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Thesis Abstract

Diagnosis and monitoring of glaucoma, an age-related eye conditions that can cause 
irreversible loss of vision, relies on assessment of the visual field (VF). In this thesis, I 
develop novel methods of detecting visual field loss from natural eye movements 
when watching videos or looking at pictures. I present data from a literature review 
and three empirical studies.

In the literature review, I identified and examined 26 papers that investigated eye 
movements of glaucoma patients while performing tasks such as reading, driving, 
and visual search. The review indicated eye movements are altered by glaucomatous 
visual field (VF) loss but identified inconsistency in how these alternations manifest 
between studies.

The first study investigated empirically whether glaucoma produces measurable 
changes in eye movements. Fifteen glaucoma patients with asymmetric vision loss 
viewed 120 images of natural scenes monocularly; once each with the better and worse 
eye. Eye movements were recorded using a remote eye tracker, and key eye-movement 
paramet-ers were computed and compared between eyes (better eye versus worse eye). 
These parameters included conventional metrics (saccade amplitude [SA], fixation 
counts and duration, and bivariate contour ellipse areas [BCEA]), as well as a novel 
metric I designed to measure saccadic sequences: the saccadic reversal rate (SRR). In the 
worse eye, SA and BCEA were smaller (p < 0.05), while SRR was greater (p < 0.05). 
There was also a significant correlation between the between eye difference in BCEA, 
and differences in mean deviation (MD; a measure of VF loss severity) values (p = 0.01), 
while differences in SRR were associated with differences in visual acuity (p = 0.01). 
Furthermore, between-eye differences in BCEA were a significant predictor of between-
eye differences in MD: for every 1 dB difference in MD, BCEA reduced by 6.2% (95% 
confidence interval [CI]: 1.6–10.3%).

The second study investigated whether changes in eye movements due to glaucoma are 
large enough to be clinically useful. I developed a gaze-contingent simulated VF loss 
paradigm, in which participants experienced a variable magnitude of simulated VF loss, based 
on a real glaucoma patient. Fifty-five people with healthy vision watched two short videos and 
three pictures, with either: no VF loss; moderate VF loss; or advanced VF loss. Eye movements 
were recorded using a remote eye tracker, and key eye-movement parameters were computed 
(SA; spread of saccade endpoints as quantified using BCEA; location of saccade landing 
positions, and the similarity of fixations locations among participants as quantified using kernel 
density estimation). There were statistically significant di˙erences between conditions, but these 
measures—alone or in combination—were not capable of identifying VF loss with sufficient 
diagnostic precision compatible with assumed clinical utility, when considered against a 
reference standard for measuring the VF (automated perimetry). I do, however, suggest ways in 
which performance could be improved.
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The third study had two parts. First, I curated a dataset of eye movements of 46 
patients with glaucoma and 32 controls, which I made available online for other 
researchers. Second, I presented a novel spatiotemporal saccadic movement analysis 
using a machine learning method, which I validated on the dataset. My novel method 
involved translating individual saccades into one of N values, based on its size and 
direction, and then using the relative presence of different permutations of saccadic 
sequences to classify individuals as patients or controls. This ‘n-gram’ approach has 
been successfully applied previously in other technical domains, such as automatic 
speech recognition. I evaluated the sensitivity and specificity of my method using ten-
fold cross-validation. Areas under the ROC curve (AUC) for the novel approach was 
0.78 (95% CI 0.75–0.81), compared to 0.63 using simple eye movement summary 
statistics (e.g., SA), and AUC = 0.70 (95% CI: 0.66–0.74) using a published current 
reference standard.

Overall, results from this thesis provide more evidence for eye movements being 
disrupted by VF loss, that these changes are related to changes in clinical measures, 
and that it is possible to extract and process these measures using some novel methods 
automatically. In future, assessment of natural eye movements could be analysed to 
help detect glaucomatous VF loss, and in the Discussion, I outline what steps are 
required to reach this goal.



Chapter 1

Introduction

1.1 Preamble and Motivation

Eyemovements are one of themost frequent voluntary actions wemake. Wherever we
look we generate saccadic eye movements. Saccades rapidly move the eyes from one
point to another and are interspersed by fixations where the eye is stable. Scanpaths
(or gaze patterns) describe sequence of fixations and saccades. My hypothesis is
that scanpaths collected non-invasively during a period of time that a person is, for
example, simply engaged in looking at afilmor image, couldprovide an ‘eyemovement
fingerprint’ that could be used to detect if a person has a problem with their vision.

The work in this thesis considers in particular vision loss characteristics of glaucoma,
an age-related eye disease characterised by progressive retinal ganglion cell death
and visual field (VF) loss. Glaucoma is the leading cause of irreversible blindness
worldwide, and the second most common cause of blindness in England and Wales
(Quartilho et al., 2016). With the world’s population ageing, the number of people
with glaucoma is expected to increase. Loss of peripheral vision, VF loss, is the
functional characteristics of the condition. Yet, many patients with glaucoma remain
undiagnosed because it can be asymptomatic until a relatively late stage (Weinreb
et al., 2014). Large scale studies have reported that a large proportion of patients
remainundiagnosed. For example, one-third of primaryopen-angle glaucoma (POAG)
patients are undiagnosed in the United Kingdom (UK) (Chan et al., 2017). It would,
therefore, be helpful to develop a novel method that can better test and monitor VF
loss efficiently.

The overall working hypothesis of this thesis is that dysfunction in vision (VF loss) can
turn up in the form of tell-tale differences in a person’s gaze and can be measured by
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eye movement tracking, including novel analysis of patterns of saccades as a person
watches a film or a slide show of pictures. Departures from a typical ‘eye movement
fingerprint’ could indicate significant visual impairment, and the method might be
ideal for detecting or monitoring patients’ VF loss. With the rapid development of
eye tracking technologies, eye movement research is attracting widespread interest
to investigate the effects of ocular, neurodegenerative, and psychiatric disorders (see
Willard and Lueck (2014) for review). This is partly due to the fact that eye movement
measures are relatively easy to obtain, and the experimental tasks tend to be short
and simple for participants, including even young children and elderly adults (Noiret
et al., 2017). The availability of a range of affordable and portable eye trackers has
also allowed researchers to study eye movements of patients under a wide range of
scenarios: for example, while patients perform tasks in front of a computer (e.g.,
reading and watching videos) or tasks in a natural environment (e.g., walking and
driving).

The work in this thesis was motivated by a series of studies that have considered eye
movements and their relationship to VF loss in glaucoma (Smith et al., 2012; Crabb
et al., 2014; Smith et al., 2014). Specifically, the thesis describes experiments and
analytical work motivated by the proof-of-principle results published in Crabb et al.
(2014). These authors developed a novel methodology to extract and quantify features
from extensivemaps of saccades. Elderly people with healthy vision and patients with
a clinical diagnosis of glaucoma viewed three unmodified film clips on a computer set
up incorporating the Eyelink 1000 eye tracker (SR Research, Ontario, Canada). Eye
movement scanpaths were plotted using novel methods that first filtered the data and
then generated saccade density maps. Maps were subjected to novel data analysis.
This proof-of-principle work successfully differentiated a large group of patients with
a clinical diagnosis of glaucoma from a group of age-similar visually healthy people.
This thesis aims in part to further develop works of Crabb et al. (2014) to improve the
separation between patients with glaucoma from controls.

1.2 Glaucoma and visual function

The aim of this PhD thesis was to investigate naturalistic eye movements of patients
with glaucoma. This section provides a brief background on glaucoma and visual
function. The interested reader can find more detail about glaucoma in Prum et al.
(2016) and Weinreb et al. (2014).
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1.2. Glaucoma and visual function

1.2.1 Glaucoma

Glaucoma is a group of irreversible, progressive optic neuropathies characterised by
clinically visible changes to the optic nerve head (ONH) and leading to functional
changes to the VF (Foster et al., 2002; Davis et al., 2016; Weinreb et al., 2014). These
changes are sometimes due to elevated intraocular pressure (IOP), inducing collapse
and compression of the optic nerve, which leads to axonal transport disturbance and
the death of retinal ganglion cells (RGCs) (Quigley, 1996; Johnson et al., 2000)—cells
responsible for receiving visual information from photoreceptors and transmitting
this information via their axons to the optic nerve. There are two main types of
glaucoma: open-angle glaucoma (OAG) and angle-closure glaucoma (ACG) (Barkan,
1938). The two types of glaucoma differ in the anatomical structure of the angle of the
eye, the junction between the iris and cornea, where the trabecular meshwork drains
aqueous humor. In OAG the angle remains open as the trabecular meshwork is un-
blocked by iris tissue. While in ACG, the angle is narrow and the iris obstructs normal
aqueous outflow. An increase in intraocular pressure marks both open- and closed-
angle glaucoma. In ACG, well-marked symptoms are often observed; however, other
forms of chronic glaucoma are largely asymptomatic (Greco et al., 2016). Glaucoma
can be either a primary or secondary disease, depending on the condition that causes
the increase in IOP. In the latter, IOP is elevated during the disease and finds a cause;
in the former, if the IOP is ever elevated, no cause is found (Casson et al., 2012).

Glaucoma affects more than 70 million people worldwide (Quigley and Broman, 2006;
Weinreb et al., 2014), and incidence rates are predicted to rise significantly in the future
due to an ageing population (Quigley et al., 2001; Tham et al., 2014). The worldwide
prevalence of OAG is estimated to be higher than ACG (1.96% vs. 0.69%)(Quigley
and Broman, 2006), and the prevalence of both types of glaucoma for people aged
40–80 years is 3.54%. However, the prevalence of glaucoma subtypes varies among
races and countries. For instance, the prevalence (proportion of patients to population
size) of primary angle-closure glaucoma (POAG) is highest in Africa (4.20%), and
the prevalence of PACG is highest in Asia (1.09%) (Tham et al., 2014). In the United
States and Europe, the number of people with POAG is approximately seven times
greater than those with ACG (Quigley and Broman, 2006). Generally, POAG is the
most common type of glaucoma, and most glaucoma cases are in Asia, representing
60% of all glaucoma cases (Tham et al., 2014).

Numerous studies have identified the risk factors associated with POAG (Prum et al.,
2016). Elevated IOP is an important risk factor for POAG (Dielemans et al., 1994; Leske
et al., 1994; Quigley and Broman, 2006; Chan et al., 2017). However, there is no single
IOP cutoff value that can be used to detect POAG (Chan et al., 2017). For instance,
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setting 21 mm Hg IOP as a cutoff value (the threshold used for ocular hypertension)
could detect only around half of the peoplewith glaucoma (Sommer et al., 1991). Older
age is another risk factor of POAG. In people under 40 years of age (Tham et al., 2014),
the prevalence of POAG is below around 1% and is around 8% in people over 80 years
of age. The prevalence of POAG among elderly is highest for people in Latin America
and the Caribbean ( 12% at the age of 80). In people from Europe or with European
ancestrywho are older than 80 years old, the prevalence of POAG is less than 5% (Tham
et al., 2014). Other risk factors of glaucoma include a family history of glaucoma and
genetics (Brandt et al., 2001; Ramdas et al., 2011; Hysi et al., 2014; Springelkamp et al.,
2017), thinner central corneal thickness (Brandt et al., 2001; Dueker et al., 2007), being
male (Gordon et al., 2002; Rudnicka et al., 2006), cup-disc ratio (Gordon et al., 2002),
blood pressure (Mitchell et al., 2005), diabetes (Flammer et al., 2001), migraines (Wang
et al., 1997), and age-related macular degeneration (Le et al., 2003).

Raised IOP is a major modifiable risk factor for POAG (Leske et al., 2007), but detecting
glaucoma based on the measurement of IOP alone is a poor method (Casson et al.,
2012). Clinical diagnosis of glaucoma requires observation of characteristic ONH fea-
tures or consistent, characteristic VF changes (Weinreb et al., 2016). Examinations are
repeated over time to assess the optic nerve head for neuroretinal tissue loss and to
detect the development of VF scotomas (Weinreb and Khaw, 2004). Functional defects
are assessed primarily by using standard automated perimetry. Slit-lamp biomicro-
scopy is commonly used for the evaluation of the ONH and the retinal nerve fibre layer
(RNFL) to diagnose glaucoma. Digital imaging technologies have provided a more
objective, quantitative and efficient approach to quantify RNFL thickness changes.
Confocal scanning laser ophthalmoscopy, scanning laser polarimetry, and optical co-
herence tomography are widely used imaging techniques for the evaluation of the
ONH and RNFL structures.

1.2.2 Visual function

Simply put, visual function describes how well the eyes and wider visual system
are operating. Functional tests are very useful to understand how patients with eye
conditions like glaucoma perceive their visual world. In glaucoma, visual function
measures typically used in a clinic include visual acuity (VA), contrast sensitivity (CS),
andVF. The latter, measured using perimetry, is paramount in the assessment of visual
function in glaucoma. This section briefly describes VA, CS, and VF examinations. It
is not meant to be a detailed description but is written to aid the reader who knows
little about these measurements.
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Figure 1.1: Schematic of an eye illustrating the impact of raised intraocular pressure on the fluid
pathway and optic nerve. Glaucoma can partially or completely block the outflow of aqueous
fluid through the trabecular meshwork. Based on the angle (between the iris and cornea), it
can be open-angle or closed-angle glaucoma. The image is from https://nearsay.com accessed
in January 2020.

1.2.2.1 Visual acuity

VA estimates the level of finest detail that can be detected or identified. The traditional
method of measuring acuity, for those who can report what they see, is with acuity
charts of high contrast black targets presented on a white background (Bennett et al.,
2019). VA is reported in units relative to a visually healthy observer’s performance at
6 meters (∼20 feet) using Snellen notation, where normal visual acuity is reported as
6/6 (or 20/20). This translates to a minimum angle of resolution (MAR) of 1.0, the
logarithm of which (logMAR) is 0.0.

Several types of optotype acuity charts have been developed to test VA (reviewed else-
where (Bailey and Lovie-Kitchin, 2013)). The Snellen acuity and the Early Treatment
Diabetic Retinopathy Study (ETDRS) are the twomost widely used in clinical practice.
The Snellen chart has several limitations (Kaiser, 2009). One limitation is the differ-
ence in the difficulty on different rows (vision levels); different rows have significantly
different numbers of letters, spanning from one (top) to eight (bottom) characters per
row. Visual acuity for a target optotype can be affected by the proximity of adjacent
letters or optotypes (Lalor et al., 2016). This spatial interaction effect on target resolv-
ability, also referred to as crowding, can be affected due to inconsistent decrease in
letter size in Snellen charts (where the spacing between letters is relatively wide at the
top of the chart compared to the bottom). The ETDRS chart was developed to address
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the limitations of the Snellen chart, especially in the low VA range. The ETDRS chart
has an equal number of characters per row, an equal logarithmic decrement between
successive rows, and relatively uniform legibility across character types (Bailey and
Lovie, 1976).

1.2.2.2 Contrast sensitivity

CS usually refers to the ability to detect luminance increments with central vision
(McKendrick et al., 2007). Reduced contrast sensitivity often is a characteristic of
glaucoma, and it is believed that much of the visual disability is caused by this reduc-
tion (Bambo et al., 2016). The standard sensitivity test, which is also used throughout
this thesis, is the Pelli-Robson chart. The test includes 8 lines and 16 levels of hori-
zontal capital, with two triplets per line. Each set of triplet letters on the chart becomes
progressively lower in contrast relative to the background (Pelli et al., 1988). The first
triplet on the chart (top left) is of the highest contrast and the last triplet (bottom right)
is of lowest contrast and is most difficult to read. Pelli-Robson measures CS using a
fixed target size/spatial frequency and varied contrast. Other tests use fixed contrast
and varied spatial frequency (e.g., the Bailey-Lovie high and low contrast acuity charts,
(Bailey and Lovie, 1976), and some assess contrast sensitivity at a range of stimulus
sizes/spatial frequencies (e.g., the Vistech chart, (Ginsburg, 1984) and the Arden grat-
ing test (Arden and Jacobson, 1978)). The Mars contrast sensitivity chart (Arditi, 2005)
is similar to of the Pelli-Robson chart (a near test), although it is smaller in size (Mars
charts measure 23cm x 35.5cm compared to up 84cm x 59cm of the Pelli-Robson chart)
and is held normally at 50cm from the patient.

1.2.2.3 Visual Field

VF is the area onwhich light can reach the retina, while the eye is steadily fixating. This
light stimulates the rod and cone cells on the retina, which is processed by the ganglion
cells within the inner retina. The fovea is the central part of the VF. It contains the
highest concentration of cones, and in healthy eye is the area of highest sensitivity. In
a visual-healthy subject, the VF covers the 60° superiorly, 70° inferiorly, 90° temporally
and 60° nasally (Wong and Plant, 2015; Henson et al., 2000). The blind spot is a location
of the optic nerve head: an area with no photoreceptors located in the temporal part
of the VF.

The VF test is an integral tool in glaucoma diagnosis and management. Traditionally,
a VF test is performed using perimetry to localise the site of visual dysfunction and
track its progression. Perimetry has employed achromatic (white) test targets that are
presented as luminance increments against an achromatic adapting field, measuring
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increment thresholds at locations throughout the VF. Dynamic or static techniques are
employed to assess VF. In dynamic or kinetic VF measurement, an achromatic target
of a specific size and luminance is moved along a radial line from the far periphery
towards the point of fixation. This is done either manually (e.g., Goldmann) or on an
automatedmachine (e.g., Octopus). While in static perimetry, the increment threshold
for a briefly flashed test target is measured at a number of fixed locations throughout
the VF.

The commonly used automated VF perimetry test is often named standard automated
perimetry (SAP). This involves the assessment of a subject’s light-difference sensitivity
at various locations of their field of view. The Humphrey VF Analyser (HFA, Carl
Zeiss Meditec, Dublin, CA) is the most commonly used SAP machine, although there
are also other machines (Wong and Plant, 2015). In the experiments throughout this
thesis, the HFAwas used to assess VF and as such the focus of discussion will be based
upon HFA results. Humphrey tests can be configured to test the central 24° (‘24-2’),
30° (‘30-2’), and 10° (‘10-2’). The most common set up is the 24-2, which assesses with
a 54-point grid.

A typical output from an automated static perimeter is a grid of numbers and an inter-
polated greyscale visualisation, as illustrated in Figure 1.3. The results are generally
presented in terms of dB attenuation (tenths of a log unit), such that the highest num-
bers represent the highest sensitivity. The low sensitivity areas (locations of visual
dysfunction) are represented in dark in the greyscale. The full output from HFA also
contains a comparison of the patients’ values to age-matched normative data. Probab-
ility maps provide data on points in the VF that are significantly abnormal (i.e., that
have a probability of occurring in less than 5% of the normal population). Summary
statistics that are provided by the HFA include the mean deviation (MD), which is
the mean reduction in sensitivity over the VF, and pattern standard deviation maps
(PSD), which refers to the difference in VF shape from the normal hill of vision. The
glaucoma hemifield test (GHT) gives a measure of whether the VF has glaucomatous
traits by comparing differences between the superior and inferior hemifields (Åsman
and Heĳl, 1992).

To measure the reliability of the VF test, different indices are reported. Fixation loss
is estimated by positive responses to stimuli that are projected within the physiolo-
gic blind-spot, although some recently automated perimeters are equipped with eye
tracking devices. Fixation losses of more than 20% will be categorised as poor reli-
ability. False-positive errors are estimated by the number of positive responses to a
long pause between stimuli being projected. False-negative errors are those in which
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super-threshold stimuli are missed at locations for which a threshold has been estim-
ated. In an abnormal VF, false negatives can represent increased functional variability
in affected areas of the field rather than poor compliance. Tests with false-negative or
false-positive percentages above 33%of theVF are classified as being of poor reliability.

Other perimetric technologies have been developed to improve the sensitivity and test
duration. A detailed discussion of these is given elsewhere (Turalba and Grosskreutz,
2010; Sethi et al., 2013).

1.2.3 Binocular visual field

VF is commonly measured in clinics monocularly to diagnose or monitor the progres-
sion of VF loss. Yet monocular measurements are less informative of patients’ visual
functioning since both eyes contribute to the visual perception process.

ThebinocularVF canbe characterised approximatelyusing theEstermanVF test (Ester-
man, 1982; Mills and Drance, 1986). The Binocular Esterman VF test can be measured
using a perimeter (Humphrey Field Analyzer; Zeiss-Humphrey Systems, Dublin, CA)
and a Goldmann perimeter (Octopus 900; Haag-Streit, Koniz, Switzerland). The Es-
terman VF test measures the 130° horizontal field of view, with 120 test points and
is performed on an automated perimeter using a suprathreshold test strategy, which
means each point is tested at a fixed brightness.

Binocular VF testing is rarely performed in clinics. The integrated VF (IVF) offers an
alternative assessment of a patients’ binocular VF severity (Crabb et al., 1998; Coleman
et al., 2007). The IVF is estimated from monocular results, taking the best sensitivity
values from corresponding VF locations from the two monocular measurements. The
IVF has been shown to agree closely with the Esterman test in identifying patients
with glaucomatous central defects (Crabb et al., 1998) and has also been used to
predict patients with glaucoma who are fit to drive (Crabb et al., 2004; Owen et al.,
2008). In this thesis, a custom application is developed to compute IVF (Figure 1.3).

1.3 Eye movements

Our eyes continuously sense the visual world by shifting positions in their orbits.
The VF subtends approximately 180° visual angle horizontally and 130° vertically,
but at a single glance the visual system can only process the visual information that
falls on the fovea, the highest acuity central portion of the retina ( 1° of the VF).
Consequently, eye movements direct the fovea to sample the visual information that
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Left IVF Right

Figure 1.3: A greyscale plot of Humphrey 24-2 fields from the left and right eyes are merged
point by point to produce the simulated IVF. The maximum sensitivity from the left and right
eye VF corresponding points are used to estimate the sensitivity values in the stimulated IVF.

falls in the peripheral VF. Eyemovements also enhance visual acuity by keeping images
stabilised on the retina during self-motion (head and eye movements) with respect to
the visual environment.

1.3.1 Types of eye movements

What follows is a summary of the movements made in a human eye. This thesis work
mainly studies saccades and fixations, but an overview of other eye movements is
presented for completeness. Formoredetail, the interested reader is directed elsewhere
(Tatler et al., 2011; Duchowski, 2017; Krauzlis, 2013).

1.3.1.1 Saccades

Saccades are rapid eye movements that redirect the eye to a new point of fixation.
They are required since we need to move our eyes to centre our fovea on the location
of interest (Tatler et al., 2011). The size of a saccade (typically 1° to 20° of the visual
angle) can vary depending on the task; for example, small saccades are made while
reading and much larger saccades are made while gazing around a room. Saccadic
eye movements are ballistic, and once a saccade begins, it is not possible to change
its destination or path. If the target moves during this time (which is on the order of
15–100 ms), a second saccade must be made to correct the error (Purves et al., 2001).
On average, a saccade lasts 30–120 ms. There is a 100–300 ms delay before the saccade
occurs (the initiation period) (Liversedge et al., 2011).

1.3.1.2 Fixation

Fixations are periods of stability in which an object of interest remains relatively sta-
tionary on the retina. A stable gaze is required for fixation since the photoreception
process is slow, requiring 20 ms to respond to step changes in light (Friedberg et al.,
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2004). Fixations typically last between 200 and 600 ms, after which another saccade
will occur (Liversedge et al., 2011). During fixations, the eye constantly makes sev-
eral types of small motions, usually within a one-degree radius: tremors, drifts, and
microsaccades (Krauzlis et al., 2017). Ocular tremors are high frequency (40–100 Hz)
oscillatory eyemovements with very low amplitudes of about six arc-seconds (approx.
0.0017°). Ocular drifts, on the other hand, are meandering movements at a relatively
lower frequency (< 40 Hz) that produce much larger shifts in eye position (Cherici
et al., 2012; Rucci and Poletti, 2015). By drifting the retinal image, smooth ocular
drift transforms the visual input in ways that increase spatial acuity. Microsaccades
are the largest of these fixational eye movements, controlled by the same neuronal
mechanisms that generate larger saccades, and share functional properties with larger
saccades (see Martinez-Conde et al. (2009)). One commonly described function of
microsaccades is to correct the drifts made during fixations (Krekelberg, 2011).

1.3.1.3 Smooth pursuit movements

Smooth pursuits are slow and continuous eye movements, used to track any visual
target in motion. Smooth pursuit movements minimise retinal slip and the resultant
blur. Smooth pursuit eye movements can track moving objects at velocities of about
15°/s. If a targetmoves above this speed, the saccades are usuallymade in the direction
of the moving target. Compared to saccades, smooth pursuit movements are slower
(<100°/s), smoother and more continuous. In addition, smooth pursuit movements
require visual feedback to track the moving object (Krauzlis, 2013; Purves et al., 2001;
Liversedge et al., 2011).

1.3.1.4 Vergence movements

Vergence movements are eye movements that align the fovea of each eye with targets
located at different distances from the observer. Unlike other types of eye movements
(such as saccades and smooth pursuits, which are conjugate eye movements), during
vergencemovements, both eyesmove inopposite directions (deconjugate); they involve
either convergence (inward rotation) of the lines of sight of each eye to see an object
that is nearer or divergence (outward rotation) to see an object that is farther away
(Krauzlis, 2013; Purves et al., 2001; Liversedge et al., 2011).

1.3.1.5 Vestibulo-ocular and optokinetic reflexes

These are other types of eye movement that stabilise the eyes relative to the external
world and maintain the position of the visual image in the retina. Unlike saccadic,
smooth pursuit and vergence eye movements, vestibulo-ocular movements are used
when the head is moving. These eye movements automatically compensate for rapid
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head movements by moving the same distance but in the opposite direction. The
optokinetic reflexes complement the vestibulo-ocular reflexes using full-field visual
information about self-movement of images across the retina to compensate for the
perturbation of the visual world on the retina (Krauzlis, 2013; Purves et al., 2001;
Liversedge et al., 2011).

1.3.2 What drives eye movements when viewing a scene?

We constantly make eye movements to scan our visual surroundings. How we select
the next fixation target has been one of the central topics in eye movement research.
Generally, there are two main factors that drive spontaneous eye movements: the
‘bottom-up’ and ‘top-down’ factors. Several works, including pioneers of eye move-
ment research, Buswell (Busswell, 1935) and Yarbus (Yarbus, 1967), have been arguing
for the importance of both top-down and bottom-up factors (reviewed in (Henderson,
2003; Rothkopf et al., 2007) ). This section provides a very brief overview of the main
factors that drive our eye movements.

1.3.2.1 Bottom-up salience

Under free-viewing conditions (i.e., where no instruction is provided), eye movements
are driven primarily by the salience of the image. Salient parts of the image capture
visual attention known as overt attention, in which the shift in attention from one
object to the next is accompanied by an eye movement (Itti et al., 1998). Given the
relationship between attention and eye movements, salience refers to the properties
of an image that first cause the deployment of overt attention. These features are
also referred to as ‘pre-attentive’ since overt attention has yet to be activated, i.e., the
pre-attentive features are responsible for saccade initiation.

The role of pre-attentive features of an image in eye movements has been explained
using the salience map model, a computational model developed to predict eye move-
ments (Itti et al., 1998; Itti and Koch, 2001; Peters et al., 2005). Visual saliency maps are
frameworks based on computer vision algorithms that define portions of a scene that
‘stand out’ from the background as potential points of interest. The framework first
extracts features (intensity, colour, and orientation) from the input image at different
spatial scales in parallel and are combined to create a saliency map. This is followed
by a winner-take-all network that detects the most salient location, resembling neural
information processing in the early stages of visual processing (Itti and Koch, 2000,
2001). Several studies have proposed different image features that contribute to the
salience map (Einhäuser and König, 2003; Baddeley and Tatler, 2006; Frey et al., 2007;
Onat et al., 2007; Jansen et al., 2009). Under free-viewing of static images, it has been
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reported that low-level image features differ significantly at fixation location, charac-
terised by high edge density (Mannan et al., 1996, 1997; Tatler et al., 2005; Henderson
et al., 2007), local contrast (Parkhurst and Niebur, 2003; Tatler et al., 2005), texture
(Parkhurst and Niebur, 2004), and mid-level visual features including corners (Barth
et al., 1998; Zetzsche et al., 1998). The overall level of the predictive power of these
features remains low, indicating that salience-based models (Itti and Koch, 2001; Tor-
ralba and Oliva, 2003; Deco and Rolls, 2004) that concentrate on bottom-up image
features have modest power to explain the full eye movement behaviour of observers.
Although the salience map is based upon biologically plausible principles of feature
extraction, it has certain drawbacks. For instance, salience-based models have failed
to explain different aspects of eye movements: repetitive scanpaths on reviewed im-
ages, saccade sequences, and variability of fixation durations. Interested readers are
referred to (Land and Tatler, 2009; Tatler et al., 2011) for more drawbacks of the silence
models.

Several algorithms have been proposed to improve traditional saliency models, for
example by exploiting structural information in images (Erdem and Erdem, 2013) and
by incorporating oculomotor biases (saccade amplitudes and saccade orientations)
(Le Meur and Liu, 2015). Recently, machine learning techniques have been proposed
to predict the fixation locations (Cornia et al., 2016; Kruthiventi et al., 2017; Cornia
et al., 2018). Unlike the traditional salience models, which depend purely on low level
image features, these algorithms automatically ‘learn’ how people direct their gaze
from eye tracking data in a supervised fashion (Zhao and Koch, 2013).

1.3.2.2 Effect of task

Early eye movement research by Busswell (1935) and Yarbus (1967) demonstrated
that eye movements were influenced by top-down instructions, and not purely by the
properties of a picture. Several subsequent works have found that the spatio-temporal
deployment of eyemovements are influenced by tasks being performed in a real-world
setting such as making tea (Land et al., 1999) or sandwiches (Land and Hayhoe, 2001),
various sports activities like playing cricket (Land andMcLeod, 2000) or catching a ball
(Hayhoe et al., 2005), as well as under laboratory conditions such as moving an object
around an obstacle (Johnson et al., 2000), copying an arrangement of blocks (Ballard
et al., 1995), simply grasping an object (Brouwer et al., 2009); or reading (Legge et al.,
1997; Rayner, 1998; Engbert et al., 2005). These studies have shown that low-level
object features (salience-based eye movement models) play a small role in the eye
movements of observers while executing tasks; rather, observers’ gaze behaviour was
mainly driven by task-relevant objects (Land et al., 1999; Land and Hayhoe, 2001). For
instance, eye movements when free-viewing an object compared to grasping showed
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a clear difference in fixation locations; fixations were clustered around the centre of
the object during free-viewing, compared to biased fixation around the contact point
of the object and hand when grasping (Brouwer et al., 2009).

1.3.2.3 Other factors

Although the bottom-up (Influence of stimulus properties) and top-down (task related
factors) have been discussed as the two main factors that drive our eyes, there is
a general census that other factors can also affect fixation locations (Williams and
Castelhano, 2019; Schütz et al., 2011). Here, I have summarised those factors as ‘other
factors’. Higher-level strategies, such as looking at particular objects, are argued to be
better predictors of eyemovements (fixation locations) than low-level image properties
(Einhäuser et al., 2008). Using receiver characteristic curve analysis, Einhäuser et al.
(2008) found that objects predict more than features (around 65% vs 60%). Nuthmann
and Henderson (2010) also found that the saccadic landing position was close to the
centre of the objects. Features, specifically of faces, have been reported to capture
observers’ gaze even when no specific instruction is given to recognize a person (Cerf
et al., 2009). An investigation into the role of faces on saccade control has also shown
that saccades to faces can be even faster, with an average latency of 147 ms (Crouzet
et al., 2010). Other studies have shown that eye movements are influenced by the
merits of looking at a specific target in a scene. Gaze selection could be influenced
by whether information gain is maximised (Najemnik and Geisler, 2005) or whether
looking at a specific location is rewarding (Sohn and Lee, 2006), arguing that eye
movements are continuously evaluated by brain circuitry responsible for evaluating
our actions. Recently, an eye movement model has been proposed that considers
reward maximisation and uncertainty reduction 116 to explain the complex aspect of
fixation selection better than the salience-based models.

Another factor that affects eye movements is oculomotor bias. For example, when
viewing an image ormovie, themost interesting objects are often located at themiddle,
so that observers are biased to fixate at the centre of the screen (Bindemann, 2010).
Vincent et al. (2009) estimated that up to 34–56% of eye movements are due to the
central bias of fixations, and a model based on oculomotor biases alone performs
better than the standard salience model (Tatler, 2007). There is also a tendency of
observers to select nearby locations more frequently than distant locations as targets
for their saccades (Bahill and Stark, 1975; Pelz and Canosa, 2001; Gajewski et al.,
2004). Other studies have also reported that other unconscious observer biases affect
eye movements. For example, when viewing pictures horizontal saccades dominate
(e.g., Lee et al. (2002); Moeller et al. (2004); Bair and O’keefe (1998)), and the saccade
amplitude distribution is heavily skewed towards medium-sized saccades (Foulsham
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and Kingstone, 2012; Tatler and Vincent, 2009).

1.3.2.4 Eye movements when viewing videos

Although the majority of studies on scene perception have used static images to un-
derstand the factors that drive eye movements, static images are less representative
of the real-world visual scene (Smith and Mital, 2013). Videos contain continuously
changing visual and auditory information that guides the spatiotemporal deployment
of eye movements (see Smith (2013) and Williams and Castelhano (2019)) for review).
Professionally edited video clips may be designed to focus viewers’ attention by ma-
nipulating visual features such as lighting, colour, focal depth, central framing, and
motion elements. In the research throughout this thesis, professionally edited video
clips were used in Chapters 4 and 5, as such the main focus of the discussion will
be based upon this. Several factors related to the characteristics of the stimulus are
reported to affect eye movements when watching videos. Including features such as
motion and flicker into computational visual salience model has increased the pre-
diction accuracy of fixation targets when watching videos (Mital et al., 2011; Carmi
and Itti, 2006b,a; Vig et al., 2009). For example, Mital et al. (2011) have shown that
when watching short clips of movies, motion features are strong predictors of fixation
locations rather than other low-level features, such as luminance, colours, edges and
corners.

When viewing videos, unlike static images, there is high consistency in gaze allocation
across observers (Dorr et al., 2010; Smith andMital, 2013; Goldstein et al., 2007). How-
ever, the degree of consistency depends on the content and composition of the video.
For example, Dorr et al. (2010) reported that eye movements when watching Holly-
wood movies are significantly more consistent than those for natural scene movies
(unedited real-world scenes), suggesting that consistency in eye movements could be
due to the implicit gaze-guidance strategies of movie producers. In addition to motion
and flickers, centre bias is another factor that elicits similar eye movements across sub-
jects when watching videos, especially professionally edited video clips (Dorr et al.,
2010; Goldstein et al., 2007). Tseng et al. (2009) found that under free-view of profes-
sionally edited video clips, the presentation of conspicuous elements of the scenes at
the centre by the photographer was a strong contributor to centre bias.

1.4 Eye tracking

Eye tracking refers to a process of capturing eye movements by converting the eye
movement signal into a 2D coordinate, describing where an observer is looking at a
certain time on the visual scene. Following recent technological advances in afford-
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able eye trackers, there is a growing interest in using eye trackers to understand eye
movements in the scientific community. The geometric and temporal characteristics of
the eye movements have been investigated to understand the effect of different neuro-
degenerative (Anderson and MacAskill, 2013), psychiatric (Armstrong and Olatunji,
2012), and ocular disease (Kasneci et al., 2017) on a day-to-day activity of patients.

1.4.1 History of eye tracking methods

Investigation of eye movements emerged as early as the 18th century, using afterimage
techniques (Porterfield, 1737). Javal (Javal, 1878) used a technique employing a rubber
tube connected to the conjunctiva and both ears, a technique that converts eye move-
ments into a sound and used to detect saccades during reading. Early eye movements
recording started at the end of the 19th century (Delabarre, 1898; Huey, 1898), using
devices consisting of a lever attached to a plaster eyecup. Eye-trackers used in early
eye movement research were highly invasive and uncomfortable (see the history of eye
movement recording techniques in (Wade et al., 2005), and (Eggert, 2007)). A variant
of eye trackers, which used wire coils embedded with contact lenses, were developed
to track eye movements with very high precision and accuracy. The first of these eye
trackers that used magnetic search coil was introduced by Robinson (Robinson, 1963),
and Collewĳn (Collewĳn et al., 1975), was later developed tomeasure 3D eye and head
movements (Kasper and Hess, 1991). Another variant of eye tracker monitor light
reflected from a mirror attached to the surface of an eye (Ditchburn and Ginsborg,
1952). Yarbus (1967), in his landmark study of eye movements, used records of light
reflected from a mirror attached to a rubber suction cap attached to the eye.

A breakthrough in eye tracking technology was the development of the non-invasive
eye tracking apparatus in the early 1900s by Dodge and Cline (Dodge and Cline, 1901),
which recorded the corneal reflection of a bright vertical line on a moving photo-
graphic plate. Corneal reflection based eye trackers were used in the early study of eye
movements while observers viewed pictures (Busswell, 1935) (Figure 1.3). Recently
developed eye trackers widely use the method of tracking the light reflected from the
cornea with pupil tracking (Wade et al., 2005). For tasks that involve mobility, portable
eye trackers that can be used to measure eye movements in the real environment were
first developed in 1948 (Hartridge and Thomson, 1948). Other researchers were able to
improve the flexibility of the portable eye tracker (Mackworth andThomas, 1962; Davis
and Shackel, 1960). More recently, Land and Lee (1994) developed a head-mounted
portable eye tracker to explore eye movements while making tea, driving (Land et al.,
1999) and playing cricket (Land and McLeod, 2000). Modern portable eye trackers
record eye movements using pupil tracking (some additionally use corneal reflection)
techniques, but the sampling rate remains low compared to remote eye trackers.
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a) b)

Figure 1.4: The eye tracker used by Guy Buswell in 1935 in his study of picture viewing. A)
The subject, with head restrained, views the picture on the screen to the left. B) An eye scan of
one of the pictures used in the studies, ‘The Wave’ by Hokusai.

1.4.2 Eye movement recording methods

As mentioned previously, by far the most common eye trackers are video-based, and
the experimental chapters in this thesis used such eye trackers. There are, however,
several alternative techniques to record eye movements. These are briefly discussed in
the sections below. Interested reader can refer Klein and Ettinger (2019) for detail on
eye tracking techniques.

1.4.2.1 Scleral search coil

The scleral search coil eye tracker measures the electrical potential difference between
coils (two or more) which is induced by rapidly rotating magnetic fields. Soft coils
moulded to have a ring shape are attached to the eyeball (details are discussed in
(Eggert, 2007)). Scleral search coil eye movement measurement methods have high
precision, with a high signal-to-noise ratio. However, the method is intrusive, as it
involves attaching a reference object mounted on a contact lens which is then worn
directly on the eye (Klein and Ettinger, 2019). This technique has been improved using
a modern contact lens despite the contact lens being large, extending over the cornea
and sclera. The other drawback of this method is that wearing a search coil for a
long period of time could potentially lead to the drying and deformation of the cornea
(Irving et al., 2003). Currently, search coils are rarely used in humans, but they are
often used in non-human primates.

1.4.2.2 The Electro-oculogram (EOG)

Another technique to measure eye movement is to model the human eye as an elec-
trical dipole; the retina is more negative than the cornea. Retinal photoreceptors and
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neurons produce an electrical potential difference ( 6mv) because of electrical activities
(Klein and Ettinger, 2019). When the eye rotates, a small electric potential difference
is created at the surface of skin depending on the eye position. EOG has few advant-
ages compared to video-based eye trackers. First, changing lighting conditions have
a limited impact on EOG signals, and it is the only method that allows eye move-
ments to be recorded during sleep (Smith et al., 1971; Penzel et al., 2006). Second,
it does not require a high-end signal processing machine and there is no video and
image processing involved. Thus, it can be used for long-term recordings, allowing
people’s everyday life to be captured (Manabe and Fukumoto, 2006; Bulling et al., 2011,
2009). Finally, EOG can be adapted to be used in neuroimaging environments such
as MEG/MRI. One drawback of EOG is that it requires electrodes to be attached to
the skin around the eyes. It is also prone to measurement and environmental noises
(Fairclough and Gilleade, 2014; Eggert, 2007).

1.4.2.3 Video-oculography (VOG)

These are recording techniques involving the measurement of features of the eyes un-
der rotation/- translation. These features can be shape of the pupil and the position
of the limbus (the iris-sclera boundary) (Duchowski, 2007). Measurement of ocular
features provided by these measurement techniques may or may not be made auto-
matically. The limbus eye tracking uses infrared emitters and detectors mounted on
head or spectacle frames. VOG eye trackers are reactively cheap and provide a simple
measure of eye rotation within the head, but they require effective head restraint.

1.4.2.4 Video-based infrared (IR) pupil-corneal reflection (PCR) eye tracking

These are eye trackers that rely on photography (video). Most video based eye trackers
track the first Purkinje image (reflection from the front of the cornea when light is
shone) and/or the centre of the pupil. They use advanced image processing methods
to the precise location of the necessary landmarks (e.g. pupil and corneal reflection).
Video-based tracks use head-mounted or remote visible light video cameras. In the
remote eye tracker, the camera records the gaze data and eye features are extracted
and analysed on a computer. In the head-mounted system, a scene camera is used
to record the visual stimuli simultaneously. To identify the centre of the pupil, a
‘dark pupil’ tracking approach is mostly used. This technique takes advantage of the
fact that under infrared illumination, the pupil appears as a comparatively dark circle
compared to the rest of the eye.

Small head movements are differentiated from eye rotation based measurements of
the pupil and corneal reflection. Head movements shift both the pupil and corneal
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reflection to the sameextent,whereas eye rotations shift thepupil and corneal reflection
in a differing amount.

The sampling rate of video based eye trackers is determined by the speed of the camera
( typically 30–2000 Hz) (Crane, 2018; Klein and Ettinger, 2019). Video-based corneal
reflection eye trackers have relatively better data quality in terms of signal to noise
ratio compared other eye trackers but their performance may be affected by changes in
light conditions. In addition, the accuracy of these video-based eye trackers depends
on successful calibration, which does not work well for all individuals (Fairclough
and Gilleade, 2014), and can be particularly problematic for individuals with visual
impairments: particularly those that affect central vision.

1.5 Some key challenges regarding the use of eye-movements

to detect or quantify vision loss

Despite the growing interest in using eye trackers to investigating eyemovements with
VF loss (glaucoma), techniques to investigate eye movements are underdeveloped.
Most studies have been investigating eye movements by quantifying saccades and
fixations although eye movements are complex spatio-temporal signals. This thesis
investigates natural eye movements collected while subjects watch clips and/or a
series of pictures to detect VF loss. Nevertheless, to detect VF loss from natural eye
movements with reasonable accuracy, several unique challenges need to be addressed.
These include the following:

• Significant individual variability and similarity between subjects in eye move-
ments when watching videos/pictures make it challenging to find robust differ-
ences between groups and similarities within groups

• Poor quality data due to inherent technical limitations with eye tracking
• Eye movement analysis methods need to account for cognitive/non-perceptual

behaviours, such as the subject’s tendency to look at the centre of the screen
while watching videos/pictures

• Lack of accurate eyemovement data pre-processing tools, especially for dynamic
stimuli that canbeused todetect eyemovement events such as saccades, fixations,
and smooth pursuits accurately

• Lack of standardmethods and normative datasets for analysing and interpreting
naturalistic eye movements of patients with VF loss

All these individual challenges or limitations are subject to detailed research by the
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applied vision science community. The focus of this thesis, however, is to develop a
reasonably accurate method, using eye movement analysis, to separate patients with
glaucoma from healthy controls.

1.6 Objectives

The overall goal of this thesis is to work towards developing methods to detect glauc-
omatous VF loss from natural eye movements collected while patients watched short
video clips and pictures. This thesis also describes an experimental analysis of the eye
movements of young, visually healthy participants, whilst they use a gaze-contingent
display giving them artificial VF loss, to develop methods that discriminate different
levels of VF loss. The specific aims of the individual chapters were as follows:

• [Chapter 2] To review the literature on eye movements of patients with glauc-
oma

Chapter 2 reviews previous studies examining the impact of glaucomatous
vision loss on eye movements. This chapter provides an overview of how eye
movementmeasures are affected due to VF loss while performing different tasks,
and identifies current gaps in the literature.

• [Chapter 3] To investigate whether glaucoma alters eye movements when
watching images of natural scenes

Chapter 3 reports novel empirical data in which eye movements are com-
pared between the two eyes of glaucoma patients with asymmetric VF loss (i.e.,
instead of between patients and healthy controls). The ‘within-subjects’ study
design controlled other factors such as cognitive skills, sex, and individual pref-
erences that affect eye movements, measuring the purer effect of VF loss on eye
movements. The hypothesis was that patients’ eye movements would be altered
in their worse eye compared to their better eye when passively viewing a series
of images. The work reported in this chapter considers some novel methods for
the analysis of the eye movement patterns (Asfaw et al., 2018a).

• [Chapter 4] To use a simulation study to investigate whether eye movements
are clinically useful to detect VF loss

Chapter 4 investigates whether natural eye movements can predict the pres-
enceof ‘artificial’ glaucomatousVF lossusinggaze-contingent simulated scotoma.
VFs of a real patient that were measured at different times, during the course of
their condition, were used to simulate VF progression. Young, visually healthy
participants then experienced ‘artificial’ gaze-contingent scotoma while watch-
ing different clips and pictures on a computer monitor. This chapter investigates
how various eye movement measures are affected due to the onset of simulated
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VF loss and whether the measured effect of these altered eye movements would
be large enough to be clinically useful for detecting moderate and advanced VF
loss.

• [Chapter 5] To discriminate between patients with glaucoma and age-similar
healthy subjects using eye movements

Chapter 5 contains two parts. First, it reports the curation of data previously
introduced by Crabb et al. (2014), nowmade freely available online (Asfaw et al.,
2018b). Second, it describes a new approach to examining these data in order
to discriminate between patients with glaucoma and controls via their natural
eye movements. Features extracted from static and sequential eye movements
were analysed in a novel fashion using machine-learning classifiers to separate
patients with glaucoma from controls.

• [Chapter 6] Overview of main findings and future work
Chapter 6 concludes the thesis with a summary of the key findings and a

discussion of potential future work.
• [Appendix]

Supplementary materials for all chapters are included in the appendix.
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Chapter 2

Eye movements in glaucoma: A

literature review

2.1 Introduction

As described in Chapter 1, glaucoma is an age-related eye condition that can lead
to a characteristic visual field (VF) loss. Moreover, VF loss typically goes unnoticed
and is only detected by clinical examination. A better method of assessing of VF loss
would be useful. As introduced earlier, the work described in this thesis speculates on
the idea that changes in eye movement may be characteristic of VF loss in glaucoma.
Despite this, understanding how eyemovements are affected due to glaucoma remains
largely unclear; this question forms the subject of this review.

A recent synthesis of the literature on eye movements of patients with glaucomatous
VF loss was recently conducted (Kasneci et al., 2017); however, this was not done sys-
tematically. This chapter describes a systematic review of the recent research literature
on eye movements in people with glaucoma. In addition, this review surveys the
techniques used to analyse the data from eye movement experiments.

I read and screened abstracts and full-text articles for inclusion; uncertainties regarding
inclusionwere discussedwith Pete R. Jones (PJ). I then extracted data from the selected
studies and wrote the report, which was reviewed, edited and approved by PJ and
David P. Crabb (DC).
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Figure 2.1: Flow of articles selection process in the systematic review.

2.2 Methods

2.2.1 Data Sources and Search Strategies

A single researcher (DA) searched the literature inMEDLINE, EMBASE, CINAHL and
PsycINFO using the EBSCOhost searching interface. The searches were not restricted
by publication type or study design; however, theywere limited to humanparticipants,
and English-language papers (no time restriction).

The following string of search terms was used: (‘eye movements’ OR ‘eye tracking’
OR ‘scanpath’ OR ‘saccade’ OR ‘fixation’ OR ‘gaze’) AND (‘glaucoma’ OR ‘peripheral
vision’ OR ‘vision loss’). The results of this search were then restricted to those with
mainly elderly participants (>40 years). Search results were recorded and exported
into an XML file.

2.2.2 Screening of citations

Search results were imported into Covidence (Covidence systematic review software,
Veritas Health Innovation, Melbourne, Australia, available at www.covidence.org).
Results were screened first by title and then by abstract initially by a single reviewer
(DA) to assess eligibility. Eligible studies were those that used eye tracking to measure
task performance, involved people diagnosedwith glaucoma, available in English. For
this review, conference abstracts or review articles were excluded. The full-text articles
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of all potentially relevant sources were obtained and saved as BibTeX files.

In cases where there was uncertainty as to whether a study was appropriate, the full-
text copy was obtained and PJ was consulted. Finally, the full texts of the selected
papers were reviewed. Information on study design, participant demographics, eye
movement outcomemeasures andmain findingswere tabulated. A condensed version
of this tabulation is shown in Table 2.1.
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Table 2.1: Summary of literature reviewed showing sample size, eye movement parameters used for comparison and task involved. The sign (↑) is used

when eye movement parameters are larger/more frequent (statistically significant) in patients with glaucoma than in control subjects; conversely, the sign (↓)

indicates that eye movement parameters are smaller/less frequent (statistically significant). The sign (-) represents a finding of no difference between patients

and control subjects. For completeness, task performance measures used are included.

Source Population Task Outcome measures Main finding
Sippel et al.

(2014)

Glaucoma: 10

Control: 10

Visual search

• Number of correctly collected items

• Time to complete the task

• Horizontal gaze activity (-)

• Glance proportion towards VF defect

(↑)

• Patients needed a longer to collect items in a supermarket setting than

controls.

• Successful task performance of patients is associated with longer and

more frequent glancing towards the location of the VF defect.

Coeckelbergh

et al. (2002)

Peripheral VF

loss (PVFL):

35

Control: 8

Dot count-

ing & visual

search

• Search time (↑)

• Number of errors (↑)

• Saccade amplitude (dot counting task)

(-)

• Fixation count (dot counting ↑)

• Fixation duration (dot counting ↓)

• Return saccades (visual search ↑)

• Subjects with PVFL required more fixations and longer search times,

made more errors and had shorter fixation durations than control sub-

jects on the dot-counting task.

• During the visual-search task, in thePVFLgroup, therewere statistically

significant associations betweenVF extent and search time, andbetween

VF extent and number of fixations.
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Smith et al.

(2012)

Glaucoma: 40

Control: 40

Visual search

• Saccade rate (↓)

• Saccade amplitude (-)

• Search duration across trials (-)

• There was an association between an increase in saccade rate and better

performance in the search task.

Wiecek et al.

(2012)

PVFL: 10

Control: 11

Visual search

• Search duration (-)

• Fixation duration (-)

• Saccade amplitude (-)

• Number of saccades (-)

• Direction of saccades

• Patients with PVFL showed a biased directional distribution that was

not directly related to the locus of vision loss; patients did not optimally

compensate for VF loss during visual search.

Kübler et al.

(2015)

Glaucoma: 6

Control: 8

Driving simu-

lator • Head movement

• Fixation duration

• Fixations per minute

• Saccade directions

• Saccade amplitude

• Participants with glaucoma who passed the test showed increased eye-

scanning activity (increased fixation rate, head movements and more

vertical scanning).

Kasneci et al.

(2014)

Homonymous

VF defects =

10 Glaucoma

= 10 Controls

= 20

Driving task

on a pre-

specified

public on-

road.

• Direction of saccades (-) • Patients who passed the test displayed different exploration patterns,

focused longer on the central area of theVF andperformedmore glances

towards the area of VF defect.
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Crabb et al.

(2010)

Glaucoma = 9

Controls = 10

Watching

hazard per-

ception test

films (HPT)

• Saccade rate (↑)

• Fixations rate (↑)

• Smooth pursuits rate (↑)

• Saccade amplitude (-)

• Spread of fixations (-)

• Participants with glaucoma exhibited different eye movements in terms

of saccade and fixation rate compared to control subjects.

Vega et al.

(2013)

Glaucoma =

23 Controls =

12

Drive in a sim-

ulator • Gaze directed at top (-)

• Gaze directed at bottom (-)

• Fixation rate (-)

• Saccade amplitude (-)

• Glaucoma patients moved their steering wheels more actively, had im-

paired performance and did not apply visual-compensation mechan-

isms to compensate for their VF loss.

Gangeddula

et al. (2017)

POAG = 20

Controls = 13

Driving in

simulator • Number of correct responses (accur-

acy)

• Response time to the peripheral target

• Percentage gaze time on the central fix-

ation target

• Adding cognitive demand to the VF test adversely affected accuracy

and response times, affecting functional VF performance in driverswith

glaucoma.
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Lee et al.

(2017)

Glaucoma =

30 Controls =

25

HPT

• Time to first fixation on each hazard

• Fixation time on each hazard before the

response

• Fixation rate (-)

• Fixation duration (-)

• Saccade amplitude (↓)

• Variance in fixation positions (-)

• Participantswith glaucomamade smaller saccades and exhibited delays

in hazard-response times and first fixations on hazards.

Lee et al.

(2018)

Glaucoma =

13 Controls =

10

Driving on a

closed-road

circuit

• Hazard hit

• Lane-crossing time

• Saccade amplitude (↑)

• Fixation duration (-)

• Saccade rate (-)

• Horizontal movement variance (↑)

• Vertical movement variance (↑)

• Yaw head movement variance (-)

• Participants with glaucoma had significantly poorer overall driving

scores, exhibited larger saccades and hit more hazards than control

subjects. Larger saccades were associated with better driving scores in

the glaucoma group.

Burton et al.

(2014)

POAG = 54

Controls = 38

Reading

• Reading speed • The inferior left region of the binocular VFmayhave relative importance

in determining reading speed in people with glaucoma in both eyes.
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Smith et al.

(2014)

POAG = 32

Controls = 34

Reading

• Reading duration

• Saccade rate

• Fixation duration

• Patients took longer to read the sentences, made fewer saccades per

second with their worse eye than with their better eye. The worse eye

with longer reading duration made more backward moving saccades.

Burton et al.

(2015)

Glaucoma =

18 Controls =

39

Reading

• Text saturation

• Saccade rate

• Some patients with advanced VF loss read more slowly than control

subjects, but there was no statistically significant difference between

patients and controls in terms of reading speed.

Cerulli et al.

(2014)

Glaucoma =

32 Controls =

34

Reading

• Maximum and minimum eye move-

ments along the horizontal and vertical

axis (↑)

• Saccade speed (-)

• Maximum horizontal and vertical eye movements of the glaucoma

group were significantly higher than the values for the control group.

• Participants with early andmoderate glaucomamade altered eyemove-

ments during reading.

Murata et al.

(2017)

Glaucoma =

50 Controls =

20

Reading

• Number of fixations per 100 characters

• Reading duration

• Fixation duration (↑)

• Patientswith glaucoma exhibited longer fixation duration than controls.

• Monocular VF defects measures were correlated with slower reading.
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Smith et al.

(2012)

Glaucoma =

30 Controls =

30

Picture view-

ing • Saccade amplitude (-)

• Number of saccades (↓)

• Fixation duration (↑)

• BCEA (↓)

• Fixation locations (-)

• Glaucoma patients with bilateral VF loss showed altered eye move-

ments (smaller number of saccades, longer fixations and restricted eye

movements) when viewing natural images.

Crabb et al.

(2014)

Glaucoma =

44 Controls =

32

Watching

short films • Features from saccade direc-

tion/amplitude

• Features extracted from eye movements recorded while people freely

watched short films can be used to differentiate between glaucoma

patients and control subjects.

Geruschat

et al. (2006)

Glaucoma =

12 AMD = 9

Controls = 12

Road crossing

• Fixation locations • Patients and control subjects allocated gaze differently while crossing

roads.

Miller et al.

(2018)

Glaucoma =

20

Controls = 20

walking

• Walking speed

• Fixation locations

• Patients with glaucoma exhibited impaired gaze-foot coordination, res-

ulting in less accurate foot placement.

Lajoie et al.

(2018)

Glaucoma =

20

Controls = 20

walking

• Fixation location and duration • Participants with glaucoma exhibited altered gaze behaviour compared

to control subjects when negotiating an array of stationary obstacles and

multitasking while walking.
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Lamirel et al.

(2014)

Glaucoma = 8

Controls = 4

Target track-

ing • Saccade latency (↑)

• Gain of saccade (↑)

• Velocity peak (↓)

• On static targets the saccades were delayed and their accuracy was

reduced, compared with those of normal observers.

• On a task involving precise motion analysis, the latency and accuracy of

the saccades were impaired, compared with those of normal observers.

Najjar et al.

(2017)

Glaucoma =

16 Controls =

16

Prosaccade

and antisac-

cade task

• Saccade latency (↑)

• Peak velocities (↓)

• Gain of prosaccade (↓)

• Percentage of errors in antisaccades

task (↑)

• POAG patients exhibited a reduced average velocity of saccades com-

pared to controls.

• Saccades performed by POAG patients were hypometric, and with re-

duced amplitude.

• POAG patients displayed more antisaccade errors as compared to con-

trols.

Kanjee et al.

(2012)

Glaucoma =

16 Controls =

21

Prosaccade

and antisac-

cade task

• Saccade reaction time (↑)

• Saccade amplitude (-)

• Peak velocity (-)

• Saccadic eye movements are delayed in patients with early, moderate,

or advanced glaucoma.

Glen et al.

(2013)

Glaucoma =

51 Controls =

39

Face recogni-

tion • Saccade rate (-)

• Saccade amplitude (-)

• Patients with bilateral VF defects improved their face recognition per-

formance by making larger saccades.
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Figure 2.2: The frequency of published papers and the citation received over time grouped by
task involved in the study.

2.3 Results

The search, conducted on 8 June 2018, yielded 406 results. After full-text review, a total
of 26 studies, involving 624 patients and 514 visually healthy control subjects, were
selected for inclusion: seven studies on driving-related tasks, five studies on reading
tasks, four studies on visual-search tasks, two studies on free viewing of natural images
and videos, three studies onmobility and related tasks and, lastly, five studies on other
types of tasks (see Table 2.1). Publication dates, study tasks and frequency of citation
are summarised in Figure 2.2 increased (before 2002 no studies had been published
on the subject). The number of publications over time has been increasing since 2010.
This increase may be attributed to the developments in eye tracking technology.

2.3.1 Driving

Accurate scanning of the visual environment (e.g. traffic lights, road signs, pedestrians
and other drivers) is essential in making safe driving decisions and detecting potential
hazards (Owsley and McGwin Jr, 2010). People with glaucoma are reported to exhibit
delayed reaction times, impaired visual-processing abilities (Tatham et al., 2014) and
increased physical frailty compared to peers with healthy vision (Black et al., 2011).
These collective declines in visual function and physical status have adverse effects on
driving.

Seven papers describing case-control studies related to driving, involving 111 people
with glaucoma, were found and assessed. Three of the seven studies used driving sim-
ulators to study driving performance and eye movement behaviour of patients with
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glaucoma. Vega and colleagues (Vega et al., 2013) compared lane-keeping, letter detec-
tion, and obstacle avoidance performance of patients with glaucoma and age-similar
controls while driving in a simulated environment. Vega and colleagues reported no
difference between patients and controls in terms of eyemovements, and patients with
glaucoma made no eye movements to compensate for their VF loss. In a similar sim-
ulated driving environment, Kübler and colleagues (Kübler et al., 2015) reported that
patients with binocular glaucomatous VF loss were able to pass a driving test by in-
creasing their scanning behaviour and head movements. Another study (Gangeddula
and colleagues (Gangeddula et al., 2017)) investigated the effect of cognitive demand
on functional VF performance. It found that functional VF performance worsened
as cognitive demand increased. Cognitively demanding secondary tasks are likely to
affect the driving performance of healthy drivers (discussed elsewhere (Engbert et al.,
2005; Victor et al., 2005)); however, Gangeddula and colleagues (Gangeddula et al.,
2017) showed that reduction in driving performance (such as lane-keeping) is elevated
in glaucoma patients.

Two studies assessed driving performance of patients with glaucoma on a real road
using portable eye trackers, worn as glasses. Kasneci and colleagues (Kasneci et al.,
2014), using an open road driving test task, reported that four out of ten glaucoma
patients in their cohort passed a real-road driving assessments despite their binocular
VF loss and attributed their results to compensatory eye movements towards the
location of VF damage. In addition, there was a significant difference in head and
shoulder movements between the glaucoma patients who passed the driving test and
those who failed. Another more recent work (Lee and colleagues (Lee et al., 2018)),
on a closed-road but familiar to the participants, found that patients who made larger
saccades performed well in the driving tasks.

Two studies (involving a total of 39 patients with glaucoma)were identified that invest-
igated the effect of glaucomatous VF loss in computer-based hazard perception tests
(HPT). Crabb and colleagues (Crabb et al., 2010) found that glaucoma patients made
more altered eye movements compared to age-similar control subjects. Specifically,
patients made more saccades/fixations and more smooth pursuits when watching
HPT videos, suggesting that the larger number of eye movements made by patients
could be due to adaptation to functional deficits. Recently, Lee and colleagues (Lee
et al., 2017) investigated the HPT performance of a relatively large group of patients
with glaucoma. They reported that patients exhibited delayed hazard-response times
and delayed fixations on hazards compared to age-similar controls. Unlike Crabb and
colleagues (Crabb et al., 2010), who found no difference between patients and control
subjects, Lee and colleagues (Lee et al., 2017) reported that patients made smaller
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saccades compared to controls.

2.3.2 Reading

Pre-processing information using the peripheral VF is useful for rapid reading (Ikeda
and Saida, 1978). Glaucomatous VF defects, usually associated with peripheral VF
loss, have been linked with poor reading performance. Self-reported performance
measurements have shown that patients with glaucoma have difficulties with their
reading (Freeman et al., 2008; Ramulu, 2009; Crabb et al., 2013). The main advantage
of using an eye tracker to evaluate reading performance is the ability to measure eye
movements while participants read silently.

A total of five studies using an eye tracker to assess the effects of glaucoma on reading
were reviewed. Cerulli and colleagues (Cerulli et al., 2014) investigated eyemovements
of glaucoma patients who read silently on aMicroperimeter NidekMP1 screen (Nidek
Technologies, Padua, Italy). Authors found no significant differences regarding mean
reading speed, accuracy and comprehension between patients with glaucoma and the
control group; however, the maximum horizontal and vertical eye movement values
were significantly increased in patients with glaucoma. Authors speculated that the
altered eye movements were due to VF defects since the patients had healthy central
10–2 degree VF (Cerulli et al., 2014).

Four of the five reading studies assessed the performance of glaucoma patients who
read texts on a computer screen. Burton and colleagues (Burton et al., 2014) found a
significant positive association between perceptual span and reading speed in patients
and controls. The patient group exhibited greater average text saturation (average
percentage of a line of text covered by the point of regard during reading) than controls;
however, no significant difference was found between patients and control subjects in
terms of reading speed. Furthermore, Burton and colleagues (Burton et al., 2014)
reported that patients with glaucoma made a larger number of saccades compared to
control subjects in lexical-decision tasks (i.e., the number of saccades made to read
a set of words presented in isolation). Following a similar methodology, Murata
and colleagues (Murata et al., 2017) conducted a study on 50 people with glaucoma
and 20 age-similar control subjects. They found a longer mean-fixation duration
and more prolonged character recognition in people with glaucoma than in controls.
Furthermore, they suggested that monocular VF-defect scores are correlated with
lower reading performance in both eyes (Murata et al., 2017).

Several studies, including those reviewed here, have demonstrated impaired reading
performance in peoplewith glaucoma, especially thosewith advanced or bilateral field
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loss (Fujita et al., 2006; Ramulu, 2009; Ishii et al., 2013). However, reading performance
can be affected by amultitude of factors, such as education, cognitive skills and age. To
better isolate the effect of VF loss on reading ability, Smith and colleagues (Smith et al.,
2014) compared eye movements of the worse (most VF damaged) and better (least VF
damage) eyes of 14 people with asymmetric VF loss. Eye movements in the worse eye
exhibited a reduced saccade rate and longer reading duration on average, compared
to the better eye.

2.3.3 Mobility

Systematic visual scanning is important for navigation andobstacle avoidance since the
peripheral VF is utilised to perceive surroundings (Fortenbaugh et al., 2007). Loss of
peripheral vision has been linked to difficulties inmobility, andpatientswith glaucoma
have an increased risk of falls (Beurskens and Bock, 2012; Mihailovic et al., 2017).
During speed walking, the lower peripheral vision is most important, and loss of the
central 20° has been associated with frequent collisions (Turano et al., 2004).

Four papers used portable eye trackers to investigate the eye movement behaviour
of patients with peripheral VF loss as they walked. Gang Luo and colleagues (Luo
et al., 2008) found that patients and controls exhibited similar distributions of saccade
sizes and directions. In a similar study, Geruschat and colleagues (Geruschat et al.,
2006) reported that glaucoma patients showed the same fixation allocation as that of
healthy control subjects during curb and cross walk tasks. Another study (Miller and
colleagues (Miller et al., 2018), however, reported that glaucoma patients developed
inefficient gaze-scanning strategies in walking tasks, which could increase their risk of
falling, contradicting the results of Geruschat and colleagues(Geruschat et al., 2006).
Furthermore, Miller and colleagues (Miller et al., 2018) reported that patients with
glaucoma exhibited altered eye movement behaviour (looked sooner at a future step).
Kim Lajoie and colleagues (Lajoie et al., 2018) also had similar findings to that of
Miller and colleagues (Miller et al., 2018) in their study regarding navigation around
an obstacle, patients with glaucoma more likely to direct their gaze to their current
position, make a larger proportion of fixations and make more contact with obstacles.

2.3.4 Free viewing

Eye movement behaviour during free viewing in people with glaucoma is a relatively
underdeveloped research area. Two works have investigated eye movements during
free viewing in patients with glaucoma. Smith and colleagues (Smith et al., 2012)
studied eye movements of patients with glaucoma watching natural images passively
on a computer screen. The authors reported that fixations made by the patients were
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restricted to narrower regions of the image and that patients made fewer saccades
compared to control subjects. In an attempt to detect glaucomatous VF loss from
eye movements, Crabb and colleagues (Crabb et al., 2014) analysed eye movements
of glaucoma patients and age-similar controls watching video clips. They extracted
features from saccadic movements and trained a machine-learning classifier. Their
results showed reasonable separation between the two groups.

2.3.5 Visual search

Four studies examined the effects of glaucomatous VF loss on eye movements while
performing a visual-search task. Sippel and colleagues (Sippel et al., 2014) used head-
mounted eye trackers to measure the performance of patients with glaucoma as they
searched for items in a supermarket. Their data showed no difference in horizontal-
gaze activity between patients and controls. Some patients with glaucoma were able
to finish the task (collecting items) as quickly as control subjects by making saccades
towards their area of VF defect, suggesting that compensatory eye movements are
the source of discrepancies in task-performance results among glaucoma patients.
On the other hand, in a study involving 20 patients with peripheral vision loss (age-
related macular degeneration, glaucoma, or retinitis pigmentosa), Coeckelbergh and
colleagues (Coeckelbergh et al., 2002) found that patients required longer search times,
made more fixations and made more errors than control subjects.

Two studies (Wiecek et al., 2012; Smith et al., 2011) investigated eye movements of pa-
tients with PVFLwhile searching for a target in natural images. Wiecek and colleagues
(Wiecek et al., 2012) found that search duration, fixation duration, saccade size and the
number of saccades per trial were not significantly different between PVFL patients
and controls. They also found that patients made fewer eye movements towards the
location of scotoma in their VF, suggesting that patients do not optimally compensate
for field deficits during visual searches. In contrast, Smith and colleagues (Smith et al.,
2011) reported that, in a similar visual-search task, patients exhibited a smaller rate of
saccades than controls. They also reported that the saccade rate was more variable in
the patient group, and patients who executed a larger number of saccades exhibited
improved visual-search performance.

2.3.6 Other tasks

Motion perception is impaired in glaucoma (Shabana et al., 2003). Lamirel and col-
leagues (Lamirel et al., 2014) studies how impaired visualmotionprocessing in patients
with glaucoma could affect ocular motor behaviour, during tasks involving watching
a moving target. Glaucoma patients showed delayed and less accurate saccades when
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watching static targets than controls,while in tasks that involveprecisemotion analysis,
pre-perimetric glaucoma patients (patients with normal VF) and those with advanced
VF defect the latency and accuracy of the saccades were impaired compared to healthy
controls. On a similar argument, Kanjee and colleagues (Kanjee et al., 2012) found
delayed saccadic eye movements in patients with early, moderate and advanced glauc-
oma patients in pro-saccade step task compared to age-similar controls. The authors
reported that other saccade parameters such as duration, amplitude, and velocity of
the saccades were not altered and these parameters showed no significant correlation
withVF lossmeasurements. A similar study to that of Lamirel and colleagues (Lamirel
et al., 2014), Najjar and colleagues (Najjar et al., 2017) observed altered saccade velocity
and amplitude are reduced in glaucoma patients with no detectable VF loss. The
authors suggested that these altered eye movements are possibly due to impairments
in cortical and subcortical areas of the brain (Kanjee et al., 2012; Najjar et al., 2017).

Motion perception is impaired in glaucoma (Shabana et al., 2003). Lamirel and col-
leagues (Lamirel et al., 2014) studied how impaired visual-motion processing could
affect ocular motor behaviour as subjects watched amoving target. Glaucoma patients
exhibited delayed saccades, compared to controls, when watching static targets, while
in tasks involving precise motion analysis, the latency and accuracy of the saccades of
patients—both pre-perimetric patients (with normal VF) and those with advanced VF
defects were impaired compared to those of healthy controls. Similarly, Kanjee and
colleagues (Kanjee et al., 2012) found delayed saccadic eyemovements in patients with
glaucoma in a pro-saccade task (target detection), compared to age-similar controls.
They reported that other saccade parameters, such as duration, amplitude and velo-
city of saccades, were not altered and showed no statistically significant correlation
with VF loss measurements. A similar study by Najjar and colleagues (Najjar et al.,
2017) observed altered saccade velocity and amplitude in glaucoma patients with no
detectable VF loss. However, in contrast to the findings of both Lamirel and colleagues
(Lamirel et al., 2014) and Kanjee and colleagues (Najjar et al., 2017), Najjar and col-
leagues (Najjar et al., 2017) found no difference in saccade latency between patients
and controls.

Glen and colleagues (Glen et al., 2013) investigated the face-recognition performance
of people with advanced glaucoma using images on a computer screen. They repor-
ted that patients with bilateral central 10° defects made larger saccades, improving
their face-recognition performance. In this subgroup of glaucoma patients, there was
also a significant association between the frequency of saccades and the percentage of
correctly identified faces. A study from Dive and colleagues (Dive et al., 2016) invest-
igated the performance of glaucoma patients in real-world tasks. In the familiar task
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of making sandwiches, patients’ performance was similar to that of control subjects;
however, in an unfamiliar task, involving building a model, patients were slower and
made more saccades and longer fixations than healthy control subjects, suggesting
that unfamiliar tasks require more peripheral visual input than familiar tasks.

2.4 Discussion

This synthesis of literature reviewed 26 studies on eye movements of patients with
glaucoma. All the papers reviewed measured eye movements of patients with glauc-
omatous VF loss while performing daily tasks. Nearly all these studies suggested
that eye movements are altered in patients with glaucoma compared to age-similar,
visually healthy controls.

This literature review found that the reported differences between glaucoma patients
and controls are not consistent across studies. For instance, Coeckelbergh and col-
leagues (Coeckelbergh et al., 2002) found that the number of fixationswhile performing
visual-search tasks was higher in the patient group. In contrast, Smith and colleagues
(Smith et al., 2011) found smaller saccade rates in glaucoma patients compared to
controls, and Wieck and colleagues (Wiecek et al., 2012), in a study on a smaller co-
hort of patients with PVFL, found no difference between patients and controls in eye
movements during a visual-search task. A number of factors could explain these
differences. First, the experimental designs were different: for instance, Smith and
colleagues (Smith et al., 2011) asked participants to search for a target in photographs,
while Coeckelbergh and colleagues (Coeckelbergh et al., 2002) required participants
to identify a target (the letter ‘O’) from an array of distractors.

Second, dissimilarities in patients’ ocular pathology—such as the severity of VF loss,
visual acuity and contrast sensitivity—may have led to the inconsistent results. Fi-
nally, inconsistent pre-processing and data analysis of eye movements might have
contributed to the disagreements in results: for instance, Smith and colleagues (Smith
et al., 2011) discarded saccades smaller than 0.5° in their analysis, while Coeckelbergh
and colleagues (Coeckelbergh et al., 2002) used displacement criteria of 1° to identify
saccades. Given that the number of small saccades (less than 3°) is higher than the
number of large saccades (Dorr et al., 2010), differences in data pre-processing ap-
proaches might have led to inconsistent results.

There are limitations in the literature that affect the interpretability of the findings.
First, most of the papers included in this synthesis use simple eye movement para-
meters, such as saccade count, fixation duration and fixation amplitude, to compare
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eye movements. None of these eye movement parameters was able to consistently
separate patients with glaucoma from controls across the studies. In other words,
these parameters vary widely between studies, regardless of task similarity, indicating
that these crude eye movement summary statistics can be unreliable. Second, the low
statistical power (because of low sample size) in these studies made them suspectable
to inflated effect-size estimates (Button et al., 2013). Only Crabb and colleagues, using
relatively large cohorts of patients and healthy controls, demonstrated the potential of
natural eye movements to separate patients with glaucoma from controls (Crabb et al.,
2014). Further study is warranted to unravel the overlooked information in these data
to develop better ways of analysing eye movements.

This review also indicates other gaps in the literature that future research should
explore. First, it is unclear which types of static and dynamic stimuli are most useful
for distinguishing patients from healthy subjects, e.g. natural eye movements are
more coherent (high similarity between subjects) when watching films than when
watching natural scenes (Dorr et al., 2010). This thesis in part explores what types
of content could be most useful in differentiating between people with VF loss and
healthy controls (see Chapter 4). Second, there is limited evidence of how different
levels of VF loss affect eye movements. While most of the studies found altered eye
movements in glaucoma patients compared to age-similar healthy controls, what is
required is a model that can discriminate among the patient group to understand how
different VF defects, level of severity and location of scotoma impair patients’ visual
function and quality of life. This question is partially addressed in Chapter 4.

Some of the reviewed studies suggested that eye trackers could be used for rehabilita-
tion, i.e. to train patients’ visual-scanning behaviour to improve their performance in
daily tasks (Kasneci et al., 2017). For instance, better task performance in visual-search
task in the patient group was associated with frequent glancing towards the location
of the VF defect (Smith et al., 2011; Sippel et al., 2014), and better driving performance
in people with glaucoma was associated with systematic visual-scanning strategies
(Kasneci et al., 2014; Kübler et al., 2015). Nevertheless, no study investigated the ef-
fectiveness of compensatory eye movements in clinical rehabilitation of people with
glaucomatous VF loss.

Several limitations should be acknowledged in regard to this review. First, only papers
published in peer-reviewed journals were included. This is likely to have influenced
the results found due to submission bias and/or publication bias. Second, due to
lack of translation resources, non-English language papers were excluded. Third,
the literature search and data extraction were conducted by a single reviewer (due to
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resource and time constraints), and this might have introduced a bias in the review.
The PRISMA guidelines (preferred reporting items for systematic reviews and meta-
analyses) recommends more than one reviewer to follow through the search process
and data extraction.

2.5 Conclusions

• Studies of eye movements in patients with glaucoma are case-control studies
mostly limited by small sample size and inconsistent data analysis techniques
and findings.

• The cumulative evidence suggests that VF loss alters eye movements during the
performance of daily tasks.

• The exact impact of glaucomatous VF loss on eye movements remains unclear
since results are inconsistent across studies.

• This review highlights the need for standard tools to pre-process and analyse eye
movement data to reconcile inconsistent results.

• Eye movement studies employing free viewing of photographs and videos show
promising results in detecting glaucomatous VF loss.

• Some studies have found an association between compensatory eye movements
and better task performance, suggesting the potential application of eye trackers
in rehabilitation.
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Chapter 3

Does glaucoma alter eye movements

when viewing images of natural

scenes? A between-eye study

3.1 Introduction

Asdiscussed inChapter 1, visual field (VF) assessments are critical for thedetection and
management of glaucoma. Current methods of VF assessment (automated perimetry)
are demanding for patients to perform, and are often problematic to organize and
interpret in busy clinics (Malik et al., 2013; Glen et al., 2014). In short, alternative
measures of the visual function in glaucoma are therefore desirable.

As discussed previously, glaucoma patients have been shown to have altered eye
movements compared to peers with normal vision when performing everyday tasks,
such as reading, (Burton et al., 2014; Ishii et al., 2013) visual search, (Smith et al., 2011)
face recognition, (Glen et al., 2013)watching video, (Crabb et al., 2014) driving, (Bowers
et al., 2005;Medeiros et al., 2012; Vega et al., 2013; Glen et al., 2015) and viewing images
(Smith et al., 2012) (for a review, see Kasneci et al. (2017)). Furthermore, it has been
recently reported that people with early-stage glaucoma, with no detectable VFloss,
exhibit altered eye movement behaviour (Najjar et al., 2017). More recently, there has
even been reports of a possible link between optic nerve head strains induced by eye
movements and axonal loss in glaucoma (Wang et al., 2016).

However, as discussed in Chapter 2, existing studies disagree about precisely how
eye movements are altered by glaucomatous VF loss. For instance, Crabb et al. (2010)
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found glaucoma patients made more saccades, fixations, and smooth pursuit eye
movements per second than controls when watching a movie depicting real-world
driving. In contrast, Wiecek et al. (2012) reported that peripheral VF loss did not
influence saccade amplitude, fixation duration, and number of saccades during visual
search tasks. Instead, they observed a significant difference in the direction of saccades
between patients and controls. Other studies have variously reported difference in
saccade rate but not amplitude (Smith et al., 2011), number of saccades and spread of
fixations but not saccade amplitude (Smith et al., 2012), and saccade amplitude but
not fixation rate or duration (Lee et al., 2017). Some of these ambiguous results maybe
due to differences in task. However, previous studies also suffer from two limitations,
both of which I address in the present study.

First, previous studies have exhibited imperfect matching between cases and controls.
Most previous studies compared eye movements between independent groups of
glaucoma patients and age-similar controls. Individual differences in factors such as
cognitive skills, visual acuity (VA), gender, culture, and health status are therefore
confounding factors which could have affected eye movements between participants
(Smith et al., 2014; Coutrot et al., 2018). Accordingly, in this study, I investigate people
with asymmetrical VF loss between eyes. The better (less affected) eye was used as the
control for theworse eye. Comparing performancewithin a patient (i.e., between eyes),
instead of comparing across patients and controls, allowed us to control individual
differences, resulting in a purer measure of how VF loss affects eye movements.

Second, many previous studies used only a small subset of relatively simple metrics to
describe patients’ eyemovements (e.g., saccade count, fixation count, saccade rate, and
fixation duration). These metrics do not capture the spatial or temporal characteristics
of the scanpath, and so may be relatively insensitive to the effects of VF loss. Accord-
ingly, in the present work I also quantify the spread of fixations (Crabb et al., 2010)
to examine spatial characteristics of eye movements. And I used intersaccadic angle
(Amor et al., 2016) (difference in direction between successive saccades) to examine
temporal characteristics of saccadic movements.

In short, the current study examined how eye movements are affected by VF loss due
to glaucoma. Analyses were performed within-subject (between eyes), using patients
with asymmetric VF, in order to isolate the specific impact of VF loss, and novelmetrics
were used to characterize each eye’s spatiotemporal profile. Furthermore, I investig-
ated the relationships between eye movement metrics and common clinical measures
(e.g., visual acuity, contrast sensitivity). My main hypothesis was that patients’ eye
movements would be altered in their worse eye compared to their better eye when
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passively viewing a series of images.

This chapter is published in Investigative Ophthalmology and Visual Science (Asfaw et al.,
2018a). The co-authors of this work are Daniel S. Asfaw (DA), Pete R. Jones (PJ),
Nicholas D. Smith (NS), Vera M. Monter (VM), and David P. Crabb (DC). The design
of the experiment was conceived by DC. The experiment protocol was designed by
DC, NS and VM. Participant recruitment, application for ethical approval and data
collection was done by VM. All the data analysis, including the development and
conception of novel metrics, was done by DAwith support from PJ and DC. The paper
was written by DA, and reviewed, edited and approved by all authors. Some of the
work presented in this chapter has also been presented as a poster presentation at the
Association for Research in Vision and Ophthalmology meeting (Honolulu, Hawaii,
USA, 2018).

3.2 Methods

3.2.1 Participants

Fifteen patients with a clinical diagnosis of primary open-angle glaucoma, and no
other ocular diseases, were recruited from a database of volunteers (see Table I for
patient details). All participants had a distinct asymmetry in their VF loss, as defined
by: (1) a between-eyes difference in Mean Deviation (MD) of at least 6 dB or more,
and/or (2) a between-eyes difference in glaucoma severity of at least one stage, as
measured by the Glaucoma Staging System 2 (Brusini and Filacorda, 2006) (GSS2).
All but one of the patients satisfied both criteria, as detailed in Clinical testing. The
between eye difference inMD for this patient (patientD, Table 3.1)was 4.7dB.However,
when staged using the GSS2 grading, one eye was scored at stage 2, and the fellow
eye on stage 4, and so was still included in the study. The study was approved by the
Ethics Committee for the School of Health Sciences, City, University of London. The
research was carried out in accordance with the Declaration of Helsinki and written
informed consent was obtained from all participants.

3.2.2 Clinical testing

Visual Fields (VF): Static threshold perimetry (24-2) was performed monocularly in
each eye, using a Humphrey Field Analyzer (HFA; Carl Zeiss Meditec, CA, USA)
running the SITA-Standard algorithm. MD values for each eye/test are given in Table
I, and were used to determine the ‘worse eye’ and ‘better eye’. HFA greyscales for the
24-2 VF test are shown for each individual in Figure 3.1.
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Visual acuity (VA): Recognition acuity was measured monocularly using Early Treat-
ment Diabetic Retinopathy Study (ETDRS) charts. As shown in Table 3.1, all parti-
cipants (except left eye of patient N) exhibited a VA of 0.18 logMAR or better (Snellen
equivalent of 6/9). Severe sight impairment is defined as best-corrected visual acuity
of <6/60 in the better-seeing eye (Pezzullo et al., 2018). Thus, the participants did not
have severe visual impairment despite severe visual field loss in some participants’
worse eye (example, Participant B).

Contrast Sensitivity (CS):Contrast sensitivity wasmeasuredmonocularly using Pelli-
Robson charts.

Table 3.1: Patient information and demographics. Patient IDs colors correspond to marker
colors used subsequently in Figures 3.1 and 3.1.

 

Patient id Age 
(years) 

Gender 
VA  (Log) CS  (Log) 24-2 MD (dB) 

Right  Left  Right  Left  Right  Left  

A 70 F 0.10 0.16 1.65 1.35 -14.2 -4.1 

B 44 M -0.08 0.10 1.45 1.80 -31.1 -14.6 

C 59 M -0.04 -0.04 1.90 1.95 1.9 -7.0 

D 80 F 0.14 0.14 1.55 1.65 -7.7 -3.0 

E 64 M 0.18 -0.06 1.95 1.95 -9.8 -1.2 

F 83 M 0.14 0.14 1.45 1.50 -20.7 -4.9 

G 65 F -0.02 0.06 1.95 1.95 -19.5 -6.0 

H 56 M -1.00 -1.50 1.95 1.95 -19.9 -4.8 

I 66 M 0.20 0.04 1.95 1.95 -1.2 -7.8 

J 74 F 0.18 0.14 1.95 1.95 -9.8 -3.0 

K 60 F 0.02 0.06 1.95 1.95 -5.7 -17.9 

L 66 M -0.08 0.16 1.30 1.95 -15.9 -5.9 

M 66 M 0.04 0.10 1.65 1.65 -3.3 -12.1 

N 84 M 0.16 0.36 1.65 1.35 -0.9 -19.1 

O 83 F 0.12 0.08 1.75 1.65 -22.4 -8.4 
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Figure 3.1: HFA Greyscales of monocular visual fields for all 15 participants measured using
the 24-2 algorithm (SITA). HFA MD values (dB) are given for each image, and were used to
classify the eye as Better or Worse. The worse eye in each image is indicated by asterisk.
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3.2.3 Apparatus

The test apparatus is shown in Figure 3.2A. Stimuli were presented on a 56 cm CRT
computer monitor (Iiyama Vision Master PRO 514, Iiyama Corporation, Tokyo, Japan)
running at 100 Hzwith a resolution of 1600 by 1200 pixels. Given the viewing distance
of 60 cm, the visual angle of the screen was ±17.0° by ±13.4° (i.e., when fixating
centrally). Participants’ head positionwas stabilized using a chin rest, and participants
wore the same set of trial frames to ensure that any restriction to the field of view
due to spectacle frames was equivalent for each person. Eye movement positions
were recorded using the Eyelink 1000 remote eye tracker (SR Research Ltd., Ontario,
Canada), which records at 1000 Hz with a spatial precision of ≤ 0.5°. Before the
study commenced, a nine-point grid calibration— the default calibration method of
the device — was performed and repeated until the result was rated ‘good’ by the
instrument. Between each trial, a drift checkwas also performed and recalibrationwas
carried out if substantial drift was detected. Although no keypresses were required
during the test trials, participants used a keyboard between trials to indicate when
they were ready to continue (see Procedure).

3.2.4 Stimuli

The stimuli consisted of 39 colour images and 81 greyscale images (see Figure A.1 for
the complete set of images). The imageswere taken fromanature documentary (Planet
Earth, BBCTelevision) anddepictednatural outdoor scenes, featuring animals, flowers,
and underwater images. Images were displayed full screen (1600 by 1200 pixels).

3.2.5 Procedure

Before each trial, participants were asked to fixate on a central cue (Figure 3.2B) and to
press the spacebar when ready to continue. The keypress allowed participants to take
breaks in between trials, and they were encouraged to do so as required. On each trial,
the participant was shown one of 120 images for a mean duration of 4 sec (SD: 0.6 sec;
Range: 3—5 sec). During the trial, participants were not required to make an explicit,
button-press response, but were instead asked simply to freely view the images as
a slideshow. A complete test run consisted of 120 images, presented sequentially in
random order (Figure 3.2C). Participants completed two test runs in a single session:
once for each eye. The starting eye was randomized among participants. The entire
session on average lasted approximately 25 minutes, including breaks.
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b)

a)a) c)

Figure 3.2: Stimuli, Apparatus and Procedures (a) Participants were seated 60 cm from the
screen (distance constrained using the chin-/head-rest), and viewed the stimuli monocularly.
An eye trackerwasmounted below themonitor, and recorded eyemovements during test trials.
Participants used a computer keyboard to initiate each trial. (b) The stimuli were displayed for
a random duration between 3 and 5 seconds. Before each trial a black central fixation point,
on a white background, was presented, (c) During each run a patient watched 120 images
monocularly, and each patient completed two runs (one per eye).

3.2.6 Eye movement analysis

3.2.6.1 Identifying saccades

An example scanpath for a single trial/participant is shown in Figure 3.3A. Raw gaze
samples were recorded at 1000 Hz, and were classified as saccadic if both: (1) velocity
> 30°/s, and; (2) acceleration > 8000°/s2. Following previous similar studies (Smith
et al., 2012), small saccades of amplitude < 0.5°were discarded post hoc. This resulted
in the exclusion of 5.8% of saccades for the worse eye and 6.0% for the better eye. Eye
movement data were analyzed using a bespoke software programwritten inMATLAB
R2017a (MathWorks Inc., Natick, MA, USA).

3.2.6.2 Saccadic reversal rate (SRR)

To understand the temporal dynamics of a scanpath, I derived a novel metric that I
term Saccadic Reversal Rate (SRR). This was computed as follows. For each successive
pair of saccades, the angular difference in direction, \diff, was computed (see Figure
3.3B). For example, when two successive saccades moved in the same direction, \diff
was close to 0°. In contrast, if two saccades moved in opposite direction, \diff was close
to 180°. Across a trial, this resulted in a distribution of \diff values, as shown in Figure
3.3C. In healthy eyes, such reversals are relatively common (5%) and are thought to
represent a strategy of revisiting positions “where some information may have been
lost or overlooked (Amor et al., 2016).” I therefore hypothesized that such movements
would be particularly elevated when vision was impaired. I, therefore, hypothesised
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a) b)

c)

Figure 3.3: Computation of the novel saccadic reversal rate (SRR) (a) Example eye movement
data from a single trial. White dots represent fixations, and vectors represent saccades. The
arcs represent \diff: the angular difference between successive pairs of saccades. (b) Illustration
of how \diff values were computed (measured anticlockwise relative to the horizontal) (c) Polar
Histogram of \diff values (same data as panels (a) and (b)). For example, on two occasions \diff
fell within 165°–195°, while on one occasion the angular difference was very small (close to
zero). The saccadic reversals are highlighted in red. Coloured dots around the periphery of
the histogram show each of the individual \diff values computed in panel (b). Note that for
illustration purposes, the bins shown here are 30° wide, and include data from a single trial
only. However, in the final analysis bins of 20° were used, and data were concatenated across
all 120 trials.

that such movements would be particularly elevated when vision was impaired.

To quantify SRR formally, I first measured the proportion of \diff values falling within
a 20° bin centred on 180° (red shaded bin in Figure 3.3C). The choice of bin size was
arbitrary. However, changing the bin width to 30° or 60° did not affect the overall
pattern of results. The angle between saccades (\diff ) was computed as:

\38 5 5 = 0A2C0=

( (8,H
(8,G

)
− 0A2C0=

( (8−1,H

(8−1,G

)
(3.1)
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Figure 3.4: SRR analysis (left eye of patient id K). The upper row illustrates the raw scanpaths
for individual trials (fixations and saccades represented as points and vectors, respectively).
The bottom row shows the corresponding distribution of \diff values. SRR was computed at
the end of a run, and was defined as the proportion of \diff values that fell in the red bin to the
total count of \diff (Shown here: SRR = 0.13).

where (8,H and (8,G are the y and x components of the ith saccade, (8 , and (8−1 is the
preceding saccade. Then, SRR was computed as:

('' =
Proportion of saccadic reversals

Total number of \38 5 5
(3.2)

SRR was computed at the end of each run (i.e., the rightmost panel in Figure 3.4).
This analysis produced one SRR value for each eye, for each participant. It should be
noted that SRR is a measure of proportion "saccadic reversals" not the distribution of
saccades.

3.2.6.3 Bivariate Contour Ellipse Area (BCEA)

The spread of fixation locations was computed as the Bivariate Contour Ellipse Area
(BCEA). The BCEA provides a summary measure of the spread of a participant’s
gaze over the VF (in degrees visual angle, squared). Previous studies have employed
BCEA to study fixation stability in patientswithmacular degeneration (Bellmann et al.,
2004; González et al., 2006) and to analyse eye movement of bilateral glaucomatous
participants when viewing driving scenes in a hazard perception test (Crabb et al.,
2010) and when viewing everyday scenes (Smith et al., 2012).

To compute BCEA, fixation positions were first transformed into a location in a new
plane (see Figure 3.5 first column, N = 1). This was done by aligning fixation positions
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Saccade Amplitude (degrees)

Figure 3.5: BCEA computation across a run (left eye of patient id k). The upper row illustrates
the raw scanpaths for individual trials (fixations and saccades represented as points and
vectors, respectively). Each saccade is coloured uniquely to match the plots at the bottom. The
bottom row shows the aligned saccades/fixations. BCEA was computed at the end of a run
Based on the best fitting ellipse (red dashed line).

based on their relative position to the preceding fixation; the preceding fixation po-
sition was used as a centre, (0, 0). This transformation maintains the corresponding
saccade amplitudes. One BCEA value was computed for each eye at the end of each
run (Figure 3.5 last column, N = 120).

3.2.6.4 Additional eye movement metrics

In addition to SRR and BCEA, I also computed other common metrics, widely used in
previous similar studies (Smith et al., 2012). These were: (1) number of fixations, (2)
fixation duration, (3) saccade amplitude, (4) saccade velocity (speed of saccade), and (5)
total scanpath length. The distributions of the parameters were non-Gaussian; there-
fore, I considered median values for my statistical analysis. In each case, I computed
one value for each eye, for each participant.

3.2.7 Statistical analyses

Each metric (SRR, BCEA, additional eye movement metrics) provided a single pair
of values for each patient (i.e., one value for the better eye and one value for the
worse eye). Pairwise statistical analyses were performed to ascertain any significant
differences between the better eye and worse eye. Since the distribution of the data
was non-Gaussian, I used non-parametric paired analyses (Wilcoxon’s test). Multiple
regression analysis was used to explore if any of the parameters, or combination of
parameters, were predictive for the between eye differences as measured by between
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eye difference in MD. All statistical analyses were conducted using R v3.3.3 (R Core
Team, 2017).

3.3 Results

Fifteen patients with glaucomawere recruited (60%men), with amedian (interquartile
range; IQR) age of 68 (61, 79) years. The median (IQR) HFA MD value was -4.1 (-5.9,
-1.7) dB for the better eyes, and -15.9 (-19.8, -9.8) dB for worse eyes. The median
between-eye difference in MD value was -10.1 (-14.8, -8.6) dB, reflecting a pronounced
asymmetry in VF loss within this group of patients. Between eyes (better versus
worse), there were no significant differences in logMAR VA or Pelli-Robson CS values
(p > 0.05). The right eye was the ‘worse eye’ in ten of the fifteen participants.

Table 3.2 shows themedian (IQR) values for eachof the various eyemovement paramet-
ers. There was no statistically significant difference, between-eyes, in terms of fixation
duration, fixation count, saccade velocity, or scanpath length. However, shown in
Figure 3.6, better eyes made larger saccades (Wilcoxon signed-rank test;p = 0.012), ex-
hibited greater BCEA (Wilcoxon signed-rank test; p = 0.005), and lower SRR (Wilcoxon
signed-rank test; p = 0.018). The median (IQR) between-eye difference (better eye –
worse eye) in saccade amplitude was 0.49 degrees (0.0 – 0.9); the median (IQR) differ-
ence in SRR and BCEA was -0.014 (-0.003 – -0.023) and 49.0 degrees squared (16.1 -
95.8).

To investigate the presence of possible practice effects, I compared eye movements
between the eye tested first versus second (i.e., instead of the better versus the worse
eye). There was no significant difference in saccade amplitude (p = 0.09), SRR (p =
0.42), and BCEA (p = 0.38). This indicates that there was no substantial order-effect.
Table 3.3 shows the univariate association between each eye movement parameter and
various common clinical measures (MD, CS, and VA). I used multiple test correction
(Bonferroni correction for four comparisons). There was some indication of a linear
relationship between age and saccade amplitude, but it was not statistically significant
after correcting for multiple comparisons (Spearman’s correlation; r = 0.62, p = 0.02.
Therewas a statistically significant association between thedifferences in SRR (between
the better and the worse eyes) and differences in logMAR VA (r = 0.64, p = 0.01)
(Figure 3.7A). Furthermore, a statistically significant associationwas observed between
differences in BCEA and differences in MD values (r = 0.65, P = 0.01) (Figure 3.7B).
There was no significant association between any other eye movement parameters and
any clinical measures (see Table 3.2).
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Table 3.2: Comparison of the difference between worse and the better eyes in different eye
movement features. Statistically significant p values are marked with an asterisk and high-
lighted in bold.

Better eye
(median, IQR)

Worse eye
(median, IQR)

Between-eye
difference (median,
IQR)

Wilcoxon’s
p value

Fixation
duration (sec)

235 (228, 259) 244 (228, 268) -9 (-16,11) 0.60

Fixation
count per trial

12.0 (11.6, 13.8) 12.0 (11.23, 13.0) 0 (-1.4, 1.0) 0.67

Saccade
velocity (deg/sec)

230 (182, 258) 215 (169,254) -14 (-27,7) 0.18

Scanpath
length (deg)

60.31 (48.0, 64.8) 55.7 (43.2, 59.3) -6.4 (-14.9,4.3) 0.15

Saccade
amplitude (deg)

3.95 (3.09, 5.42 ) 3.13 (2.92, 4.66) 0.5 (0.0,0.9) 0.013*

SRR 0.09 (0.08, 0.12) 0.10 (0.09, 0.12) -0.014 (-0.021,-0.003) 0.018*

BCEA
(deg squared)

313 (249, 418) 253 (222, 320) 49 (16, 96) 0.005*

Table 3.3: Spearman’s rho correlations comparing between-eye differences in saccade amp-
litude, BCEA, and SRRwith clinical measures and age. Statistically significant associations are
marked with an asterisk and highlighted in bold. (Following Bonferroni correction for four
comparisons, the criterion for significance was p < 0.013.)

Clinical Measures
Eye movement MD VA CS Age

Saccade amplitude r 0.23 0.13 0.30 0.62
p value 0.42 0.66 0.28 0.02

SRR r -0.36 0.64 -0.30 0.15
p value 0.18 0.01* 0.28 0.59

BCEA r 0.65 0.03 -0.08 0.10
p value 0.01* 0.93 0.78 0.73

Stepwise multiple regression analysis (Backward elimination) showed that between-
eye differences in BCEA alone were a statistically significant predictor of between-eye
differences in MD values (F=7.37, R2 = 0.36, p = 0.01): for every 1 dB difference in MD,
BCEA decreased by an average of 6.2% (95 confidence interval 1.6% to 10.3%) between-
eyes. This indicates that as theVFworsens the spatial extent of eyemovements reduces.

3.4 Discussion

This study assessed the effect of glaucomatous VF damage on eye movements. In pa-
tients with between-eye asymmetric VF loss, median saccade amplitudes were smaller
in the worse eye, and the total spread of fixations (BCEA) was reduced. In addition,
I computed the SRR: a novel eye movement parameter that considers the geometric-
relationship between temporal sequences of saccades. SRR was significantly greater
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c)

a) b)

Figure 3.6: Plots of difference between the better andworse eye in (a)median value of a saccade
amplitude (b) SRR (c) BCEA. The black solid line in each plot marks the null hypothesis (‘no
difference between the eyes’).

in the worse eye, indicating that the worse eye exhibited more back-and-forth saccadic
movements compared to the fellow, better eye. Therewere also significant relationships
between eye movement parameters and clinical measures. Specifically, between-eye
differences in BCEA were correlated with MD, while SRR was correlated with visual
acuity. In terms of more basic eye movement metrics, such as saccade count, fixation
count, fixation duration, and scanpath length, this study did not find a significant
difference between worse and the better eyes.

3.4.1 Comparison with previous findings

My findings of smaller saccades and reduced spread of fixations are consistent with
previous reports. Thus, BCEA has been reported to be smaller in glaucoma patient
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Figure 3.7: Scatter plots depicting relationships between (a) between-eye differences in SRR
and VA, p = 0.01 (b) between-eye differences in BCEA and 24-2 MD values, p = 0.01.

than age-similar healthy controls (Cheong et al., 2008; Smith et al., 2012). Similarly,
saccade amplitudes in glaucoma patients have been reported to be smaller compared
to controls in some (Lee et al., 2017; Najjar et al., 2017), though not all (Smith et al., 2012;
Wiecek et al., 2012), previous studies. To the best of my knowledge, this is the first
study that analysed the angle between saccades to evaluate eye movements of patients
with VF loss. Taken together, these results provide novel and compelling evidence
that eye movements are altered following VF damage.

I did not find statistically significant differences between the worse and better eye
in terms of more basic parameters, such as saccade count, fixation count, saccade
rate, and fixation duration. In contrast, some (though not all (Wiecek et al., 2012;
Vega et al., 2013) previous studies reported significant differences between glaucoma
patients and controls in terms of number of saccades, (Smith et al., 2012) fixation
rate, fixation duration, (Crabb et al., 2010) and saccade rate (Smith et al., 2011). One
possible reason for this disparity may be due to differences in task. For instance, in
Smith and colleagues (Smith et al., 2011) participants were asked to search for targets
in photographs. However, in this study participants were asked to view photographs
freely. Another possible reason is that the effects of these parameters are very small,
and I lacked the statistical power in the present study to detect them reliably. Finally,
it may be that these simple eye movement metrics are more susceptible to individual
differences and do not always occur reliably.
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3.4.2 Relationship between eye movements and common clinical measures

When using their worse eye, patients made more spatially restricted eye movements
(i.e., saccade amplitude and BCEA of the worse eye were smaller). Since other possible
factors that affect eye movements (such as cognitive skills, age, personal preference)
were controlled for, these differences in eye movements are likely due to their visual
impairment. For example, since the worse eye typically exhibited substantial VF loss
(see Figure 3.1), the spatial narrowing of eye movements might be explained by an
absence of exogenous cueing at more peripheral locations (Thorpe et al., 2001; Larson
and Loschky, 2009; Kwon and Legge, 2012). If this were the case, one would expect a
relationship between measurements of VF loss and the spread of fixations. Consistent
with this, my data showed that decreases in VF MD values were positively correlated
with reductions in the spread of fixations (BCEA).

When viewing a scene, it is normal for normally sighted observers to make a number
of saccadic reversals (Amor et al., 2016). However, my data showed that saccadic
reversal rateswere increased on average in glaucomatous eyes, and thiswas statistically
significant. As with the other eye movement parameters (BCEA, saccade amplitude),
thismaybeprimarily a consequenceof their restrictedVF,withpatients opting to revisit
parts of the image in the absence of any peripheral cues to attract their attention. If
this is the case, one could similarly predict a normal eye to exhibit greater SRRs when
viewing a visual stimulus where all salient information is confined to a narrow spatial
region. Alternatively (or in addition), it may be that increased SRRs represent an
adaptive strategy to cope with reductions in acuity, with patients ‘revisiting’ parts
of the image in order to gain more information (‘re-sampling’). Consistent with this,
increases in SRR (between the eyes) were correlatedwith decreases in VA (Figure 3.7B).

Between-eyes, there was a positive association between BCEA (spread of fixations)
and MD values, and also between SRR and VA. This is encouraging, as it suggests
that natural eye movements could in future provide complementary biomarkers to
traditional clinical measurements. This would have substantial practical advantages,
due to the ease at which it would be possible to collect large amounts of data with
minimal burden or discomfort to patients (Crabb et al., 2014).

3.4.3 Implications and future work

The present work could be developed in a number of ways. First, this study has
shown eye movement parameters (saccade amplitude, SRR, and BCEA) are altered by
worsening VF loss, but I cannot say the measures can be used to diagnose VF loss. To
answer this, one would have to build a model that can detect patients from healthy
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subjects and evaluate its diagnostic sensitivity and specificity in an appropriately
designed study (Bossuyt et al., 2003; Eusebi, 2013). Second, the present work showed
a relationship between eye movements and summary metrics of visual impairment,
such as VA and MD. However, the small sample size prevents any investigation into
the relationship between eye movement and different patterns or location of VF loss.

3.5 Conclusions

When viewing images monocularly, patients with asymmetric VF loss exhibited sys-
tematically different eye movements in their worse eye. Specifically, the worse eyes
were shown to be restricted in spatial extent, and to exhibit more frequent back-and-
forth (‘reversal’) saccades. These differences in eyemovementswere shown to correlate
with common clinical measures, with differences in BCEA and SRR associated with
changes in MD and VA, respectively. This work introduces a novel eye movement
summary statistic, SRR, which could be applied to analyse eye movements of patients
with other ophthalmic or neurodegenerative conditions.
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Chapter 4

Using eye movements to detect

visual field loss: a pragmatic

assessment using simulated

scotoma

4.1 Introduction

As discussed in the opening chapter, glaucoma is a chronic eye disease affecting 1 in
28 people aged 40-80 years (Weinreb et al., 2016). It is characterised by progressive
VF (VF) loss, and this vision loss is irreversible. Early detection is therefore crucial
(Pizzi et al., 2018). At present,successful detection of glaucoma requires a detailed
assessment by a specialist clinician, including measurements of intraocular pressure
(IOP), VF loss by standard automated perimetry, and inspection of the optic nerve
head. Unfortunately, many adults do not attend routine eye-checks due to associated
costs (real and perceived), lack of awareness, aversion to themethods used, and lack of
understanding about their purpose (Biddyr and Jones, 2015; Cook and Foster, 2012).

As outlined in Chapter 1, screening for glaucoma might start to become viable if an
inexpensive, automated screening tool could be developed to identify high-risk indi-
viduals. Central to this thesis has been the idea that modern eye tracking technologies
may be able to provide such a tool. Studies have shown that eye movements are
altered in instances of glaucomatous VF loss (Chapter 2). For example, glaucoma
patients have been shown to exhibit differences in saccade frequency and spread of
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gaze when free-viewing images, relative to normally sighted controls (Smith et al.,
2008). While, more recently, as reported in Chapter 3, I demonstrated differences in
eye movements between the two eyes of glaucoma patients with asymmetric VF loss,
when free-viewing pictures monocularly (Asfaw et al., 2018a). Several other studies
have also confirmed a link between simulated VF loss and altered eye movements
(Parkhurst et al., 2000; Bertera and Rayner, 2000; Cornelissen et al., 2005; Foulsham
et al., 2011; Geringswald and Pollmann, 2015; Cajar et al., 2016; Nuthmann, 2014).

As discussed in Chapter 1, the idea of using natural eye movements for disease detec-
tion is exciting, as eye movements can be recorded easily and cheaply using ordinary
commercial technologies (hardware that is already becoming increasingly ubiquit-
ous in people’s homes, via computer screens, TVs, and smartphones) (Krafka et al.,
2016; Wood and Bulling, 2014). Furthermore, unlike conventional VF assessments,
which require sustained concentration during a protracted test that many patients
find demanding, (Jampel et al., 2011; Glen et al., 2014; Malik et al., 2013) natural eye
movements require no explicit task, and could even be monitored while individuals
go about their everyday activities (e.g., watching TV). In short, and central to the idea
of this thesis, natural eye movements appear attractive as a cheap and easy way of
screening for glaucoma (Asfaw et al., 2018a; Crabb et al., 2014; Grillini et al., 2018).

However, despite existing evidence that VF loss alters eye movements, it remains
unclear whether these changes are sufficiently great to be clinically useful. Exactly
what level of sensitivity and specificity a test requires to be clinically useful is difficult to
define. However, standard automated perimetry, a well-established tool for detecting
VF loss, is able to discriminate between healthy vision andmoderate-or-advanced (not
early) VF loss with almost 100% accuracy. For example, Cello et al. (2000) reported that
an automated perimeter (FDT C-20) displayed 100% sensitivity and 100% specificity
for detecting advanced VF loss (mean defect (MD) between –12 and –22 dB), and
96% sensitivity and 96% specificity for moderate VF loss (MD between –6 and –12
dB). Similarly, Budenz et al. (2002) reported 100% sensitivity and 96% specificity for
detecting moderate or advanced defects using the Humphrey VF analyzer (Swedish
interactive threshold algorithm (SITA) and SITA fast algorithms) (Budenz et al., 2002).

In the present study, I used simulated VF loss to explore the power of natural eye
movements to detect eye disease. The simulation is central to the idea of this study.
Simulation of VF loss allowed systematic manipulation of key VF loss characteristics,
such as location and size, to quickly collect large sets of data in a relatively short period
of time, and to control individual variability by recruiting a relatively homogenous
cohort of healthy, young adults (Cornelissen et al., 2005).
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Several techniques have been developed previously to simulate VF loss. One approach
is to use contact lenses with a region of opacity (Foley-Fisher and Murphy, 1987;
Murphy and Foley-Fisher, 1989; Almutleb et al., 2018). However, this method results
in a poorly localised VF loss and causes an unrealistic dimming across the retina (Butt
et al., 2015). Recent studies have therefore focused instead on utilising eye trackers
to control the position of an artificial VF loss on a computer, relative to the current
point of fixation (gaze-contingent presentation) (Cajar et al., 2016; Cornelissen et al.,
2005). One such gaze-contingent VF loss simulator (‘GazeSS’), capable of applying
real patient’s VF defects (measured by standard automated perimetry) onto dynamic
film content has been previously developed (Glen et al., 2015, 2016).

The purpose of the present work was to consider whether natural eye movements
can provide a clinically useful biomarker for glaucomatous VF loss. I contended
that, to be clinically useful, eye movements should be at least be robust enough to
identify substantial VF loss consistently when all of the key confounding variables
are strictly controlled (e.g., the environment, exact form of VF loss, and participants’
age and general health). To assess this, I asked normally sighted young adults to
watch videos and images with or without a gaze-contingent simulated VF loss (based
on clinical data from a single glaucoma patient). Unlike most previous studies, my
primary interest was not to establish whether any changes in eye movements were
statistically significant. Instead, I used the receiver operating characteristic (ROC) to
examine the diagnostic accuracy (i.e., sensitivity, specificity) of natural eye movements
in discriminating healthy eyes from those with surrogates of glaucomatous VF loss.
I investigated individual eye movement features and their combinations, including
saccade amplitude, proportion of saccades landing on the pre-VF loss (SLV) location,
spread of saccade endpoints (measured using bivariate contour ellipse area; BCEA),
and consistency of fixation locations in time between participants (using kernel density
estimation; KDE). Further details on how these variables were computed are given in
the Methods section.

The study described in this chapter is published in journal of Nature Scientfic Reports.
The co-authors of thiswork are PeteR. Jones (PJ),NickD. Smith (NS), LauraA. Edwards
(LE), andDavid P. Crabb (DC). The original design of the experimentwas conceived by
DA, PJ, and DC. Some original pilot work (not included in the chapter) and a draft for
the ethical approval was done by LE. The gaze-contingent VF loss simulator (‘GazeSS’)
was programmed and developed by NS. Refinement of the experiment and further
programmingwas done by DA. Participant recruitment, testing, data collectionwas all
conducted by DA. All of the data analysis was done by DA with support from PJ and
DC. The paper was written by DA, and reviewed, edited and approved by all authors.
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4.2 Methods

4.2.1 Task overview

The previously described GazeSS software (Glen et al., 2015) was used to simulate two
binocular VF conditions (Asaoka et al., 2011; Crabb andViswanathan, 2005) (‘moderate
loss’, and ‘advanced loss’). Both conditionswere based onperimetric data froma single
patientwith anestablisheddiagnosis of glaucoma (measurements taken longitudinally,
using standard automated perimetry). Young adults with healthy vision were asked
to watch short video clips and images, either with no simulated VF loss, or under one
of the two simulated field loss conditions (between-subjects design). I analysed eye
movements using common eyemovement parameters aswell as using a novelmeasure
designed to index the extent to which the observers with simulated VF loss looked at
the same screen locations as the no VF loss (control) group.

4.2.2 Participants

Fifty-five young adults (mean age: 24, SD: 5 years) with normal vision were recruited
via advertisements placed in the vicinity of the City, University of London. Normal
vision was defined as having no history of eye disease and was confirmed by good
performance on the functional vision tests described below. Three potential parti-
cipants failed the vision screening and were excluded from the study. The study was
approved by the Ethics Committee of the School of Health Sciences, City, University of
London (#SHS025). The research was carried out in accordance with the Declaration
of Helsinki and written informed consent was obtained from all participants.

4.2.2.1 Clinical screening for normal vision

Visual Fields (VF): Static threshold perimetry (24-2) was performed monocularly in
both eyes using a Humphrey Field Analyser (HFA; Carl Zeiss Meditec, CA, USA)
running the SITA-Standard algorithm. One participant failed due to a VF defect in
one eye and was subsequently excluded from the study. For all of remaining 55
participants, the glaucoma hemifield test on the HFA was ‘within normal limits’.

Visual acuity: Recognition acuity wasmeasuredmonocularly in both eyes using Early
Treatment Diabetic Retinopathy Study (ETDRS) charts. All 55 participants exhibited a
corrected visual acuity of 0.18 logMAR or better (Snellen equivalent of 6/9).

Colour deficiency: Colour vision testing was carried out (binocularly) using the 38-
plate Ishihara pseudoisochromatic test, 2011 edition (Handaya, Tokyo, Japan). All 55
participants correctly recognised all of the letters and patterns in the test.
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4.2.2.2 Apparatus

The experiment apparatus (Figure 4.1a) consisted of an LCD monitor (51 × 25.5 cm;
1920 × 1080 pixels; 60 Hz) and the Tobii TX300 eye tracker (Tobii, Danderyd, Sweden)
configured to record eye gaze at 60 Hz. My reasoning for using 60 Hz was partly
pragmatic. Affordable eye trackerswith similar sampling rate capabilities are available,
and could be used for home monitoring (e.g., screening for VF loss while watching
TV) if found to be effective (Jones et al., 2019). This sampling rate was also matched to
the refresh rate of the screen, and helped to minimize the computational overhead of
generating the artificial scotoma (i.e., a higher sampling rate may have added addition
delay or imprecision into to the overall system). However, there was a small amount
of lag before any changes in gaze could be registered. The manufacturer claims that
the overall latency of its eye tracker system is < 10 msec. If I further factor in the
refresh rate of the screen (60 Hz) and 3D rendering time, the total expected lag was
approximately 35–45 msec. Studies have shown that system delays of up to 60 msec
have an insignificant effect in disrupting perceptual processing (Loschky et al., 2007).
Moreover, the effect of system latency of gaze-contingent setups on large scotomas is
low when compared with small central scotomas (Saunders and Woods, 2014).
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Figure 4.1: Apparatus, stimuli, and procedure. (a) The experiment apparatus consisted of an LCD monitor (51 x 25.5 cm; 1,920 x 1,080 pixels; 60 Hz) with an
integrated eye tracker. Participants viewed the screen binocularly and were seated at approximately 60 cm away from the eye tracker without a head/chin
rest, meaning that the screen subtended at a visual angle of 46° x 24°. Study participants were only required to look at the screen during test trials (no explicit
response) and a keyboard was provided between trials on which to indicate their readiness to continue. Changes in viewing distance were monitored using
the eye tracker and the size of the artificial VF loss was dynamically adjusted. (b) The stimuli consisted of two video clips and three static images, the latter of
which were displayed for 60 seconds each. The two videos were presented for their full duration of 301 seconds and 307 seconds, respectively. The resolution
of video and the images were presented at a resolution of 1,280 x 720 pixels and the frame rate of the two videos were 30 frames/second. All stimuli were
displayed in a full-screen mode (resolution of 1,920 x 1,080 pixels). Stimulus order was randomised between participants.
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4.2.3 Stimuli and Study design

The stimuli consisted of two videos and three static images (see Figure 4.1b for all
images and selected frames from both videos). The videos were arbitrarily selected
from (YouTube, San Bruno, California, United States), and I had no prior hypothesis
of the eye movements the stimulus would elicit. VIDEO 1 was an aerial film of
London (301 seconds) and VIDEO 2was an advert showing attractions in London (373
seconds, from the London Vacation Travel Guide; Expedia, Bellevue, Washington,
USA). The three images used were outdoor scenes, with two depicting landscapes and
one depicting a beach. Unlike previous studiesAsfaw et al. (2018a); Smith et al. (2008)
that involved a large number of images, this study investigated the feasibility of using
just a few numbers of images to detect VF loss.

GazeSS (Glen et al., 2015) was used to simulate gaze-contingent VF loss, mimicking the
expected binocular VF loss based on (monocular) perimetric data from a real patient.
In this implementation, blur was used since patients with early or intermediate loss
often perceive VF loss as a region of a blur (Crabb et al., 2013; Hu et al., 2014). GazeSS
was a custom-written application (in C# using Microsoft XNA Game Studio) that
generates a ‘simulated’ VF loss based on current gaze position. For each frame in the
video or image, locations of the scene that correspond to regions of VF loss (∼< 253�)
are degraded systematically. The application applies layers of Gaussian ’blur’ coded
using High-Level Shader Language, whereby the blur intensity increases depending
on the severity of VF loss. When the sensitivity value at a particular location in VF
was ∼< 203�, the corresponding location in the scene was obscured by the blur. The
blur effect was produced by applying a 2DGaussian smoothing kernel (9X9) iteratively
(four times). The current study used two integrated VFs (IVFs) generated from a real
glaucomatous patient’smonocular VF assessments carried out twice during the course
of the condition (Figure 4.2). The patient was arbitrarily selected from our database
of patients with a clinically established diagnosis of open-angle glaucoma. Glaucoma
was defined as VF defects in both eyes (binocular defect) with corresponding damage
to the optic nerve head and an open iridocorneal drainage angle on gonioscopy. Here,
I simulated superior binocular visual field loss, which is representative of a clinical
population of patients with binocular visual field loss (Hu et al., 2015).

As described in Chapter 1, IVF estimates the binocular VF from the two monocular
(left and right eye) VFs in such a way that sensitivity values for each point in the IVF
were computed by taking the maximum sensitivity from corresponding points in the
left and right eye VFs (Asaoka et al., 2011; Crabb and Viswanathan, 2005). Based on
the VF of the worse eye, the results of the two visits were classified as moderate (-12 ≤
MD ≤ -6 dB) and advanced VF loss (MD < -12 dB) (Iester and Zingirian, 2002).
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Figure 4.2: IVFs and example screenshots from the three simulated-VF loss conditions: (a) no
VF loss. (b) moderate VF loss. (c) advanced VF loss. The impairments were constructed on
monocular field data from a single real patient. The IVFwas estimated by taking themaximum
sensitivity from corresponding points in the left- and right-eye VFs. Note that the simulated
VF loss moved depending upon the observer’s current point of gaze (white cross), and so
remained approximately static in retinal coordinates.

4.2.4 Procedure

The first 45 participants were assigned randomly using a lottery to one of the three
groups (i.e., no VF loss, moderate VF loss, and advanced VF loss). An additional 10
participants were subsequently recruited to the no VF loss group. These additional
10 participants were recruited as part of a related project, and were included in the
present work to maximise statistical power (a posthoc power calculation (Lewallen
and Courtright, 1998), considering an Cohen’s effect size of 0.5, indicated that these
additional 10 controls increased statistical power by 7%). However, the present results
were qualitatively unchanged if these additional 10 observers were not included. Re-
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gardless of impairment type, all the participants watched the same set of five stimuli
(i.e., VIDEO 1, VIDEO 2, and IMAGES), presented in a randomised order that varied
among the participants. The static images were presented for 60 seconds each, and
the two videos were presented for their full duration (301 seconds and 307 seconds).
Prior to the presentation of each stimulus, participants were asked to fixate on a tar-
get presented in the centre of the screen. However, during the stimulus presentation
interval, participants were free to move their eyes, and were encouraged to take short
breaks between trials as required. They completed the study in a single session lasting
approximately 35 minutes.

Before testing, a five-point eye tracker calibration was carried out, using the proced-
ure provided by the manufacturer. The results of calibration were represented in a
schematic representation, marking calibration points that were successfully calibrated
with error lines (i.e., the differences between the position-of-gaze calculated by the
eye tracker and the actual location of the calibration point) and leaving the calibration
blank if there was no reading. The accuracy of the calibration was assessed by manual
inspection andwas repeated until "good" levelwas a precisionwas obtained (i.e., when
error lines were within the circle drawn by the system).

As part of the consent procedure, participants were given an information sheet ex-
plaining the general objective of the study, whichwas to understand the effects of sight
loss on eye movements while watching videos and images on a computer. During the
study they were instructed simply to relax and look at the screen normally, as though
they were watching television at home.

4.2.5 Eye movement analysis

4.2.5.1 Preprocessing

Eye gaze was recorded binocularly at 60 Hz. The eye tracker produces raw gaze po-
sition ( horizontal and vertical positioning in pixels) and distance of the participant
from the tracker (in mm). All of the raw gaze data were converted to degrees using
the distance information for each raw gaze positions. Saccade and fixation identific-
ation routines were adapted from PyGaze (Dalmaĳer et al., 2014). Movements were
classified as saccadic if both: the velocity > 30°/s, and the acceleration > 8000°/s2. To
exclude microsaccades or minor artefacts of the eye tracker, similarly to in previous
studies, Smith et al. (2012) small saccades of amplitude < 0.5°were discarded post-hoc.
Fixations > 500 msec were discarded to avoid long smooth pursuit movements. Eye
movement data were analysed using a custom software program written in MATLAB
R2017a (MathWorks Inc., Natick, MA, USA). I examined four eye movement features
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as described below.

4.2.5.2 Saccade amplitude

Saccadic amplitude describes the magnitude (in degrees) of the rapid eye movements
that met the ‘saccadic’ criteria (see data preprocessing) (Figure 4.3a). Since the distri-
bution of saccadic amplitudes is often non-Gaussian, I considered median values of
saccade amplitude as the summarymeasures for statistical analyses (Figure 4.3b). One
median saccade amplitude value was computed per participant, per stimulus.

4.2.5.3 Bivariate contour ellipse area (BCEA)

BCEA was computed to measure the spread of saccadic endpoints. Following a pre-
viously described analysis approach, 55 saccade endpoints were first mapped into a
location in a new plane (Figure 4.3c) by first translating the saccade start position to
the centre (0, 0) and then by applying the same translation to saccade endpoints. The
BCEA was computed with a probability area of 95%. This produced one BCEA value
per participant per stimulus.

4.2.5.4 Proportion of saccades landing on the pre-VF loss (SLV) location

SLV was computed as the proportion of saccades (aligned) landing on the VF loss
locations to the total number of saccades (Figure 4.3d). For each participant in the
VF loss groups (moderate and advanced), one SLV value was computed per stimulus,
while for each participant in the no VF loss group, two separate SLV values were
computed (based on the scotoma locations of the moderate and advanced scotoma
groups) for comparison with the moderate and advanced VF loss groups.

4.2.5.5 Kernel density estimate (KDE) of gaze fixations

The three metrics described above have been used extensively to characterise eye
movement data in the past (McIlreavy et al., 2012; Smith et al., 2012), and it is possible
that these ‘simple’ metrics are sufficient for indexing VF loss. However, an alternative
and in someways, a more direct way of classifying an observer as healthy or abnormal
is to quantify the likelihood that a given set of eye movements belongs to somebody
with/without VF loss.

To do this, I developed the following ‘KDE’ procedure. In this procedure, gaze posi-
tions belonging to saccades were excluded, meaning that only available gaze positions
of fixations and pursuits were considered. For each frame in every clip, the aver-
age gaze positions (G8 , H8), 8 = 1, ..., = of the no VF loss group participants 8 = 1, ..., =
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Figure 4.3: Four methods of eye movement analysis. (a) Example eye movements obtained
from a single participant, during free-viewing of one of the static images. The colour of the
scanpath codes time. (b)Histogramof the saccades, computed from (a). Themedian amplitude
was used as the summarymeasure. (c) Aligned plots of the saccades in the VF. The BCEA is the
area of the ellipse (grey shaded region). (d) Saccadic movements in the direction of/landed on
the pre-saccade VF loss location (black dots falling in the grey shaded region) for the moderate
and advanced group. (e) An illustration of KDE analysis of gaze data for the frames of the
videos. The KDE model was used to compute the probability score of a test point (average
gaze position in a frame for a given participant, shown in blue dot).

were used to compute a model (probability mass function) based on KDE. The two
gaze positions available per frames were averaged (based on 60 Hz eye tracker and
30 frames/sec video). The KDE was computed by adding Gaussians (subsequently
normalised to unity), each centred at one fixation location of the participants in the no
VF loss group.

5 (G, H) = 1
=

=∑
8=0

 ℎG (G − G8) ℎH (H − H8) (4.1)

where  ℎG and  ℎH are kernel function, in this case Gaussian kernel, given by:

 ℎG (G − G8) = 1√
2cℎ

4G?(− G−G82ℎ ) and  ℎH (H − H8) =
1√

2cℎ
4G?(− H−H82ℎ )

where the subscript h is the standard deviation of the Gaussian kernel.

A Gaussian kernel function with a standard deviation of h = 1.5°was chosen based on
the assumption that each gaze represents a foveal vision from a participant. Fixations
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in proximity sumup to a higher value, whereas fixations at a distant space contribute to
the density function to a small degree. A similarmethod has been proposed previously
to compute the coincidence between the gaze points of multiple subjects (Dorr et al.,
2010, 2012).

Before computing the KDE, outliers at each frame from the available gaze data of
the no VF loss group were excluded using isolation forest method (Liu et al., 2008).
For each video and every frame, the KDE function (f(x,y)) was used to compute the
probability of the average gaze positions of participants in the VF loss group. To
compute the probability of gaze among participants in the no VF loss group, I used a
standard ‘leave-one-out’ method frommachine learning (Wong, 2015). This produced
one probability value for every frame of each video, for every participant (see the
Figure 4.3. in Results section for illustration). This magnitude of the probability value
explains how far the spatial distance of a given participant’s gaze in a given frame is
from the gaze positions of participants in the no VF loss group. The probability of a
gaze from a test participant would be higher if located at a closer proximity to the gaze
positions of the participants in the no VF loss group, and vice versa. For statistical
analysis, the mean of the probability scores of all frames in a video was computed
(single value per participant per video). The KDE analysis was performed using the
SCIKIT-LEARN package in Python (Pedregosa et al., 2011).

4.2.6 Statistical analyses

Kruskal–Wallis one-way analysis of variance was used to test whether there was a
statistically significant difference between the three VF groups. Whenever a significant
differencewas found, post-hoc analyses were conducted using aMann–WhitneyU test
(two-tailed)with Bonferroni corrections formultiple comparisons. The alpha levelwas
set to 0.05.

4.2.7 Further analysis to improve separation performance

To assess the ability of individual eye movements parameters to separate between VF
loss groups (no vs. moderate VF loss; no vs. advanced VF loss), receiver operat-
ing characteristics (ROCs) were computed using individual eye movement parameters
(e.g., saccade amplitude, BCEA, and KDE). To try to improve the separation between
the groups, multiple eye movement features were extracted and analysed using ma-
chine learning techniques. Eighty-four additional features were extracted from the
saccadic movements, following similar procedure introduced by Crabb et al. (2014).
These features were extracted by analysing the saccades (centralised) using polar his-
tograms (see Figure B.2). In total, 87 features were analysed for each video (86 features
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for the IMAGES).
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The features were serialized into a vector andwere transformed into a new space using
kernel principal component analysis (KPCA). The KPCA analysis extracted principal
components (or features) from a high-dimensional feature space that are nonlinearly
related to the input variables (i.e., features from each participant). The feature space,
also known as the kernel matrix, contains distances between the features of each
participant and was of size (#-#), where # is the number of participants. The
distance  8 9 between feature vectors of two participants, 8 and 9 is computed using the
following Gaussian kernel:

 8 9 = W |-8 − - 9 |2 (4.2)

where W is the variance of the Gaussian kernel and its value was determined using
cross-validation. The resulting kernel matrix was normalized and decomposed to its
principal components (eigenvector). The dimension of the feature vector was reduced
by selecting eigenvectors with the corresponding highest eigenvalues. The resulting
features were classified using AdaBoost classifier (Freund and Schapire, 1995; Hastie
et al., 2009). The AdaBoost algorithm recursively generates classifier that learns from
the previous weak classifier by focusing on the hard to classify instances. The final
predictionwas theweighted sumof theweak classifiers. I used aDecision tree classifier
as a weak learner. Best performing parameters (variance of the Gaussian in KPCA, the
depth of decision trees, the learning rate) were selected using cross-validation.

4.2.8 Receiver operating characteristics (ROCs) analysis

Predictive machine learning model (a test) predict the probability of a subject being
positive or negative with a probability score (range 0 - 1). A cutoff value, indicating
whether an individual can be classified as positive or negative, and the known status of
the subject (i.e., ground truth) values are used to divide the cohort under study into one
the following 4 subgroups: true positive (TP), false positive (FP), true negative (TN),
and false negative (FN). TP are subjects with the condition and predicted to have the
condition by the test based on the cutoff value used. FP are subjects predicted to have
the condition when they have not. TN are subject without the condition and predicted
to be without the condition. FN are subjects predicted not to have the condition when
they have (Zweig and Campbell, 1993; Altman and Bland, 1994).

Sensitivity is theproportionof TP subjectswith the condition in a total groupof subjects
with the condition: TP/(TP + FN). It describes the ability of the test in detecting the
positive subjects. On the other hand, specificity defines the proportion of subjects
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predicted to benegative by the test fromall the subjectswithout the condition: TN/(TN
+ FP). It relates to the ability of a test in detecting the negative subjects (healthy)
(Akobeng, 2007; Greiner et al., 2000).

The ROC curve assesses the discriminative ability of a given test between those with
and without the condition (Zweig and Campbell, 1993; Altman and Bland, 1994). It
graphically depicts the trade-off between the sensitivity and the specificity of a test
at various cut-offs values; a pair of diagnostic sensitivity and specificity values are
computed for every single cut-off. To construct the ROC curve, these pairs of values
are plotted on ROC spacewith 1 – specificity on the x-axis and sensitivity on the y-axis.
The AUC summarizes the discriminative ability of a test in a single value. The AUC
can have any value between 0 and 1. The shape of the ROC curve and the AUC value
are commonly used to estimate the performance of the test. The curve that closer to
upper-left corner and with larger the AUC values indicates a better test. A perfect
diagnostic test has an AUC of 1.0, whereas a nondiscriminating test has an area of 0.5
(chance level performance).

To assess the ability of individual eye movements parameters to separate between VF
loss groups (no vs. moderate VF loss; no vs. advanced VF loss), receiver operating
characteristics (ROCs) were computed using individual eye movement parameters
(e.g., saccade amplitude, BCEA, and KDE).

4.3 Results

4.3.1 Statistical analysis results

Figure 4.5 shows the median (±95% confidence interval; CI) values for each of four
eyemovement parameters (saccade amplitude, bivariate contour ellipse area, saccades
landing on the pre-VF loss locations, and kernel density estimation probability), meas-
ured across three visual impairment conditions (no VF loss, moderate VF loss, and
advanced VF loss). See Methods for definitions of each of these four measures and
details of how they were computed.

The specific results fromeachmeasurement aredescribed indetail below. However, the
overall pattern revealed several statistically significant differences, but indicated that
no single parameter provided a consistent, unambiguous biomarker for detecting VF
loss. SeeTable for the statistical analysis. Note that for the analyses reportedhere and in
Table , eye movement data from the three images were combined (concatenated) into a
single stream, for ease of analysis and reporting. Analysis of individual eyemovements
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from each image showed that there was no statistically significant difference on eye
movements within each group (for example in terms of saccade amplitude: F(2, 48) =
2.5, p = 0.92 for no VF loss group; F(2, 28) = 3.22, p = 0.05 for moderate VF loss group
and F(2, 28) = 0.75, p = 0.45 for advanced VF loss group).

4.3.1.1 Saccade Amplitude

In terms of saccade amplitude (Figure 4.5a), the Kruskal-Wallis H test showed that
there was a statistically significant main effect of visual impairment condition across
all the stimuli (for VIDEO 1: j2(2) = 8.67, p = 0.013; for VIDEO 2: j2(2) = 7.87, p
= 0.019; and for IMAGES: j2(2) = 10.2, p = 0.006). Pairwise comparisons using the
Mann–Whitney U test (Bonferroni corrected for three comparisons) revealed that the
median saccade amplitude in the noVF loss groupwas significantly reduced inVIDEO
1 (U = 79, p = 0.003, [2 = 0.23), VIDEO 2 (U = 76, p = 0.003, [2 = 0.24), and IMAGES (U
= 68, p = 0.001, [2 = 0.28), compared to the advanced VF loss group. However, there
were no statistically significant differences between no VF loss and moderate VF loss,
or between moderate and advanced VF loss (both p > 0.05).

A follow-up analysis of saccade amplitudes as a function of time (using linear re-
gression) indicated that average saccade amplitude decrease over time when viewing
IMAGES (example in image 1 (Figure B.2), t(57) = -2.36, p = 0.02 for No VF loss group;
t(57) = -2.63, p = 0.01 for moderate VF loss group; and t(57) = -2.76, p = 0.008 for
advanced VF loss group) but not when watching VIDEO 1 (p > 0.05) AND VIDEO 2
(p > 0.05). There was no statistically significant difference for changes with time in the
average saccade amplitude between no VF loss and the VF loss groups (p > 0.05).

4.3.1.2 Bivariate Contour Ellipse Area (BCEA)

In terms of BCEA (Figure 4.5b; distribution of saccade endpoints), a Kruskal-Wallis H
test showed a statistically significant main effect of visual impairment condition for all
stimuli (for VIDEO 1: j2(2) = 16.1, p < 0.001; for VIDEO 2: j2(2) = 18.9, p < 0.001; and
for IMAGES: j2(2) = 6.6, p = 0.03). Pairwise comparisons using the Mann–Whitney U
test (Bonferroni corrected for three comparisons) revealed that the average BCEA for
no VF loss group was significantly reduced compared in VIDEO 1 (U = 94, p = 0.010,
[2 = 0.17) and VIDEO 2 (U = 100, p = 0.020, [2 = 0.15), compared to the advanced VF
loss group. However, there were no statistically significant differences between no and
moderate VF loss, or between moderate and advanced VF loss (both p > 0.05). With
the three images, Mann–Whitney U tests (Bonferroni corrected for three comparisons)
found no statistically significant difference between the no and moderate VF loss (U =
193, p = 0.99, [2 = 0.004) or between the no and advanced VF loss groups (U = 143, p =
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0.330, [2 = 0.04).

4.3.1.3 Saccades Landing on the pre-VF loss locations (SLV)

The proportion of saccade endpoints landing on pre-saccade VF loss locations of the
moderate VF loss group inVIDEO 1 (U= 81, p = 0.002, [2 = 0.22) andVIDEO 2 (U= 52, p
< 0.001, [2 = 0.36)was higher compared to the noVF loss group (Figure 4.5c). However,
there was no statistically significant difference between no VF loss and advanced VF
loss (p > 0.05).

4.3.1.4 Kernel Density Estimate (KDE) probability

Kruskal-Wallis H tests found a statistically significant difference in the mean KDE
scores (Figure 4.5d) when viewing VIDEO 1 (j2(2) = 11.4, p = 0.003) and VIDEO
2 (j2(2) = 9.1, p = 0.010). Mann–Whitney U tests (Bonferroni corrected for three
comparisons) revealed that the average KDE probability score of the moderate VF loss
group in VIDEO 1 (U = 72, p = 0.002, [2 = 0.26) and VIDEO 2 (U = 91, p = 0.010, [2 =
0.18) was significantly reduced compared to the no VF loss group.

Analysis of eye movements from each individual image found no statistically signific-
ant difference on eye movements within each group (for example in terms of saccade
amplitude: F(2, 48) = 2.5, p = 0.92 for no VF loss group; F(2, 28) = 3.22, p = 0.05 for
moderate VF loss group and F(2, 28) = 0.75, p = 0.45 for advanced VF loss group).

4.3.2 Receiver operating characteristic (ROC) analysis results

The results from the preceding analyses revealed multiple statistically significant dif-
ferences between no VF loss and moderate VF loss in terms of KDE probability, and
between no VF loss and advanced VF loss in terms of saccade amplitude and BCEA.
To assess whether these statistical differences are sufficient to robustly discriminate
between individuals with/without VF loss, I computed the Receiver Operator Char-
acteristics (ROCs) shown in Figure 4.6.

There was a modest separation between the moderate and no VF loss groups in terms
of BCEA for VIDEO 2 (area under the curve (AUC) = 0.72) and KDE probability for
VIDEO 1 (AUC = 0.76), and likewise between the no and advanced VF loss groups
in terms of saccade amplitude for VIDEO 1 (AUC = 0.78), and VIDEO 2 (AUC =
0.79), and IMAGES (AUC = 0.83). Overall, the results indicate that modest separation
between the no VF loss andmoderate groups could be achieved using KDE probability
(76% sensitivity and 80% specificity). Similarly, modest separation could be achieved
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Figure 4.5: Median values (±95% confidence intervals) for (a) median saccade amplitude, (b)
bivariate contour ellipse area (BCEA), (c) proportion of saccades landing on the pre-scotoma
locations (SLV), and (d) kernel density estimation (KDE) probabilities, split into experimental
conditions (no VF loss, moderate, and advanced) and stimulus type (VIDEO 1, VIDEO 2, and
IMAGES). Statistically significant differences are denoted with an asterisk (* for p < 0.05 and **
for p < 0.001).
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Figure 4.6: ROC curves and the AUC scores showing the separation between (a) the no VF
loss and moderate (b) the no VF loss and advanced simulated VF losses for the measures
described in Figure 4.5. The separation was best between no and moderate VF loss in terms of
the SLV and KDE probability score, and between no and advanced VF loss in terms of saccade
amplitude and BCEA.

between no and advanced VF loss using saccade amplitude (80% sensitivity and 80%
specificity).

4.3.3 Improving separation performance

To see whether I could further improve separation between groups I performed two
additional analyses. First, I examined the temporal trace fromKDEprobability analysis
(Figure 4.7), and identified two sections of VIDEO 1 (totalling 120 sec) where the sep-
aration between the no andmoderate VF loss groups appearedmost pronounced(grey
shaded regions in Figure 4.7). These regions were selected based on visual inspection
of the temporal trace in Figure 4.7 (minimal overlap between the two medians ± IQR
values), and the results reported below did not qualitatively differ if the periods were
made slightly longer or shorter. In terms of content, these sections of the VIDEO ap-
peared particularly monotonous, with no highly salient objects, e.g. moving vehicles
or important landmarks. During these periods participants in no VF loss group ten-
ded to ‘rest’ at the centre of the screen, whereas participants with moderate VF loss
exhibited more active ‘search’ strategies. Using data from only these ‘cherry picked’
subsections improved discrimination performance from �*�0;; = 0.81 to �*�BD1B42C8>=
= 0.90. Pairwise comparison between the groups showed the difference between the
moderate and no VF loss group was statistically significant (Mann-Whitney U test; U
= 65, p = 0.002, Bonferroni adjusted for three comparisons) in the grey shaded region
of VIDEO 1 (Figure 4.7).
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Figure 4.7: KDE analysis of fixation data, including KDE probability scores as a function of
time for (a) VIDEO 1 and (b) VIDEO 2. The solid lines show the median values for each group.
The shaded regions indicate the interquartile ranges. The average (median) probability score
for the participants in the moderate group was smaller than for the no VF loss group (p < 0.05).
This difference was more substantial in the grey shaded region of VIDEO 1.

In a second attempt to improve performance, I extracted multiple saccadic features
and analysed using a machine learning technique (see Further analysis to improve
separation performance). A leave-one-out technique was used to estimate the CI of
classification sensitivity and specificity. Using these features improved the separation
between no VF loss and moderate VF loss to AUC = 0.85 for VIDEO 1, 0.85 for VIDEO
2, and 0.87 for IMAGES (Figure 4.8a). Similarly, the separation between no VF loss and
advanced VF loss increased to AUC = 0.91 for VIDEO 1, 0.89 for VIDEO 2 and 0.89
for IMAGES (Figure 4.8b). Average sensitivity for correctly identifying a moderate VF
loss at a fixed specificity of 90% was 80% for VIDEO 1; 60% for VIDEO 2 and 60%
for IMAGES. Similarly, the average sensitivity for correctly identifying advanced VF
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Figure 4.8: ROC after analysing multiple eye movement parameters to separate (a) no VF loss
and moderate VF loss group, (b) no VF loss and advanced VF loss.

loss at a fixed specificity of 90% was 88% for VIDEO 1; 48% for VIDEO 2 and 48%.
The individual ROCs from three stimuli exhibited very similar AUC scores. In short,
these results indicated that using multiple eye movement parameters can improve VF
loss detection. However, the performance was still modest relative to the current ‘gold
standard’ ophthalmic measures (see Introduction section 4.1).

4.4 Discussion

This study assessed the sensitivity and specificity of natural eye movements as bio-
markers for glaucomatous VF loss. Consistent with previous studies (Smith et al.,
2012; Asfaw et al., 2018a), the data showed that natural eye movements are altered
due to VF loss when looking at videos and images, and the observed ‘group’ differ-
ences were statistically significant, especially due to advanced VF loss. Participants
with simulated advanced VF loss exhibited smaller saccade sizes and a reduction in
the spread of saccade endpoints (Bivariate Contour Ellipse Area; BCEA) as compared
with participantswith noVF loss. A novelmeasure based on kernel density estimation
(KDE) also differed significantly between conditions. However, ROC analysis revealed
that the effects were relatively small, despite simulating substantial VF loss. Using any
single measure, the data showed a modest separation between the no and moderate
VF loss groups (AUC = 0.81), and between the no and advanced VF loss groups (AUC
= 0.82).

To improve separation, I further attempted examining eyemovements only in themost
informative parts of the videos, and tried combining eye movement metrics to make
an ensemble discrimination. These approaches resulted in encouraging performance
gains (AUC≈ 0.9), and indicate thatwith furtherdevelopment (i.e., better hardware and
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data analysis techniques), natural eye movements may have the potential to provide a
useful biomarker for gross screening of VF loss. However, a discriminative ability of
0.9 still remains relatively poor by clinical standards, given that even the smallest VF
defects that I simulated would be detected by automated perimetry with nearly 100%
sensitivity and specificity.

Part of the reason for this lowdiscriminationmay be due to the fact that eyemovements
were recorded binocularly. Detecting VF loss from a binocular assessment will always
be limited by the fact that binocular vision is often better preserved than vision in
either eye alone (even when considering the better seeing eye (Asaoka et al., 2011)).
It is likely that greater accuracy could be achieved by making the assessment more
similar to traditional perimetry: with the use of monocular viewing (patching), head-
restraints, fixations targets, and simple stimuli. This, however, I feel would be a
mistake. The principle attraction of using natural eye movements is the ease and
accessibility by which data can be acquired. These characteristics would be lost if
participants were forced to comply with a rigorous testing protocol. It may be that this
in turn places a hard limit on the sensitivity and specificity of the approach. However,
this may be acceptable if natural eye movements are viewed as complementary to
traditional diagnostic tools, such as perimetry and structural examinations, and not
as a like-for-like replacement. Furthermore, even at this stage natural eye movements
could potentially be useful for assessing hard to reach patient groups, such as those
who lack the physical or cognitive capacity to undergo conventional perimetry.

The data from this experiment are in general agreement with existing findings. Pre-
vious studies have shown that gaze-contingent peripheral VF loss leads to shorter
saccade amplitudes when observers perform visual search tasks (Bertera and Rayner,
2000; Cornelissen et al., 2005; Nuthmann, 2014) or view pictures freely (David et al.,
2018). Real glaucoma patients have likewise been found to exhibit reduced saccade
amplitudes when watching hazard perception videos (Lee et al., 2017) or freely view-
ing pictures (Asfaw et al., 2018a), although conflicting results have also been reported
in this regard (Smith et al., 2012; Lee et al., 2018). Glaucoma patients also exhibit a
smaller spread of fixations (measured using BCEA) (Smith et al., 2012; Najjar et al.,
2017) and smaller saccade amplitudes (Smith et al., 2012; Asfaw et al., 2018a) when
viewing pictures freely.

Several study limitations should also be acknowledged when interpreting the results.
First, the system used to simulate the peripheral VF loss (GazeSS) (Glen et al., 2015)
operates by applying gaze-contingent blur to regions of the VF. Real patients, however,
often report additional symptoms, such as glare and spatial distortions (Crabb et al.,
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2013; Hu et al., 2014). Thus, the simulation does not entirely accurately mimic the
effects of binocular VF perfectly, and it would be instructive to replicate the results
with real patients in future. Furthermore, the simulated VF loss was based on data
from a single patient with a VF defect near the fovea. Since VF loss can be highly
heterogeneous across patients, different forms of VF loss (in terms of severity and
location) may alter eye movements differently. Therefore, it would be instructive to
systematically assess how eyemovements differ as a function of VF loss distribution or
location and this could be the subject of future work. It is also important to note that
participants in the present study experienced an extremely acute onset of simulated
vision loss. This is in contrast to real visual impairment, which often progresses
gradually over many years (Leske et al., 2003).

In terms of improving the discriminative power of eyemovements, future work should
focus on determining the principles that make a stimulus more or less informative by
investigating a variety of video clips that can elicit different eye movements. For
example, my pilot study involving 10 people indicated that short clips of sports scenes
(football, gymnastics and cycling) were less discriminatory. Future studies should also
investigate methods of combining eye movement metrics with other easily obtainable
data sources (e.g., interocular pressure, demographics, family history), and focus on
obtaining larger datasets that could be used to train ‘deep learning’ networks that may
be capable of identifying more subtle signs of eye disease (Rahimy, 2018; De Fauw
et al., 2018). Furthermore, better approaches that consider the effect of centre bias on
natural eye movements could be explored to help provide better separation between
the study groups. For example, using techniques proposed byMarsman et al. (2016) to
identify scenes with high viewing priorities prior to computing the KDE. Future work
could also consider other techniques that have described characteristics of attention
and eye movement changes during the viewing of pictures.

In summary, the present study demonstrated that participants with simulated glauc-
omatous VF loss exhibited smaller saccades, explored the screen less, and fixated
at different locations than the participants with no visual impairment. However,
despite these differences being statistically significant, sensitivity and specificity ana-
lyses showed that eye movements alone were only able to provide modest separation
between participants with/without substantial VF loss. At this stage it is only possible
to conclude that further development is required before eye movements can provide a
clinically useful biomarker for eye-disease in practice.
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Chapter 5

Detecting glaucomatous visual field

loss using a novel spatiotemporal

analysis of eye movements

5.1 Introduction

As described in Chapter 1, Crabb et al. (2014) described a study using scanpaths of
eye movements recorded whilst people freely watched films to test the feasibility of
separating patients with glaucoma from healthy peers. The average sensitivity for
correctly identifying a glaucoma patient at a fixed specificity of 90% was 79% (95% CI:
58 to 86%). The area under the receiver operating characteristic (ROC) curve was 0.84
(95% CI: 0.82 to 0.87). This chapter first describes the work done to comprehensively
curate the dataset used in Crabb et al. (2014) to make it publicly available for other
researchers to use. Next, I develop novel methods of analysis of this dataset with the
aim of improving, or matching, the diagnostic accuracy reported in the original paper.
In part this was motivated by the results from the study described in the previous
chapter. That is an attempt to think of better ways of extracting information from
the data that may be contained within the natural eye movements to afford better
diagnostic performance.

The newly organised and curated data set was reported in a published paper in the
journalData in Brief (Asfaw et al., 2018b). The co-authors of this work are Pete R. Jones
(PJ), Nick D. Smith (NS), and David P. Crabb (DC). All of the data was reorganised
and aligned with all of the clinical measures by DA working with an archive of data
prepared in part by NS. The paper was written by DA, and reviewed, edited and
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approved by all authors. I conceived, developed and tested all of the work in the
second half of this chapter under the supervision of PJ and DC, and this work is under
preparation for submission to a scientific journal.

PART I: Data on eye movements in people with glaucoma and
peers with normal vision

What follows is adescriptionof the curateddataset. Eyemovementdatawereoriginally
collected to test the hypothesis that age-related neurodegenerative eye disease can be
detected in a person’s spontaneous eye movements while watching video clips (Crabb
et al., 2014). Gazewas recorded in 44glaucomapatients, and32 age-similar peoplewith
healthy vision. All patients had an established clinical diagnosis of chronic open-angle
glaucoma (COAG): In short, each participant watched three video clips, for approxim-
ately 16minutes in total, and completed standard clinical tests of visual function (visual
acuity, contrast sensitivity, VF examination). The dataset contains raw gaze data, pro-
cessed eyemovement data, clinical vision test results, and basic demographic informa-
tion (age, sex). Importantly, the dataset is nowmade freely available for any academic,
educational, and research purposes (at https://doi.org/10.5281/zenodo.1156863).

5.1.1 Participants

Forty-four people with glaucoma were recruited from clinics at Moorfields Eye Hos-
pital NHS Foundation Trust, London in 2012/13. All patients had an established
clinical diagnosis of COAG for at least two years and were between 50 and 80 years of
age. COAGwas defined, following clinical guidelines, by the presence of reproducible
VF defects in at least one eye with corresponding damage to the optic nerve head
and an open iridocorneal drainage angle on gonioscopy. The diagnosis was made by a
glaucoma specialist. Adeliberate attemptwasmade to recruit a sample of patientswith
a range of disease severity according to VF loss. Patients were purposely not recruited
if they had any ocular disease other than glaucoma (except for an uncomplicated lens
replacement cataract surgery). In addition, at the point of recruitment, patients had slit
lamp biomicroscopy performed by an ophthalmologist to further exclude any other
concomitant macular pathology, ocular surface disease or any significant problems
with dry eye.

Thirty-two healthy people (controls), of a similar age to the patients, were recruited
from the City University LondonOptometry Clinic; this is a primary care centre where
people routinely receive a full eye examination, which includesmeasurement of visual
acuity, refraction, binocular vision assessment, pupil reactions, slit-lamp assessment
of the anterior eye, measurement of intraocular pressure, VF assessment and indirect
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ophthalmoscopy of the macula, optic nerve head, and peripheral retina.

5.1.2 Clinical Vision Tests

Allparticipantsunderwent anexaminationof visual functionbyaqualifiedoptometrist
on the day of testing. Corrected binocular visual acuity (VA) was measured using an
Early Treatment Diabetic Retinopathy Study (ETDRS) letter chart. Since the study
was designed to recorded binocular eye movements, binocular clinical vision tests (VA
and CS) were performed. All participants had binocular VA of at least 0.18 logMAR
(Snellen equivalent of 6/9). Binocular Contrast Sensitivity (CS) was measured with
a Pelli-Robson chart. VFs were measured monocularly in both eyes using automated
static threshold perimetry. This was performed using a Humphrey Field Analyzer
(HFA; Carl Zeiss Meditec, CA, USA), with a standard 24-2 grid and the Swedish
Interactive TestingAlgorithm (SITA). HFAmean deviation (MD) is a standardmeasure
of overall VF loss, relative to healthy age-matched observers, with more negative
values indicating a greater loss. The Oculus C-Quant straylight meter (Oculus GmbH,
Wetzlar, Germany) was used to measure abnormal light scattering in the eye media,
to exclude participants with media opacity and other lens type artifacts. Participants
were required to be within ‘normal limits’ for this test. Furthermore, all participants
were examinedwith amodifiedversion of theMiddlesex ElderlyAssessment ofMental
State (MEAMS, Pearson, London, UK), a psychometric test designed to detect gross
impairment of specific cognitive skills such as memory and object recognition in an
elderly population. All participants passed the MEAMS test. The light scattering and
MEAMS tests results are not included in the hosted data; however, VA, CS, and VF
data are included.

Summary measures of these vision tests, such as HFA MD in decibels (dB), visual
acuity (VA) in logMAR, and contrast sensitivity (CS) in log units are provided in a
single comma-separated file, along with basic demographic information. A sample
of these data is shown in Table 5.1. These data allow investigating the relationship
between different eye movement parameters (such as saccade amplitudes and rates)
and common clinical measures of vision.

Individual Differential Light Sensitivity values for each of the 54 test points in the 24-2
VF test are provided for every participant/eye. These values are stored in a single row,
as shown in Table 5.2 and can be visualized in VF map as shown in Figure 5.1 (see
Figure C.1 IVF of all the patients with glaucoma).
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Table 5.1: Sample clinical information of participants. The complete tables for both patients
and controls are uploaded in a spreadsheet file. The tables have eight fields: participants’ ID,
the eye used for the study, age, sex, MDmeasurements (for both left and right eyes), binocular
VA, and CS measurements. Participants were assigned a unique ID, G001–G044 for patients
and C001–C032 for controls. Shown here are the data from the first five patients.

Participant ID Study eye Age Sex Right MD Left MD VA
(log)

CS
(log)

G001 L 63 Female -20.84 -6.1 -0.02 1.95
G002 L 69 Female -8.17 -12.05 0.04 1.95
G003 L 77 Female -3.61 -2.24 0.16 1.95
G004 L 74 Male -10.42 -4.66 0.14 1.95
G005 L 64 Male -3.56 -6.45 0.02 1.65

Left
eye

Right
eye

Figure 5.1: Sample 24-2 VF greyscale plots and the corresponding numeric VF map (for
participant G007). The 54 sensitivity values in the VF map are vectorized and stored in a
comma separated file (see Table 5.1). The vectorization was performed by concatenating
sensitivity values starting from first row (top) to the last row (bottom). The same vectorization
procedure was applied to the sensitivity values of both eyes.
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Table 5.2: Sample sensitivity values for each of the 54 test points in the 24-2 VF test. The results
provided are for every participant/eye. The data for G007 is also shown graphically in Figure
5.1.

Participant
ID

Eye

G001 L 27 22 28 23 29 · · · 29 29 28 21
G001 R 11 10 7 0 6 · · · 10 23 25 23
.
.
.

.

.

.

G007 L 0 0 0 0 19 · · · 23 24 23 23
G007 R 0 0 0 0 0 · · · 33 24 26 22
.
.
.

.

.

.

G044 L 26 26 25 19 25 · · · 31 31 28 27
G044 R 28 28 19 23 28 · · · 27 28 28 26

5.1.3 Raw gaze data

Gaze was measured using an Eyelink 1000 eye tracker (SR Research Ltd., Ontario,
Canada). Participants were positioned, using a chin rest, at a viewing distance of
60 cm. The eye tracker outputs data in a proprietary EDF file format (.EDF; Eyelink
Data File). For ease of use, these EDF files were converted into ASC file using a
translator program (EDF2ASC) that was supplied by SR-Research. The ASC files
contain the entire recorded eye tracking events, including the start and end time of
all the eye movement events such as fixations, saccades, and blinks. During fixations
and saccades, the eye position (in screen coordinate) was recorded. Other eye tracking
information such as calibration and synchronization information were also stored in
the ASC files. The gaze data for each participant were stored in individual ASC
files (i.e., 44 and 32 ASC files for glaucoma and controls, respectively). A detailed
description of the ASC file’s format and structure are provided by the manufacturer
(SR Research; https://www.sr-research.com).

5.1.4 Processed eye movement data

The raw ASC file was processed to extract fixations and saccades using a bespoke C++
program. The program searches for flags that indicate the end of a fixation (‘EFIX’)
or a saccade (‘ESACC’) in the ASC file. Each fixation end flag contains its start and
end time, duration, mean position, and mean pupil size during the fixation. Similarly,
a saccade end flag contains its amplitude, velocity, duration, start and end time, and
start and end position. The extracted fixation and saccade events have eight and eleven
fields, respectively (Table 5.3). These processed eyemovement datawere stored in CSV
file format. Thus, the dataset contains 44 and 32 CSV files for glaucoma and controls,
respectively. It should be noted that due to poor tracking and technical errors, the data

87



Chapter 5. Detecting glaucomatous visual field loss using a novel spatiotemporal
analysis of eye movements

Table 5.3: Description of fixation and saccade fields contained within the ‘processed eye
movement data’ CSV files. Five events (trial name, eye, start time, end time, and duration) are
similar for both fixation and saccade events. Saccade and fixation positions are expressed using
four (Start X, Start Y, End X, and End Y) and two (X and Y) fields, respectively. In addition,
each saccade has two additional fields that describe the size and speed of the saccade.

Field Description

Trial name Name of video (one of ‘DadsArmy’ (VIDEO A), ‘HistoryBoys’ (VIDEO B), and
‘SkiCross’ (VIDEO C); see Figure 5.2)

Eye The study eye (left or right)
Start time Start time of the event (e.g., saccade start, saccade end; in millisecond)
End time End time of the event (in millisecond)
Duration Difference between the start and end of the event in millisecond
X The x position of fixation in screen coordinate in pixels (range from 1 to 1600)
Y The y position of fixation in screen coordinate in pixels (range from 1 to 1200)
Pupil area Pupil area of the eye during fixation
Start X The x coordinate of saccade’s starting position in pixels (range from 1 to 1600)
Start Y The y coordinate of saccade’s starting position in pixels (range from 1 to 1200)
End X The x coordinate of saccade’s end position in pixels (range from 1 to 1600)
End Y The y coordinate of saccade’s end position in pixels (range from 1 to 1200)
Amplitude Size of the saccade in degrees visual angle
Peak Velocity Speed of the saccade in degrees/second

from five controls (C019 - C023) and one patient (G010) are incomplete. Their data,
however, are included in the dataset for purpose of completeness.

Within the data archive, a Minimal Working Example MATLAB script (‘SaccadeAmp-
litudePlot.m’) was included to demonstrate how this processed data can be used (in
this case, to plot the distribution of saccade amplitude of each participant). This pro-
gram can be extended easily to compute other eye movement metrics such as fixation
duration and saccade rates.

5.2 Experimental design, materials and methods

5.2.1 Apparatus

Participants viewed (with both eyes open) three separate unmodified TV and film
clips (including audio) on a 22-inch monitor (Iiyama Vision Master PRO 514, Iiyama
Corporation, Tokyo, Japan) at a resolution of 1600 by 1200 pixels (refresh rate 100
Hz). Monocular eye movements were recorded using an Eyelink 1000 eye tracker (SR
Research, Ontario, Canada), while participants were watching three separate video
clips monocularly. The eye tracker was configured to detect saccades using velocity
and acceleration thresholds of 30°/s and 8000°/s2, respectively. The eye giving the best
quality pupil detection and corneal reflection was chosen for tracking. The EyeLink
proprietary algorithm (nine-point calibration)was used to calibrate the eye tracker and
was repeated, as required, until the accuracy flagged by the system to be of a ‘good’.
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Figure 5.2: Sample frames excerpted at a specific time from the three video clips used in the
experiment.

Table 5.4: Details of the stimuli (three video clips) used in the experiment.

Clip Subtending
angle ( half-
angle)

Length
(minutes:
seconds)

Frame
width
(pixels)

Frame
height
(pixels)

Frame rate
(frames/second)

Dads Army
(VIDEO A)

20.4° X 14.9° 05:09 1280 720 29

History Boys
(VIDEO B)

ang17.3 X
10.6°

03:20 720 576 25

Ski cross
(VIDEO C)

ang17.3 X
10.6°

07:18 720 576 25

Drift correction was also performed before each of the three films was displayed, and
in the case where a large drift (greater than 5°) was detected, a recalibration was
performed.

5.2.2 Stimuli

One clip VIDEO A, top row in Figure 5.2) was an excerpt from an entertainment pro-
gram (309 sec; Dads Army, BBC Television) which covered the full screen (subtending
a half-angle of 20.3° by 14.9°). The other two clips (VIDEO B and VIDEO C middle
and bottom rows respectively in Figure 5.2) were taken from a feature film (200 sec;
The History Boys, 20th Century Fox) and a sport program (436 sec; 2010 Vancouver
Winter Olympics Men’s Ski Cross, BBC Television); both of these clips were recorded
at a 16:9 ratio, therefore they contained black rectangles at the top and bottom of the
screen (subtended a half-angle of 17.3° by 10.6°). I summarized the characteristics of
the three stimuli in Table 5.4.
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PART II:Novel spatiotemporal analysis of eyemovements using
Machine Learning

Crabb et al. (2014) demonstrated how scanpaths of eye movements recorded whilst
people freely watch TV films can be processed into maps that contain a signature of
VF loss. In the proof of principle study, they demonstrated that a group of patients
with glaucoma can be reasonably well separated from a group of healthy peers by
considering these eye movement signatures alone. In short, saccade density maps
extracted from the scanpaths were analysed to train a machine learning classifier. A
similar analysis approach was used to detect moderate and advanced simulated VF
loss, as presented in Chapter 4.

Other studies have analysed eye movements using machine learning classifiers to
detect simulated VF loss (David et al., 2019; Grillini et al., 2018). For example, Grillini
et al. (2018) classified simulated central and peripheral VF loss using a decision tree
classifiers trained using features extracted based on the latency of eye movements to
randomly moving visual stimulus. More recently, David et al. (2019) used the hidden
Markov model (HMM) and recurrent neural networks to detect simulated central and
peripheral VF loss from eye movements recorded while participants watched images.

Outside of ophthalmology, machine learning classifiers have also been applied to eye
movements to detect neurodegenerative conditions. For example, Lagun et al. (2011)
used amachine learning classifier to separate three groups—patientswithAlzheimer’s
disease, patientswithmild cognitive impairment, andage-similar healthy controls—by
extracting eyemovement features suchas saccadic orientation, fixationduration and re-
fixations to train the classifier. Tseng et al. (2013) used eye movement features, such as
fixation duration and saccade amplitude to detect Parkinson’s disease, attention deficit
hyperactivity disorder and foetal alcohol spectrum disorder. The main limitation in
these studies was that they relied on simple and/or static (average of eye movement
measures over time) eye movement summary statistics. Eye movements, however, are
temporal signals and there is a wealth of information in this temporal dimension. I
hoped to exploit this idea in the work presented in this chapter. In the literature, a
few other researchers, for different applications, have attempted to model sequential
information in eye movements using the HMM (Chuk et al., 2017; Coutrot et al., 2016,
2018). This model, however, is not suitable for working with video stimuli since the
regions of interest in videos change with time.

In this section, the approach discussed in Chapter 4 is further developed, in a novel
fashion, by considering temporal sequences of successive saccadic movements to im-
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prove classification accuracy. My aim was to match, or improve, the diagnostic per-
formance of the proof of principle results presented in Crabb et al. (2014) study. Two
reference standards, against which my novel method was to be compared, were used.
The main reference standard was the performance of the previously proposed classi-
ficationmethod described in Crabb et al. (2014), and for this, I reproduced the analysis.
For compatibility with the results in Chapter 4, I also considered a reference standard
based on the diagnostic performance simply based on a range of eye movement sum-
mary statistics used in isolation (saccade amplitude, saccade rate, fixation duration,
saccadic reversal rate, and spread of fixations). The Index method, which I compared
with these reference standards, was my newly proposed analysis which for these
purposes is named the ‘Novel Spatiotemporal Analysis’ (Index). The performance of
each method was quantified in terms of its ability to separate patients from controls,
specifically using ROC analysis.

5.3 Methods

5.3.1 Pre-processing of the eye movements data

Following a similar procedure in Crabb et al. (2014) a sliding window was used to
count the number of saccades made per second. The percentage of 1-second regions
containing one or more saccades was delineated per video clip per person. Eye
movements that do not contain a saccade in more than a quarter (25%) of the 1-
second regions of each clip were excluded (see supplementary Figure C.2 and Figure
C.3 for excluded data). Appendix C also summarises the definition and calculation of
the standard eye movement summary statistics.

5.3.2 Reference methods

The approach proposed in Crabb et al. (2014) was reproduced to use it as the reference
method. In short, for each video and for each participant, a feature vector of length
116 was extracted based on saccadic movements. All features extracted from the
three video clips were subjected to Kernel principal component analysis (KPCA). For
this, the authors computed the difference measure between every pair of participants’
feature vectors. The resulting features were classified using Naïve Bayes classifier. The
performance of the classifier was evaluated using 10-fold cross-validation which was
repeated 100 times to estimate the confidence interval (CI) of classification sensitivity
and specificity. Crabb et al. (2014) applied KPCA before performing cross-validation.
That is the dimensionality reductionwas applied before splitting the data into training
and validation sets. This flaw was corrected in my implementation of this.
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For consistency with Chapter 4, I also calculated amplitude, saccade rate, and fixa-
tion duration, spread of fixations measured using KDE, spread of saccade endpoints
measure, and SRR to see how well they could separate the patients and controls in the
present data set (A recap of the calculations is given in Appendix C).

5.3.3 Novel spatiotemporal analysis (Index method)

5.3.3.1 Analysis of the sequential data

One idea behind the novel method of analysis was to base it on some methods used in
information retrieval, which is a collection of established computer science techniques
for searching for information in documents (Manning et al., 2008). In short, informa-
tion retrieval is a process that responds to a user query by examining a collection of
documents and returning a sorted document list that should be relevant to the user
requirements as expressed in the query. For example, internet search using textual
web search query.

Within information retrieval, the so called Term frequency-inverse document fre-
quency (TF-IDF) is a well established and specific approach for text analysis (Jones,
1972; Beel et al., 2016; Wu et al., 2008). TF-IDF assigns a score (weight) to terms (a
word, or group of words) in a document based on the importance of a given term
within the given document (Robertson, 2004). The intuition of this approach is that
if a term is frequent in a corpus (collection of documents), then it is not informative,
and should be given less weight than one which occurs in few documents. The TF-IDF
has two components: TF and IDF. TF captures the importance of the term in the docu-
ment, whereas IDF attempts to measure how informative a term is in the corpus. For
example, in document classification task words, such as ‘the’, ‘this’, and ‘of’ are less
informative and will be assigned small TF-TDF weights since they are likely to appear
in every document.

TF-IDF assigns a weight to a term in each document using the TF-IDF formulation:

,8, 9 = )�8 9 ∗ ���8 (5.1)

,8, 9 = )�8 9 ∗ ;>6(
#

��8
) (5.2)

where,8 9 is the weight for term 8 in document 9 , # is the number of documents in the
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Figure 5.3: Saccadic-movement representation using tokens. The underlying scanpath is from
a single participant in the control group watching VIDEO A. (a) Frames from the clip and
raw saccades made at a given time while watching the clip. (b) Scanpath of saccades made
until the given time in the video. (c) Centralised saccades plotted by setting the start of all
saccades to the centre (0,0). (d) Tokens (letters and their combination) used to encode saccadic
movements based on the direction and size of the saccade. For illustration, the size of each
bin in the polar grid is of size 3° in the radial and 30° in the angular coordinate. The token
highlighted in red corresponds to the saccade (e.g., the first column represents a saccade of
10° in size and executed at an angle of 190°) highlighted in the same colour as in (c). (e)
Example of a wordbook that stores each term that encodes a series of saccades.
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Figure 5.4: Architecture for theNovel Spatiotemporal Analysis (Indexmethod). Theworkbook
from each participant, sequential eyemovement representation as illustrated in Figure 5.1were
encoded using TF-IDF, with the first and resulting matrix reduced using principal component
analysis (PCA). The extracted static features include counts of saccades that land on each bin
in the polar histogram, and other common eye movement metrics, such as saccade amplitude,
were serialised. Kernel PCA (KPCA) was used to reduce the dimension of the extracted static
features. The resulting features from static and sequential features were serialised and fed into
a support vector machine (SVM) classifier.

Corpus, )�8, 9 is the term frequency of term 8 in document 9 and ��8 is the document
frequency of term 8 in the corpus.

To efficiently analyse sequential saccadic movements, each saccade was represented
using tokens (′0′,′ 1′,′ 2′, · · ·′ 24′,′ 2 5 ′) based on the size and direction of the saccade.
For this saccades were centralised—saccades are treated as a vector starting at the
origin (0, 0) on a polar grid. Each bin in the polar grid is of size 2° in the radial and 30°
in the angular coordinate, making a total of 156 bins (12 X 13). For example, a saccade
of length 1°, travelling at an angle of 10° is assigned token ′0′. A saccade with the
same length but travelling at an angle of 20° is assigned token ′1′. A saccade of length
4° travelling at an angle of 0° is assigned token ′<′ (Figure 5.3).

Sequential saccadic features were extracted using a so-called n-gram model. An n-
gram is a contiguous sequence of n tokens from a given sample of text (Brown et al.,
1992; Peng and Schuurmans, 2003). In the usual text analysis, an n-gram is simply
a sequence of N words: a 2-gram (or bigram) is a two-word sequence of words like
‘This is’, ‘is a’, ‘a great’, or ‘great thesis’ and a 3-gram (or trigram) is a three-word
sequence of words like ‘is a great’, or ‘a great thesis’. An n-gram model computes
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the frequency of such series of words of length n in a given document. Here, the
n-gram was used to count the occurrence of distinct successive saccadic movements
of length n in a scanpath. For example, n = 2 (bigram) represents two successive
saccadic movements (4.6.,′ 0, 1′,′ 02, : ′,′ 3, 5 ′). Based on the 156 token representation
used here, there were 24,336 (156 x 156) possible bigram movement permutations.
That means, using the bigram analysis, for each participant and each video, a vector of
length 24,336was extracted. In practice, a smaller number of features is extracted since
participants do not make all forms of possible successive saccades. The best value(s)
of n (between 1 and 4) was selected using cross-validation. Each extracted feature was
assigned a weight using the TF-IDF. This process produces a large sparse matrix. The
dimension of this matrix was reduced using truncated singular value decomposition
(SVD) (Halko et al., 2011). SVD decomposes a given matrix - into the product of three
matrices*(+) , where* and + are in column orthonormal form (i.e., the columns are
orthogonal and have unit length,*)* =+)+ = I) and S is a diagonal matrix of singular
values. A truncated SVD approximates the matrix - as

- ≈ -: = *:(:+): (5.3)

where *: = [*1,*2, ...,*:], +: = [+1, +2, ..., +:] and (: = 3806[(1, (2, ..., (:] are the
first k columns of U, V and S. This gives the best rank k approximation to the original
matrix. In other words, the matrix X is very sparse (mostly zeros), but the truncated
-: is dense.

5.3.3.2 Analysis of the static eye movement features

Since the TF-IDF gives a score based on the occurrence of saccadic movements, non-
sequential saccadic movements (n = 1 in the n-gram model) have a low score (low
importance) in the sequence analysis. Therefore, these features were analysed separ-
ately as static features. These non-sequential saccadic movements have been shown to
be useful in analysing eye movements (Crabb et al., 2014). To extract static features,
first saccades are centralised (i.e., the start of each saccade is translated to the [0,0]
position), following the feature extraction approach proposed in Chapter 4 (see also
Figure 5.3). Then a polar histogram was computed to count the number of saccades
that land in each bin. Each bin measures 2° in the radial and 30° in the angular co-
ordinate. In total, there were 156 bins. That means that for each participant and each
video, a static feature of length 156 was extracted.

In addition to the 156 features from the polar histogram of saccades, six additional
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features (saccade amplitude, saccade rate, BCEA, SRR, kde, andfixationduration)were
extracted from the saccadicmovements following a similar procedure to that presented
in Chapter 4. The dimension of the static features was reduced using kernel principal
component analysis (KPCA) (Schölkopf et al., 1998), a nonlinear generalisation of PCA.

Note that the feature extraction technique of the Reference method and the Index
method (specifically the static features) are similar, but they do differ in two key ways.
First, the Reference method considers only saccades of size between 2° and 12°, but
the Index method considers all saccades except those greater than 25°. Second, the
Reference method used all data from the three video clips to build a kernel matrix (a
matrix that holds the distance among the participants’ feature vector), whilst in the
new Index method each trail video are analysed separately.

5.3.3.3 Training a machine learning classifier

Features extracted from static and sequential eye movements were serialised and fed
to a support vector machine (SVM) (Cortes and Vapnik, 1995), a well-established and
widely used classifier (Figure 5.4). SVM algorithm computes a decision boundary
that classifies the data points by maximizing the distances between nearest data point
(either class) and the decision boundary. Here, an SVMwith a radial basis kernel was
used to transform the input feature values, allowing for non-linear discriminations
(Buhmann, 2003). Three SVM models were built, one for each clip.

The performance of the classifier in separating glaucomatous patients from the peers
with normal vision (controls) was evaluated using ROC (discussed/defined in 4.2.8 ),
which calculates the trade-off between the sensitivity (true-positive rate) and 1 minus
the specificity (false-positive rate), with the area under the ROC curve (AUC) used
as a summary statistic of diagnostic accuracy. An AUC of 1.0 represents perfect
discrimination, whereas an area of 0.5 represents baseline (chance) discrimination.

During the training procedure, I had no 0?A8>A8 hypothesis concerning which para-
meters (n-grams of features, size of the bins in the polar histogram, and KPCA and
SVM classifier parameters) would be useful; therefore, an automatic cross-validation
procedurewas used to optimise the parameters using SCIKIT-LEARN’sGridSearchCV
function in Python (Pedregosa et al., 2011). Grid search requires setting values for each
hyperparameter and assembling every possible combination of values to form a set
of trials (Bergstra and Bengio, 2012). The set that provides the best ROC value was
selected to generate the final result. Stratified cross-validation was performed to en-
sure that all the training and validation sets share the same number of positive and
negative instances (Parker et al., 2007). The sensitivity and specificity of the classifier
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were evaluated using 10-fold cross-validation. The cross-validation was repeated 100
times; for each iteration, the data were shuffled to ensure different combinations of
training and validation samples.

All eye movement analyses (both static and sequential feature extraction and fea-
ture transformation and classification) were performed and written using the SCIKIT-
LEARN package in Python (Pedregosa et al., 2011).

5.4 Results

Figure 5.5 shows the median value (and 95% confidence intervals [CI]) for each of
the six ‘simple’ eye movement parameters (saccade amplitude, saccade rate, fixation
duration, BCEA, SRR, and KDE probability) measured across each of the two VF
conditions (controls and glaucoma). This figure is revealing because it illustrates the
huge overlap between the patients and controls for all measures. In short, without
further analyses, it clearly suggests that none of these measures, used in isolation, will
be a good classifier or predictor for glaucomatous VF loss.
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Figure 5.5: Median values (95% confidence interval) for (a) saccade amplitude, (b) saccade rate, (c) spread of fixations as measured using BCEA, (d) fixation
duration, (e) KDE probabilities and (f) fixation duration split into experimental conditions (glaucoma and controls) and video type (VIDEO A, VIDEO B, and
VIDEO C).

98



5.4. Results

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Saccade amplitude (AUC = 0.51)
Fixation duration (AUC = 0.62)
Saccade rate (AUC = 0.51)
BCEA (AUC = 0.55)
SRR (AUC = 0.54)
KDE (AUC = 0.54)

0.0 0.2 0.4 0.6 0.8 1.0

Saccade amplitude (AUC = 0.57)
Fixation duration (AUC = 0.62)
Saccade rate (AUC = 0.58)
BCEA (AUC = 0.55)
SRR (AUC = 0.50)
KDE (AUC = 0.52)

0.0 0.2 0.4 0.6 0.8 1.0

Saccade amplitude (AUC = 0.63)
Fixation duration (AUC = 0.61)
Saccade rate (AUC = 0.59)
BCEA (AUC = 0.59)
SRR (AUC = 0.51)
KDE (AUC = 0.53)

False Positive Rate (1 - Specificity)

Tr
ue

 P
os

iti
ve

 R
at

e 
 (S

en
si

tiv
ity

)
VIDEO B VIDEO Ca) b) c)VIDEO A

Figure 5.6: ROC curves based on the proposed analysis of sequential and static features and
their combination for (a) VIDEO A (b) VIDEO B and (c) VIDEO C.

For completeness, ROC analyses were performed to evaluate the performance of indi-
vidual eye movement parameters, as shown in Figure 5.6. This supports the finding
illustrated in Figure 5.5 because the discrimination using these parameters offered
nothing better than chance.

For the novel spatiotemporal analysis (Index method) I first present results from the
static and sequential Index features separately (Figure 5.7). The performance of the
static and sequential features was comparable in terms of VIDEO A and VIDEO B, yet
for VIDEO C (there was some gain using the sequential features AUC of 0.75 [95%
CI 0.79–0.71] versus 0.64 [95% CI 0.60–0.68]. Overall, combining the two features
improved the separation slightly in terms of AUC between the two groups: the AUC
improved by 4% for VIDEO A, 6% for VIDEO B, and 4% for VIDEO C.

Themain result of this chapter is illustrated in Figure 5.8. Using the Indexmethod, the
separation between the groups was relatively consistent across the three video clips
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Figure 5.7: ROC curves and the AUC scores showing the separation between glaucoma and
control groups for the measures described in Fig 5.5 for (a) VIDEO A (b) VIDEO B and (c)
VIDEO C.
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(Figure 5.8). The sensitivity and specificity of the classifier were evaluated using 10-
fold cross-validation. The cross-validation was repeated 100 times; for each iteration,
the data were shuffled to ensure different combinations of training and validation
samples. Moreover, the AUCswere all slightly greater than that generated by themain
Reference Method. In the worst case, the performance of the Reference method (based
on the amended implementation and using an SVM classifier) was comparable to that
of the Index method.

Although not themain subject of this work, I investigated the performance of the Index
method as the size of the data increased. In other words data from two or more videos
were combined (serialised). However, the results showed that the separation between
the groups did not improve. For example, when combining data from VIDEO A and
VIDEO B, the AUC was 0.76 (95% CI 0.72–0.80). This suggests that the extracted eye
movement features can achieve only limited separation performance and addingmore
data does not improve the separation.

It is alsoworth highlighting that theAUC for themain Referencemethodwas 0.65 (95%
CI 0.61–0.69) using Naïve Bayes classifier and 0.70 (95% CI 0.66–0.74) using an SVM
classifier. Both values are smaller than the result reported in Crabb et al. (2014) (AUC
of 0.85 (95% CI 0.82–0.87)). The difference in the results was likely due to differences
in the KPCA analysis, as discussed in theMethods section 5.3.2.

5.5 Discussion

5.5.1 Significance of results

I have proposed a novel approach to analyse eye movements that uses the spatiotem-
poral characteristics of saccadic eye movements. Specifically, to analyse sequential
saccadic movements, saccades were represented using tokens based on the size and
direction of the saccades and were analysed using TF-IDF. This is a novel application
of computational technique commonly used for searching for information in docu-
ments. Additional static features, based on the counts of saccadic eye movements
and common eye movement features, such as mean saccade amplitude and mean fix-
ation duration, were incorporated to train an SVM classifier. The classification results,
based on repeated cross-validation, demonstrated reasonable separation between pa-
tients with glaucoma and healthy controls (AUC 0.78), compared to AUC = 0.63 using
simple summary statistics (e.g., saccade amplitude) and AUC = 0.71 using a previous
classification technique (Crabb et al., 2014). The results indicate that eye movements
recorded with minimal input from patients whilst freely watching short ( 5 min) video
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Figure 5.8: Evaluation of the proposedmethod (a) ROC curves for separation between controls
and glaucoma patients for three video clips. For each video stimulus, 10-fold cross-validation
was performed to evaluate the classifier, and this was repeated 100 times to estimate the mean
and 95% CI of the sensitivity and the specificity of the classifier. The coloured ROCs represent
results based on the Index method, while the grey ROC is based on the Reference method.

clips can provide some useful information regarding VF loss and support the original
findings from Crabb et al. (2014).

The proposed method provides an easy means to combine sequential and static eye
movements. The results of this method are promising and should be explored with
eye movements of patients with other ophthalmic or neurodegenerative conditions.
The proposed approach can also be used to analyse eye movements in behavioural
studies Hoppe et al. (2018).
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5.5.2 Prior work on using machine learning classifiers to analyse eye

movements

Features analysed from natural eye movements coupled with saliency features of
a video stimulus have been shown to separate patients with Parkinson’s disease
from healthy controls (Tseng et al., 2013). Other studies have shown that eye move-
ments could be analysed using machine learning classifiers to separate patients with
Alzheimer’s disease from age-similar healthy controls. In a different application,
Coutrot et al. (2018) analysed fixations using HMM to classify the task at hand and the
presence/absence of soundtrack video stimuli, while another study by similar authors
(Coutrot et al., 2016) used them to classify the gender of the participants (i.e., female
and male). However, HMM is only effective when there is a distinct region of interest
in the stimuli, such as in static images, so it would be challenging to apply HMM to
classify eye movements from watching videos where regions of interest move across
time. Furthermore, unlike my method, the proposed HMM approach in Coutrot et al.
(2018)was based only on fixation features and did not account for saccadicmovements.
Furthermore, HMM cannot model gaze information past previous fixations, whereas
the proposed approach can account long temporal periods of saccadic movements by
varying the length of n-gram features, as well as by considering a selected number
of saccadic sequences. For example, it is possible to analyse two or three successive
saccadic movements.

In terms of eye movement data analysis, my proposed approach is similar to methods
proposed byHoppe et al. (2018) and Bulling et al. (2010) that used scanpaths to classify
personality traits and activities, respectively. The authors extracted features based on
common eye movement features and sequences of saccadic movements. However, the
features extracted were based on a coarse representation of saccadic movements (from
24 possible saccadic movements) and count statistics were used to extract sequential
movements; in contrast, in this study, a dense representation of saccadic movements
(156 possible movements) was used, and the sequential movements were analysed
using a TF-IDF to identify the most discriminative sequential movements.

5.5.3 Effect of video content

When inspecting the raw eye tracking data, it was notable that multiple participants
often exhibited similar eye movements when watching the same video and the same
participants exhibited dissimilar eyemovementswhenwatching different videos. This
was borne out both by conventional and more advanced summary statistics, as has
been reported previously, including in Chapter 4 of this thesis. Dorr et al. (2010)
also reported that eye movement parameters, such as saccade amplitude and fixation
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duration, vary depending on the video content. This indicates the strong effect of
the content (bottom-up factor) on eye movements in free-viewing tasks. One possible
factor that elicits similar eye movements while watching videos is the motion cue,
causing people to look at the same location at the same time (Dorr et al., 2010; Wang
et al., 2012). Other evidence showed that certain features of Hollywood-style films,
described as the ‘tyranny of film’, contribute largely to where people fixate (Carmi
and Itti, 2006b; Mital et al., 2011; Loschky et al., 2015). Furthermore, socially relevant
cues such as faces, especially talking faces, and bodymovement also serve as powerful
predictors of eye movements (Birmingham et al., 2008; Coutrot and Guyader, 2014).

5.5.4 Potential limitations and future work

The novel spatiotemporal analysis did not consistently performwell across the videos.
Using only the sequential features, the separation between the two groups was better
when participants viewed VIDEO A and VIDEO B when compared to VIDEO C. In
addition, whilst my approach separated the two groups well, the analysis suffers from
a lack of interpretability, that is, the analysis did not reveal which static or sequential
eye movement features were crucial in discriminating between groups. Finally, the
proposed approachwas evaluated on a limited number of patients with glaucoma and
controls, thus itmight not have covered the entire extent of theVFprofile. Furthermore,
the present work has focused on the method of analysis, but future studies need to
think carefully about the type of video content.

Other improvements could be afforded by considering the effect of centre biases when
watching videos. Future studies could develop methods that exclude saccadic move-
ments caused by centre biases, perhaps by detecting temporal locations of scene cuts in
clips. Future studies could develop methods that exclude saccadic movements caused
by centre biases, perhaps by detecting temporal locations of scene cuts on the clips. An-
other alternative would be to analyse eye movements using deep learning techniques
(Rahimy, 2018; De Fauw et al., 2018), possibly by first representing saccadicmovements
in the Cartesian plane and analysing them using 2D-convolutional neural networks
or by analysing sequences of saccades and/or fixations using 1D-convolutional neural
networks or recurrent neural networks.

In conclusion, I have demonstrated the potential and feasibility of properly designed
eyemovement feature analysis andmachine learning classificationmethods to separate
patients with glaucomatous VF loss from age-similar healthy controls.
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Chapter 6

Overview and future work

At present, standard automated perimetry (SAP) is the gold standard measure of
VF loss for the diagnosis and monitoring of glaucoma. Simply put, SAP requires
patients to press a button in response to a small flashing light presented at different
locations across their field of view. Throughout the test —which typically last around
5—10 minutes per eye — the patient must fixate on a central target and keep their
perfectly head still. This test is challenging to perform and expensive to administer.
Furthermore, it is only available in eye clinics, and one of the key problems with
glaucoma is that people are often unaware in the early stages that they have it. Ideally
a simpler, cheaper way of detecting VF loss is needed, which could potentially be used
at home or in community settings.

My thesis is that glaucomotous VF loss can be detected from natural eye movements,
recorded while an individual watched movies or looked at a picture. What follows
is a short overview of the main findings of the four chapters, followed by a summary
of the novel contributions described in this thesis and a brief discussion on ideas for
future research.

Chapter 2 reviewed the literature on the eyemovements of patientswith glaucoma. The
aimwas to summarise the literature and to explore how eyemovementswere analysed.
Peer-reviewed studies on this subjectwere systemically searched and screened. Results
from the 26 reviewed studies indicated that eye movements were altered due to VF
loss while performing daily tasks, such as reading, driving, doing a visual search,
watching videos and looking at pictures. However, the extent towhich eyemovements
were altered in the presence of glaucoma is unclear due to inconsistent results across
different studies. The incompatible results may have arisen due to differences in
the design of the experiments, or inconsistent data analysis techniques. The review
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indicated that there is likely a need for standard tools to pre-process and analyse eye
movement data.

The purpose of chapter 3 was to measure the pure, perceptual effect of VF loss on
eye movements by comparing eye-movements within subject, in individuals with
asymmetric sight loss (thereby controlling for cognitive factors). Patients viewed 120
pictures in the form of a slide show, with each picture displayed for an average of
three seconds. The results of this study showed that eye movements were altered by
worsening of VF loss. Specifically, compared to the eye movements of the better eye,
the worse eye exhibited shorter saccade size, a smaller spread of fixations and a higher
rate of saccade reversals – the latter being a novel parameter. Furthermore, there was
a correlation between the between-eye differences in the BCEA and the differences in
the MD, while the differences in SRR were correlated with differences in visual acuity.
These results suggest that the natural eye movements of patients with glaucoma could
be related to the associated functional deficits. The results from this study supported
my thesis that themonitoring of natural eyemovements could be developed as a cheap
and easy-to-obtain biomarker of VF loss.

The study in Chapter 4 assessed the effect of simulated (artificial) glaucomatous VF
loss on natural eye movements. The study aimed to explore further whether altered
eye movements due to VF loss are sufficiently robust to be clinically practical. For this,
a gaze-contingent simulated VF loss paradigmwas used, in which participants experi-
enced a variable magnitude of simulated VF loss (moderate and advanced glaucoma),
based on longitudinal data from a real glaucoma patient. I investigated measures of
eye-movement, including saccade amplitude, the spread of saccade endpoints (meas-
ured using the bivariate contour ellipse area), the location of saccade landing positions
and the similarity between fixation locations among participants (quantified using ker-
nel density estimation). The data showed that eye movements are altered following
the onset of simulated VF loss, but these measures—alone or in combination—had
only limited sensitivity and specificity. This suggests that these measures of natural
eye-movements alone are insufficient to be of clinical utility. To better detect VF loss
from natural eye movements, future studies are warranted to develop more precise
measures, or to consider how eye-movement metrics may be combined with other
sources of information (e.g., demographic data, or other clinical data).

Chapter 5 curated and analysed a previously collected dataset of the eye movements
from 46 glaucomatous patients and 32 age-similar visually healthy controls (data ori-
ginally introduced in Crabb et al. (2014)). Importantly this makes the data freely
available for others to use. Eye movements were recorded while participants passively
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viewed three separate video clips. I aimed to improve previously reported results by
developing a more advanced approach to analyse spatiotemporal saccadic sequences.
Static and sequential eye movement features were extracted to train a support vector
machine classifier. The proposed eye movement analysis approach separated glauc-
oma patients from age-similar healthy controls with better accuracy than the approach
proposed previously by Crabb et al. (2014). It also out-performed more simple meth-
ods based on conventional eye-movement metrics. The results suggested that more
powerful classification techniques such as the Index method introduced here could be
used to further improve the passive detection of glaucomatous VF loss.

6.1 Update to systematic review

The original review literature search was conducted in June 2018. In order to identify
any new and relevant work appearing since then, the search was replicated on 22nd
May 2020. An additional two studies meeting inclusion criteria described in Chapter 2
were identified. The first study Lee et al. (2019) investigated eye movement behaviour
of thirty-one drivers with glaucoma and twenty-five age-matched controls while per-
forming DriveSafe test (reporting objects in real world driving scene images). Drivers
with glaucoma made significantly more errors in identifying items in the scene, fix-
ated on road users for shorter durations, and exhibited smaller saccades compared
with controls. The authors concluded that patients with glaucoma have difficulty
identifying objects in their visual scene. The second paper described a study of spatial
allocation of eye movements in a panoramic driving simulator in eight drivers with
glaucoma and five with suspected glaucoma (Anderson et al., 2019). Their results
showed that drivers with larger binocular VF loss showed more restricted, spatially
biased eye movements and this bias was more increased by increase in task load.
They speculated that these differences reflect compensatory behaviours in drivers
with glaucomatous visual fields.

6.2 Thesis contributions

The main contributions of the work in this thesis can be summarised as follows:

• A review of the literature regarding the eye movements of patients with glauc-
oma, with particular emphasis on highlighting current gaps in understanding
(Chapter 2).

• The development and application of a novel summary statistic, based on the
geometric relationship between temporal sequences of saccades (SRR). SRR was
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able to separate the worse eye from the better eye, and this was correlated with
differences in visual acuity between the two eyes (Chapter 3).

• Confirmatory evidence that saccade amplitude and the spread of fixations are
reduced by worsening in VF loss. The change in the measure of the spread of
fixation was correlated with worsening in VF mean deviation (Chapter 3).

• Empirical evidence thatworsening in artificial (simulated)VF loss can bedetected
from natural eye movements and whether these changes can be used as clinical
biomarkers for VF loss (Chapter 4).

• The development and application of a novel measure of consistency in eyemove-
ments between subjects when watching videos using KDE analysis. This novel
measure revealed the similarity in fixational eye movements when watching
videos regardless of the VF loss condition (Chapter 4).

• The development and application of a novel analysis of eye movements based
on spatiotemporal saccadic movements to detect glaucoma from natural eye
movements. The proposed method was able to detect glaucoma consistently
across three videos and showed better separation performance than previously
proposed approaches (Chapter 5).

6.3 Limitations and future work

Specific ideas to develop the findings in each chapter are discussed in the respective
chapters. In contrast, the following ideas arise from the body of work as a whole.

Chapter 3 demonstrated that individualswith asymmetric glaucomatousVF lossmade
altered eye movements in their worse eye compared to their better eye whilst they
viewed pictures. However, as discussed in Section 1.3.2, eye movements are can be
affectedby several other, non-perceptual factors such as age, cognitive skill, gender, and
individual interests. It may be that in practice these non-perceptual factors occlude the
eye-health ‘fingerprint’ that we primarily wish to measure. Future studies, therefore,
should focus to detect VF loss from eye movements recorded while looking at pictures
by comparing between subjects.

In Chapters 4 and 5, eye movements were recorded binocularly. Although measuring
binocular eye movements is simple, quick, and provides the ’real-life’ experience,
detectingmild andmoderateVF loss frombinocularmeasurementmay be challenging,
since glaucomatous VF loss is often asymmetric. Furthermore, it is less clear how the
visual system adapts to functional loss in glaucoma to compensate for the missing
visual information when viewing binocularly. Therefore, future studies could further
assess monocular natural eye movements.
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The results in Chapter 5 showed that eye movements recorded for as little as three
minutes can detect glaucoma with some accuracy. However, the average person in the
UK spends several hours a day watching TV (and even longer looking at screens in
general (Scholes et al., 2013)). To improve the reliability of detection accuracy, future
studies should therefore consider larger datasets, including extended period of at-
home viewing. One might also consider looking at additional eye movement metrics
based on simple tasks such as visual search.

In this thesis, the aim was to separate patients with glaucoma from controls using eye
movements. For many clinical purposes, however, one would ideally want to know
the location and severity of the VF loss, and this should be a subject of future studies,
for example, comparing natural eyemovements between eyes withmoderate andmild
VF loss.

In Chapter 3 and 5, patientswith preserved, corrected binocular visual acuity of at least
0.18 logMAR (Snellen equivalent of 6/9) were recruited. However, it is not uncommon
for peripheral loss to be accompanied with central visual impairments (Chan et al.,
2015). Future work, therefore, should investigate the generalisability of these results
on those patients who have poor VA.

Similarly, the performance of BCEA was relatively limited for the dataset presented in
Chapter 5 compared to the dataset in Chapter 4. This discrepancy could be attributed
to experimental design differences. Specifically, the eye movements in Chapter 4 were
based on artificial scotoma, while the data in Chapter 5was from real patients. Overall,
the results of analysing eye movements using SRR and BCEA can at least be described
as encouraging, if not inconsistent in their effect; theyshould be validated on other
cohorts of patients with glaucoma or other ophthalmic conditions.

The methods proposed in this thesis have the potential, after further refinement,
to be developed into a device that assesses VF loss, particularly one that is portable,
inexpensive and user-friendly. It is worth speculatingmore on this point. For example,
such a tool would enable assessment of people who are hard-to-reach (because of their
physical or mental conditions) or who are geographically distant (such as patients in
developing counties). However, due to the low prevalence of glaucoma, targeting only
for glaucoma during screening is likely not cost-effective (Momont and Mills, 2013).
The proposed approach, therefore, ought to be extended to target other eye conditions
such as age-related macular degeneration (AMD). This is the subject of future study.
To start test this hypothesis, Figure 6.1 shows that eye movement data of 29 patients
with dry AMDwhose eyemovements were recorded and analysed following the same
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Figure 6.1: ROC curves and the AUC scores showing the separation between glaucoma and
AMD combined vs. control groups using the proposed Index method for the three videos
described in Chapter 5.

procedure described in Chapter 5.

The results showed that the method proposed in Chapter 5 could separate patients
with AMD from the controls with reasonable accuracy (Figure 6.1). Although only
preliminary work, this is encouraging as it suggests that the methods that I have
developed in this thesis for detecting glaucoma may by generalisable to other eye
conditions.

In terms of analysis, to improve the accuracy of the separation between patients and
controls, future studies could explore methods based on deep learning. Eye move-
ments can be represented as two-dimensional data using centralised saccade repres-
entation (Chapter 5) and can be trained using convolutional neural networks. To
mitigate overfitting, transfer learning methods ought to be explored.
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Finally, the concept of using natural eyemovements to detect and assess eye conditions
is an appealing one. I hope this might provide a starting point for future studies that
could realise the potential of this concept.
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Appendix A

Images used for the experiment in

Chapter 3

Figure A.1: All the 120 images used in the experiment. Images were presented sequentially in
random order.
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Appendix B

Supplemental material for Chapter

4

Figure B.1: Rank sum tests comparison results (statistics, p-value) between no VF loss and
moderate and no VF loss and advanced in SA, BCEA, SLV and KDE probability scores. Statist-
ically significant associations are marked with an asterisk and highlighted in bold.
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Figure B.2: Saccade amplitude function of time for VIDEO 1 and VIDEO 2 and IMAGES. For
each participant in each group, the median saccade amplitude in every second was computed.
The solid lines show the median values for each group. The shaded regions indicate the
interquartile ranges.
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Figure B.3: Feature extraction from saccadic movements. (a) Example of a scanpath from a participant who watched VIDEO 2. (b) Each saccade is mapped
to a new planned by setting their starting position to as(0,0) position. (c) Scatter plot of the end of the saccades in (b) shown in a polar plane. Saccades
that landed in the same bin ( sector) are shown using the same color. Histogram of the saccades both in the radial and angular directions are computed to
extract the number of saccades landing in each bin. Each bin measures 3° (radial) and by 30° (angular). In total, there were 84 bins (resolution of seven in the
radial direction and 12 in the angular direction). The extracted features represent the number of saccades that landed in each bin. For example, the first bin
represents the saccades that were greater than 0° and less than 3° in amplitude and executed in a direction between 345° and 15°.
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C.1 Analysis using summary eye movement measures for

dataset in Chapter 5

Analysis using summary eye movement measures This section described analysis of
the dataset described in Chapter 5 using summary statistics measures described in
Chapters 3 and 4.

C.1.1 Saccade amplitude

As stated previously, saccade amplitude describes the size (in degrees visual angle)
of the rapid eye movements that met the pre-defined ’saccadic’ criteria (see data pre-
processing), with the median value used as the summary measure for statistical ana-
lyses since the distribution of saccadic amplitudes is often non-Gaussian. One median
saccade-amplitude value was computed per participant per video clip.

C.1.2 Saccade rate

As stated in a previous chapter, saccadic rate describes the average number of saccades
made per second, with the mean value of the saccade rate used as the summary
measure for statistical analyses. One mean saccade-rate value was computed per
participant per video clip.
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C.1.3 The spread of fixations: Bivariate contour ellipse area (BCEA)

As defined earlier, BCEA was computed to measure the spread of saccadic endpoints.
To do this, the start of each saccade was translated to the centre (0,0) and the same
transformation was applied to the corresponding saccade endpoint. This procedure of
centralising saccades was described previously by Crabb et al. (2014). The BCEA was
computed with a probability area of 95% and this process produced one BCEA value
per participant per video clip.

C.1.4 Fixation duration

As described in before, fixation duration is the time (in milliseconds) between two
successive saccades. The median value of fixation duration was used as the summary
measure for statistical analyses since the distribution of fixation durations is often
non-Gaussian. One median saccade amplitude value was computed per participant
per video clip.

C.1.5 Kernel density estimate (KDE) of gaze fixations

This metric was computed, following a similar procedure proposed in chapter 4, as
a way of classifying an observer as healthy or abnormal from their fixational eye
movements. In other words, the KDE analysis measures the consistency between
fixations of controls and patients, with a higher KDE score meaning the participant
was looking in the same locations as most controls in each frame in the video. For
controls, the KDE score was computed using a leave-one-out analysis. One KDE score
value was computed per participant per video clip.

C.1.6 Saccadic reversal rate

This summary static measure was to measure the proportion of saccades that move in
the opposite direction relative to the preceding saccade (see chapter 3). To calculate this
rate, the angle between successive saccades was measured, with the saccadic reversal
rate (SRR) being the proportion of angle differences that were between 165-195°. One
SRR value was computed per person per video clip.
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Figure C.1: Integrated VF (IVF) of the patients. IVF estimates of the binocular VF from the
two monocular (left and right eye) VFs. The sensitivity values for each point in the IVF were
computed by taking the maximum sensitivity from corresponding points in the left and right
eye VFs. The IVF was generated with a bespoke computer program written in MATLAB
(MATLAB R2017a (MathWorks, Inc., Natick, MA, USA).
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Figure C.2: Histogram of saccades for each video clip for each participant in the control group.

Figure C.3: Histogram of saccades for each video clip for each participant in the glaucoma
group.
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