stages.
Another glaucoma score system i.e. Advanced Glaucoma Intervention Study (AGIS) is
being used to stage glaucoma. This system classified VFT into five stages i.e. early,
moderate, advanced, severe and end stage. Collaborative Initial Glaucoma Treatment
Study (CIGTS) visual field score is another scoring standard being used for glaucoma
staging. However, lack of accuracy in results exists in VFTs due to false positives/ false

negatives. Such inaccuracies were addressed by a new Visual Field Staging System by
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the University of Sao Paulo Glaucoma Visual Field Staging System (USP-GVFSS). The
proposed system included a new parameter visual field index (VFI). Along with the
degree of damage, it included the location of damage. Thus improved glaucoma staging

and analysis.

A clinical study was conducted by Rasker, Marga TE, et al. on [33] effect of glaucoma
progression in visual field tests. Dataset comprised of Visual field tests for 9 years

annually with automated perimetry. Dataset comprised as shown in table 3.3.

Rate of loss in visual field tests was observed 3 percent per year for all the three cat-
egories. Moreover, the rate of decline in visual field is not related to either the initial
visual field status or presence of disc hemorrhages. A linear relationship was observed

only in the patients with progression in visual field.

Chakravarti, Tutul [34] in a clinical research analyze the accuracy and limitations of HPA
staging algorithm for staging and detection of early glaucomatous damage. The review
was conducted on VFTs of 183 Ocular Hypertensive (OH) subjects. The frequency of
subject analysis was twice in every seven years. Visual field analysis tests identified 22

patients (27 fields) out of 183 with early glaucoma.

A comparison study by M. Ng et. al. [35] in October 2013 on visual field test severity
classification system between three standard scoring systems Advanced Glaucoma In-
tervention Study scoring system (AGIS), Glaucoma Severity Staging system (GSS), and
Enhanced Glaucoma Severity Staging system (eGSS) was done. Glaucoma classification
was done using MD, PSD and VFI. Figure 3.4 shows Tthat MD and PSD distributions
appear broader in AGIS and GSS than in eGSS; this is likely due to the fact that eGSS

relies on these two global indices in staging severity [36].
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Figure 3.4: PSD,MD and VFI according to staging systems AGIS, GSS [36]
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Table 3.1: Hodapp Parrish Anderson Staging System|[31]

Stage

Definition

Minimal

1. Abnormal glaucoma hemifield test

2. Corrected pattern standard deviation depressed at
the P<b5percent level (or pattern standard deviation of
P<5percent on a SITA field)

3. A cluster of three non-edge points (for a 30-2 field) in an
expected location for glaucoma, all of which are depressed on
the pattern deviation plot at the Spercent level (or greater)
and at least one of which is depressed at the 1percent level

(or greater)

Early

1. 1. Mean deviation <-6 dB

2. No point at 5° from fixation is less than 15 dB.

3. The total number of points depressed at the 5percent
level or worse on the pattern deviation plot is less than one
quadrant, while the number of points depressed at the 1per-
cent level or worse is less than one-half of a quadrant or

one-eighth of the field

Moderate

1. Mean deviation between -6 and -12 dB

2. One point at 5° from fixation measures <15 dB

3. The total number of points depressed at the Spercent
level or worse on the pattern deviation plot is less than two
quadrants, while thenumber of points depressed at the 1per-

cent level or worse is less than one quadrant

Severe

1. Mean deviation >-12 dB

2. One point at 5° from fixation of 0 dB

3. One point in each hemifield at 5° from fixation measures
<15 dB

4. The total number of points depressed at the 5 percent
level or worse on the pattern deviation plot is greater than
two quadrants, while the number of points depressed at the

1 percent level or worse is greater than one quadrant
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Table 3.2: The Field Damage Likelihood Score [32]

Stage Grading by Vis- | Grading by Num-
usal Field Area ber of Abnormal
Points
0 (no loss) None 0
1 (minimal loss) Early nasal step 1to3
2 (mild loss) Less than one- | 4to 6
half of onequad-
rant lost
3 (mild-to-moderate loss) | Approximately 7 to 12
one quadrant lost
4 (moderate loss) Approximately 13 to 22
one to two full
quadrants lost
5 (marked loss) Approximately 23 to 32
two to three full
quadrants lost
6 (advanced loss) More than three | 33 to 42

quadrants lost

7 (far advanced loss)

Residual  island
<25 degrees or
central island <4

degrees

43 or higher

Table 3.3: DATASET BY RASKER, MARGA TE, ET AL [33]

Category

Count

Normal Pressure Glaucoma (NPG)

Primary Open Angle Glaucoma (POAG) 68

Ocular Hypertension Glaucoma (OHG)

34

125
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CHAPTER 4

METHODOLOGY

The chapter first presents the method for extraction of region of interest from rest of
the image followed by removal of undesired objects. Then the algorithm for extracting
significantly depressed PKS elements is presented.Further; their count and location in
each quadrant is extracted and finally the algorithm for grading glaucoma pattern is

presented. The block diagram of the proposed methodology is shown in figure 4.1

4.1 Extraction of Region of Interest

The entire image of one HVFT report at one time is imported into MATLAB’s working

directory as shown in figure 4.2.

In order to detect glaucoma and categorize it depending upon the severity (mild, severe)
of disease from VFTs, Region of interest (ROI) should be extracted from the scanned
VFT report. ROI is extracted to get the time optimum results i.e. rather on applying
image processing on full scanned VFT image, processing is done on ROI. In VFT,
Pattern deviation map is the ROI for glaucoma detection as it is the most significant
data and contains visual field defects only due to glaucoma. Input image is converted
into binary image using Otsu’s segmentation proceeded by formation of two vectors
VRSUM, VCSUM with dimensions [1 x R], [1 x C] containing sum of entries of all rows
and sum of entries of all columns respectively. In each VFT, Pattern deviation (PD) map
is the last map thus its location varies slightly in each of the VE'T. Moreover, width ‘W’
and height ‘H’ of PD map remains same in each VFT report. Considering this property

of PD map minimum value from the range of rows and columns with probability of
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Connected Component
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Extraction of PKS by assigning unique
identifier to each

PKS Count per ISNT PKS Overall
quadrant Count

PKS Count per 6 Regions

Figure 4.1: Block Diagram of Proposed Methodology

containing PD map is extracted from VRSUM, VCSUM i.e. MinR and MinC. Figure
4.2 with green and red highlighted portions indicates the region having probability of
PD map. Asterisk “*’ indicates the minimum value in the highlighted region. I (MinR,
MinC) is the center position of PD map. Taking I (MinR, MinC) as center point a
region of width ‘W’ and height ‘H’ is extracted which results in the desired ROI i.e. PD

map as shown in the figure 4.3

4.1.1 Extraction of Green Channel

The colored ROI in figure 4.3 contains three channels : red, green and blue. The green
channel is closest to human perception and contains the most of the information. We
extracted green channel for the ROI which got rid of the unwanted background since
the background belonged to the red channel. The extracted foreground in the green

channel is shown in figure 4.4.
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Figure 4.3: ROI Extraction from the entire HVFT Report (a): Input Image (b): Otsu’s

segmentation (c): Row sum vector and column sum vector and minR, minV extraction

(d): Extracted ROI centered at Img(minR, minV)

4.1.2 Binarizing the Cropped Image

In image processing we convert the images to binary to find our region of interest. The

pixels that we are interested to work with further are given a value of 1 and others

are made zero.When we convert to binary, the foreground is given value 0 and the
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Figure 4.4: Extracted Green Channel

background is given the value 1. We invert this assignment so that the background is
in black and foreground is in white. This is done so that we may perform any operation
we want with the individual blobs or objects of foreground like connected component

analysis, filtering, thresholding etc. Figure 4.5 shows the inverted binary image for our

region of interest.

Figure 4.5: Inverted Binary Image
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4.1.3 Connected Component Analysis

In order to do further processing; we perform connected component analysis (CCA) of
the binary image in figure 4.5. CCA also known as blob extraction or region labeling
is done to find the 4 (pixels connected by faces) or 8 connectivity (pixels connected by
faces and edges) of components in an image and is an application of graph theory[37].The
resulting blobs are then labeled according to the specified heuristics. Connected com-
ponent labeling can operate on a variety of information [40]. Figure 4.6 shows the

illustration of 4 and 8 connectivity of connected neighbors.

4-Connectivity 8-Connectivity

Figure 4.6: Connected components in image processing having pixels connected by

their faces (4-connectivity), or by their faces and edges (8-connectivity) [38]

Each connected component is then assigned a unique label.

4.1.4 Removal of Axes

Figure 4.5 contains the major and minor axes. These axes are undesirable objects in our
case. In order to get rid of them, we calcualated the area of all of the objects obtained
through CCA and filtered the largest objects; since these axes occupy the largest area.

Keeping the objects in the range [1:1000] eliminates the unwanted axes.

4.2 PKS extraction

The probability key symbols (PKS) which are focus of this thesis are extracted after the

removal of the axes as shown in figure 4.7.
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Figure 4.7: Figure containing only the key elements extracted

4.3 PKS labeling

Referring to section 2.9.2 and figure 4.7 it can be seen that there are five types of PKS
enlisted as follows:

e Single dots representing normal healthy functioning of eye:

e Probablity less than 5 percent points:

e Probablity less than 2 percent points:

2

e Probablity less than 1 percent points:
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e Probablity less than 0.5 percent points:

The probability values of these symbols is significant as lower the value higher the sig-
nificance. The probablity less than 0.5 percent points indicate the creation of complete
scotoma (blind spot) due to glaucoma in the patient’s visual field.We use the statis-
tical properties to segregate these PKSs. The 7 properties that we used along their

descriptions are listed as follows:

e Area: Number of pixels in a region returned as a scalar quantity.

e Major Axis Length: Length of the major axis of ellipse having the same nor-

malized second central moments as those of the region.

e Minor Axis Length: Length of the minor axis of ellipse having the same nor-

malized second central moments as those of the region.

e Eccentricity: Ratio of the distance between major axis length of ellipse and foci

of the ellipse.
e Perimeter: Distance of the boundary around the region.

e Solidity: Proportion of the pixels in convex hull of the region.

Extent: The ratio of pixels in the region to pixels in the bounding box.

As can be viewed in figure 4.7 the single parameter or region property that can be used
to segregate all of these PKS is that of the area. Most apparently the single dots occupy
the least area. We segregate these dots by filtering the objects covering the least area.
However, when we apply this segregation, the probability less than 5 percent points

which look like almost connected four dots also get segregated as shown in figure 4.9.

We solve the issue shown in figure 4.9 by using the isotropic dilation to cluster almost

connected (disconnected components which are very near to each other) components.

As shown in figure 4.8 there are 87 distinct objects detected but we want the four dots

to detected as one clump (cluster). Hence we use isotropic dilation along with CCA to
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Figure 4.8: Single and Four dots combined

Figure 4.9: 87 distinct objects detected

achieve this purpose. Instead of dilating the objects, we use euclidean distance to com-
pute distance transform and then threshold the result. This technique of thresholding
the distance transform is called isotropic dilation. This is used because it is very fast
as compared to conventional dilation in MATLAB.We assume that the four dots would
be fully connected (one object) if they would be lets say 6 pixel units apart. Hence we

threshold the euclidean distance transform at 6 pixel units and cluster the clumps of
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four dots as shown in figure 4.10. The single four dots are also dilated but they remain a
separate entity since there is no other object in their vicinity of 6 pixel units distance as
shown in figure 4.10.The clustered clumps occupy large area as compared to the single
dots hence we separate them by using area as the segregation parameter as shown in

figure 4.11.

Figure 4.10: Clustered four dots using isotropic dilation

Figure 4.11: Probability less than 5 percent points segmented
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After separating the probability less than 5 percent points, we for the time being ignore
single dots and turn our attention to the remaining three types of blobs PKS which
are the three largest blobs as well as shown in figure 4.12. As shown in figure 4.12
the probability less than 0.5 percent points occupy the largest area but area alone is
not enough for classification. We use four features of eccentricity, solidity, extent and
parameter to segregate squares from the rest of the PKS. The result of segregation is

shown in figure 4.13.

Figure 4.12: Three largest blob PKS

After the segregation of probability less than 0.5 percent points we are left with proba-

bility less than 2 and 1 percent points as shown in figure 4.14.

In order to segment P<1 percent points we use and threshold the features of minor
axis length, major axis length, eccentricity and parameter. The idea behind segregation
is that we find all the indexes which follow this segregation rule e.g all the indexes
having minor axis length, major axis length, eccentricity and perimeter in a certain
characteristic range. By accessing the label matrix, we find all those indexes in the
original image and give them a specific identifier; giving zero label to all the rest of the
indexes which do not follow the defined rule. We then create a separate image of the
keeper indexes and obtain the segregated desired objects. The probability less than 1

percent points are shown in figure 4.15.
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Figure 4.13: Probability less than 0.5 percent points segmented

Figure 4.14: Probability less than 2 and 1 percent points

The problem in segregating the probability less than 2 percent points is that they have a
disconnected dot as shown in figure 4.7. We need to separate this disconnected dot with
the single dots that represent normal functioning of the eye. To get these disconnected
dots appear at their proper location we use the process of image subtraction. We perform
three subtractions yielding our results. First of all we subtract figure 4.11 from figure

4.7 resulting in the figure 4.16.
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Figure 4.15: Probability less than 1 percent points segregated

Figure 4.16: Result of first image subtraction

In first subtraction we have subtracted the image containing segregated probability less
than 5 percent points from the original image containing PKSs. We are left with the
image shown in figure 4.16. After this, we perform the second subtraction of figure
4.16 from figure 4.13 yielding in figure 4.17.In second subtraction we have subtracted
the image containing segregated probability less than 0.5 percent points(figure 13) from
resultant image after first subtraction (figure 16). We are left with the image shown in

figure 4.17. After this, we perform the third and final subtraction of figure 4.17 from
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figure 4.15 ; therefore subtracting P<1 percent points from the PKS image. The results

are shown ini figure 4.18.

Figure 4.18: Result of third image subtraction

Hence after three subtractions we are left with single dots and probability less than
2 percent points as shown in figure 4.18. Again in order to separate single dots from
probability less than 2 percent points we use the concept of isotropic dilation discussed

in detail above. The threshold for distance used here is 4 pixel units. The resulting
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image is shown in figure 4.20.We then use area to segment our final two PKSs as shown

in figures 2.21 and 2.22.

. . ow
L

Figure 4.19: Clustered single dots and probability less than 2 percent points

Figure 4.20: Single dots segregated
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Figure 4.21: Probability less than 2 percent points segregated

4.4 Overall PKS count and Quantitative Score

After successful PKS extraction ( discussed in section 4.2) and PKS labeling (discussed

in section 4.3) we get the count of each individual PKS in the PD plot of HVFT report.

As shown in figures 4.12, 4.14. 4.16, 4.21 and 4.22 the counts of each individual type of

PKS is tabulated in Table 4.1

Table 4.1: Overall count of each PKS segregated and classified

PKS Reference Figure Count
Single dots 4.21 51

P less than 5 percent 4.12 8

P less than 2 percent 4.12 5

P less than 1 percent 4.16 4

P less than 0.5 percent 4.14 5
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The results of the table 4.1 are in consistency with the figure 4.7. We need to score
these PKSs such that these scores are significant and correct clinically. Much work
has been done on scoring of decibel values in the total deviation plot as discussed in
Chapter 3. However, very less work has bee done on assigning quantitative scoring to
the PKS symbols depicted on the PD plot. We use the quantitative scoring used by
SCHEIE (Systematic classification of Humphrey Visual Fields-Easy Interpretation and
Evaluation) method [41] to grade the PKS symbols detected in section 4.3. The following
figure 4.22 explains the definition of significant points according to the SCHEIE scoring

criterion.

Value Rule
<0.5%  One point counts

<1% One point counts

<2 % A point only counts if it is next to a <2%,
<1%, or <0.5% point in the same hemifield.
The points may be in contact diagonally.

<5% This point never counts for itself and never
causes a <2% point to count.

Figure 4.22: SCHEIE Rules for scoring Glaucoma

According to SCHEIE criterion, a point with <5 percent probability is not considered
significant. A point with <2 percent probability is only considered significant if adjacent
to a <2 percent, <1 percent or <0.5 percent point in any horizontal, vertical, or diagonal
direction. Points with <1 percent and <0.5 percent probability are considered significant
by themselves.Following this rule of scoring PKSs the score of our extracted PKS is

shown in Table 4.2.

Table 4.2: Count and scoring of PKS in the overall image according to SCHEIE criterion

PKS Reference Figure Count Quantitative SCHEIE Score
Single dots 4.21 51 None

P less than 5 percent  4.12 8 (8x0)=0

P less than 2 percent  4.12 5 (4x1)+(1x0)=4

P less than 1 percent  4.16 4 (4x1)=4

P less than 0.5 percent 4.14 5 (5x1)=5

Total Count= 13
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The SCHEIE scores are calculated for superior and inferior hemifields as shown in figure

4.23.

Single Dot « 59 0

P<5% 5 0

P<2% v 4 0+1+1+1=3
P<1% ) 3 3

P<0.5% W 3 3

=6/3

Figure 4.23: Superior and Inferior Hemifields scored according to SCHEIE method

4.5 Count of PKSs per ISNT Region

The visual field can be divided into ISNT Quadrants as shown in figure 4.23.

! £ \

Temporal | Masal \
| mafgau Central f-W:_mme":7

| \ /

\I\' .:. . \ d
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Figure 4.24: Inferior, Superior, Nasal ,Temporal and Central Regions in Optometry[42]
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Based on analogy of figure 4.24 we divided the PD region of HVFT into 6 regions: three
in superior and three in inferior (paracentral, nasal and temporal)as shown in figure

4.25. Superimposing these 6 regions onto the visual field report results in figure 4.26.

Superior Nasal i " Superior Tempors

Superior Paracentral

Inferior Paracentral I
Inferior Nasal r i Inferior Temporal

Figure 4.25: Division of PD into 6 Regions

Superior Nasal Superior Temporal

Superior Paracentral

Inferior Nasal Inferior Temporal

- [ .

Figure 4.26: Superimposing 6 Regions onto VF'T Report

We calculated the scores per ISNT region as well as for 6 regions as shown in figures

4.27 and 4.28.

We are interested in the paracentral region as the loss of central vision is clinically more
significant as compared to the loss of peripheral vision. The glaucoma even at an early
stage may start with the loss of peripheral vision or central vision or both. The loss
of central vision affects the QOL more significantly hence we also attempted to score

visual field defects within central 5 degrees of visual field.
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Figure 4.27: Calculation of SCHEIE scores for 4 ISNT regions
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Scores:

Superior Nasal /Inferior Nasal= 1/Normal
Superior Paracentral /Inferior Paracentral=1/1
Superior Temporal /Inferior Temporal= 4,2

Figure 4.28: Calculation of SCHEIE scores for 6 regions
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EXPERIMENTAL RESULTS

5.1 Dataset Description

The proposed algorithm was tested on a local dataset obtained from Armed Forces
Institute of Ophthalmology (AFIO), Rawalpindi, Pakistan. The dataset has 50 HVFT
RGB images of size 600-700KB scanned and saved as JPEG files. Figure 5.1 shows
only the cropped PSD (ROI) for a few images from the dataset showing normal, and
glaucamatous eyes(early and advanced). These qualitative annotations were done by
the ophthalmologist. The mean age of the patients whose reports were collected is 54.85

having standard deviation of 20.43.

The fixation monitor used was set at gaze/blindspot for 30 patients and Gaze Track
for 1 patient and was set at Off for the remaining patients. The fixation target was
central for all patients. All these tests are performed for monocular vision single field
analysis meaning one eye is tested at a time containing 30 right and 20 left eyes. The
reports for which fixation losses, false positive and negative errors are more than 33
percent implying that these tests are not reliable for further investigation were discarded.
The stimulus size used is Goldmann size III and of white color. The background
luminance is 31.5 asb and the test strategy was either SITA (5 images) or SITA-
FAST (45 images) using 30 degrees test . The test duration, date, time, age and

name of each patient is recorded in the patient’s credentials in each report.

The 30 degrees Humphrey VFT contains a total of 76 test points and containing 19 or
18 points in each quadrant. Similarly, the 24 degrees Humphrey VFT contains a total

of 54 test locations where left hemisphere contains a total of 26 points (13 test locations
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Paltern Deviaton
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Figure 5.1: (a): Normal Eye (b): Early Glaucoma (c): Severe Glaucoma

each) and the right hemisphere contains 28 points (14 locations each) for both the right
and left eye.

Table 5.1: Dataset Used

Glaucoma
Strategy Total Normal
Early Moderate Advanced
SITA Fast 41 16 15 3 7
SITA Standard 5 2 0 2 1

2 reports were excluded due to poor resolution quality and 2 reports were excluded

because of false negative errors greater than 33 percent.
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5.2 PKS Extraction

Our algorithm calculates the score of each PKS in the 6 regions as well as their overall
count. The first step is the correct labeling of the depressed PKS. In order to segregate
PKS we made use of 7 statistical properties as discussed in section 4.3. The mean and

std of these attributes is shown in the following table 5.2

Table 5.2: Mean and Standard Deviation of Statistical Features Used for PKS Segmen-

tation

Symbol | Peri- Solidity | Area Eccentr-| Extent | Major | Minor
meter icity Axis Axis
Length | Length
Single Dot | 38.37 0.96 134.81 | 0.27 0.72 12.86 13.46
+1.05 | £0.005 | £6.38 | £0.09 | £0.03 | £0.35 | £0.34
P<5% 111.21 | 0.91 795.60 | 0.52 0.83 30.16 35.52
+1.85 40.009 | £12.96 | £0.02 +0.01 +0.39 +0.41
P<2% 142.86 | 0.90 1211.40 | 0.43 0.77 38.40 42.67
+1.88 | £0.001 | £12.19 | £0.02 | +0.007 | £0.37 | £0.27
P<1% 140.25 | 0.85 796.00 | 0.25 0.78 32.76 33.89
+5.64 | £0.009 | £25.51 | £0.03 | £0.01 | £0.50 | +0.25
P<0.5% | 117.19 | 0.98 970.14 | 0.29 0.96 35.13 36.78
+0.86 | £0.01 | £16.20 | £0.05 | £0.02 | £0.51 | +0.27

5.3 PKS Classification

We created ground truth data for all 50 HVFT reports by assigning label to each of
the PKS. The algorithm of segregation of PKS was run on the entire data set giving
us the detected labels. We the compared the target and detected labels to account for

any misclassifications.The 5x5 count confusion matrix for PKS classification is shown as
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follows:
2171 0 0 0

0 168 0 O
0 0 105 O
0 0 0 78
0 0 § 0 141

o o o O

where, single dots belong to class 1, P<5% belong to class 2, P<2% belong to class
3, P<1% belong to class 4 and P<0.5% belong to class 5. Only one image shows 8
false identifications of P<0.5% points. The original ground truth image consists of 64

P<0.5% points as shown in figure 5.2.

Figure 5.2: Ground Truth for Image 14

After segregation however, the 8 out of 54 P<0.5% points are classified as P<2% points

as shown in figure 5.3.

5.4 Mapping of SCHEIE Scores to Grades

The algorithm calculate the SCHEIE Scores shown in table in each ISNT quadrant
and also paracentral superior and inferior quadrants and further mapped these SCHEIE

scores into four qualitative grades in each of the 6 regions.
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Figure 5.3: Falsely Detected P<0.5% for Image 14

Norma:] If score in each quadrant is 0.

Early Glaucoma: If score is in the range (1:6)

Moderate Glaucoma: If score is in the range (7:12)

Advanced Glaucoma: If score is >=13

The Paracentral region was graded normal if score was 0, otherwise the paracentral
inferior or superior region was graded: "Paracentral Vision being affected" if the score
was greater than 0. The following figure 5.4 shows few examples of normal visual fields
as graded by the algorithm with scores in all the 6 regions. Figure 5.5 ,5.6 and 5.7 show
the examples of early,moderate and advanced glaucoma with SCHEIE scores in all the

6 regions.
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Figure 5.4: Few cases of graded Normal VFs having no glaucoma

ISNT Score:NL,1,NL,NL ISNT :1,2,NL,1 ISNT :2,1,NL,3

PS/PI: Normal (NL)/NL  PS/PI: NL PS/Pl: 1/2 , Affected
SN/IN: NL/1 SN/IN:1/2 SN/IN:NL/1
ST/IT: NL/NL ST/IT: NL/1 ST/IT: NL/1

Figure 5.5: Examples of graded VFs showing early glaucoma with individual SCHEIE

Scores in all 6 regions
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ISNT:NLZNLIO  |5NT:5,2.3.9 ISNT :NL,7,NL,3

Figure 5.6: Examples of graded VFs showing moderate glaucoma with individual

SCHEIE Scores in all 6 regions

R

‘::Q H
BRe2

........

ISNT :12,15,19,19 ISNT :4,NL,15,2 ISNT :2,12,2,14

PS/Pl: 6/6 PS/Pl: 6/1 PS/P1:2/5
SN/IN:12/15 SN/IN:1/NL SN/IN:NL/10
ST/IT: 19/19 ST/IT:11/1 ST/IT:1/11

Figure 5.7: Examples of graded VFs showing advanced glaucoma with individual

SCHEIE Scores in all 6 regions
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CHAPTER 6

CONCLUSION AND FUTURE
WORK

6.1 Conclusion

Glaucoma; the second most leading cause of blindness in the world and the one that
comes without any symptoms produces structural and functional changes. The struc-
tural changes occur in the optic nerve and the functional changes appear in the visual
field hence a visual field test is performed to analyze effect of Glaucoma on patient’s vi-
sion. Traditionally manual analysis of report is being done which requires expertise. In
this research, we used image processing and decision support techniques for automated

analysis of VFT reports to grade Glaucoma level.

This thesis discussed the algorithm for automatic segmentation of key symbols in HVFT
report since this is the first step in order to automate the process of interpretation of VF
results to diagnose glaucoma. We used region based properties for connected components
to extract the PKS elements in the Humphrey VF'T reports. The dataset comprising of
50 VF'T reports for varying age groups was obtained and the accuracy of the algorithm
was validated by the ophthalmologist. This work is very useful for ophthalmologists as
it quantifies the visual field damage in all ISNT quadrants by telling the exact count of

each PKS and also its location.
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6.2 Contribution

We created a fully automated system for extraction, location and count of PKS in
the HVFTs and also extended the work done in calculating SCHEIE scores (which
computed scores only in superior and inferior hemifield)[43] by scoring glaucoma in
the six regions: superior temporal, superior nasal, inferior temporal, inferior nasal,
paracentral inferior and paracentral superior where the scores are proportional to the

degree of visual function loss in each of these quadrant regions.

6.3 Future Work

The data set can be increased by acquiring more VFT reports of the patients. We have
done this work on images, a data set available is in the form of values of the test location
of PSD instead of graphic plot whose data analysis and processing can be done.Also, in
this thesis we have implemented our methodology using statistical properties of the PKSs
to score glaucoma and describe the extent the deterioration of visual field in the four
ISNT quadrants. This work can be extended to the usage of classifiers to determine the
characteristic pattern of glaucamatous defect in the HVFT reports. Also this work can

be extended for Octopus visual field testing which is also gaining popularity nowadays.
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