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Abstract 

Prosthetic vision is an emerging technology aiming to provide artificial vision to the profoundly 

blind. Present-day visual prostheses provide useful assistance in everyday life but the quality of 

vision is poor, with only fractional visual field coverage and limited resolution of detail. The 

retina, optic nerve, or primary visual cortex are electrically stimulated using implanted 

electrodes to elicit artificial visual percepts. Eye movements cause movement of the percept 

within the visual field, however, in many devices, electrode activity is modulated by images 

captured by a head-mounted camera that does not move in conjugate with eye movement. 

Percept locations are therefore dissociated from the real-world, leading to localisation errors. 

Users must be trained to use head movement, rather than eye movement, to control the 

camera, potentially increasing the difficulty of using the device for every-day activities. This 

thesis explores oculomotor behaviour in prosthetic vision and investigates the use of eye tracker 

feedback to redirect the video input in real time (‘gaze compensation’) to restore naturalistic 

control of gaze.   

The first study presented in the thesis investigated the effect of visual field loss on eye and head 

movement coordination in low-vision subjects with retinitis pigmentosa (RP), the current 

primary indication for retinal prostheses. Visual field loss was found to be associated with a 

habitually confined range of eye movement and a greater reliance on head movement. This has 

implications for training and rehabilitation in visual prostheses, as recipients with RP express 

atypical eye and head scanning behaviour.  

An investigation of the oculomotor behaviour of retinal prosthesis recipients in a forced-choice 

localisation task and a motion discrimination task is also presented. Although the participants 

were aware of the potential for eye movements to impair task performance, systematic eye 

movements were observed in response to the task stimuli. These were interpreted as reflexive 

eye movements made in response to the static and dynamic stimuli, as would be expected in 

normal vision, suggesting preserved oculomotor capacity. This is a promising indication for the 

naturalistic integration of artificially evoked percepts into the visual system, but the primary 

purpose of these eye movements, namely foveation, cannot be fulfilled without gaze 

compensation. 

Following the demonstration of naturalistic eye movement in retinal prosthesis users and the 

finding that suppression of eye movement was difficult or impossible, the thesis then examines 

the effect of eye movement on localisation and the possible benefits of gaze compensation. It 

was found that eye movement lead to localisation errors in a target localisation task in simulated 

prosthetic vision, but the introduction of gaze compensation resolved this. A subsequent pilot 

study in retinal prosthesis recipients is also presented, in which no benefit of gaze compensation 

for localisation was observed, possibly because the subjects had learned compensatory 

strategies. However, some methodological problems were identified, and similar studies from a 

different group do show a benefit of gaze compensation. Overall the thesis advances the 

understanding of the perceptual experience and oculomotor behaviour of visual prosthesis 

users and argues for the integration of gaze compensation in camera-based visual prostheses. 
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Chapter 1.  Introduction 

The visual system processes an astonishing amount of information and is the primary means by 

which we understand the world around us. From reading and writing, to walking down the 

street, to recognising friends and interpreting body language, the activities we perform every 

day depend upon vision to such a tremendous degree that it can be difficult to imagine life 

without sight. 

Vision impairment is a growing problem in many developed countries with aging populations. A 

survey study in 2009 estimated that 575,000 Australians aged over 40 suffered vision loss, with 

66,500 of those meeting the legal criteria for blindness. That number was projected to rise to 

801,000 impaired and 102,750 blind by 2020.1 Not only do these people experience loss of 

independence and agency, blindness is also associated with mental health issues, social 

isolation, and poor general health. The estimated financial burden of visual disorders in Australia 

in 2009 was A$16.6 billion, up from A$9.85 billion in 2004. This figure includes A$9.4 billion in 

loss of wellbeing, A$2.98 billion in health system costs, and A$4.2 billion in indirect costs such 

as carer’s costs, lost productivity, and welfare payments.1–3 Many vision impairment conditions 

are easily treated – for example, cataracts can be removed with a relatively simple and safe 

surgery. But for some other conditions there is currently no effective treatment, representing 

about 10% of cases of vision impairment in Australia. These conditions include retinitis 

pigmentosa, age-related macular degeneration, diabetic retinopathy, and glaucoma.4 

Visual prostheses have recently emerged as a tool for providing artificial vision to those visually 

impaired by otherwise untreatable conditions. These devices electrically stimulate neurons in 

the visual pathway in order to elicit artificial visual percepts. Retinal implants are currently the 

predominant type of visual prosthesis. They target neurons in the retina and require a functional 

optic nerve to carry signals to the higher visual centres, and therefore are only suitable for 

diseases that primarily impact photoreceptor cells and spare the remaining network, for 

example retinitis pigmentosa or age-related macular degeneration.5,6 Cortical implants, 

targeting neurons in the primary visual cortex, have begun to receive greater attention in recent 

years. Cortical implants could be applicable in a much wider range of blindness conditions, even 

when the eye and optic nerve are severely damaged, with the obvious trade-off of requiring 

brain surgery. Implants that target the optic nerve or the thalamus are also possible, but have 

received less research focus due to inherent practical constraints.7 

Chapter 1  
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Though there is variation between different devices, many visual prostheses comprise the same 

basic components. An external camera, usually mounted on a spectacle frame, captures images 

of the scene in front of the user. Images from the camera are sent to a portable vision processing 

unit that determines the electrical stimulation required to produce a useful visual percept based 

on the captured image. Stimulation commands are then transmitted wirelessly to an implanted 

stimulator, which generates the electrical stimulation that is delivered to the retina, optic nerve, 

thalamus, or visual cortex, resulting in a visual percept. One notable exception to this design 

pattern is photovoltaic retinal implants. In these devices, electrode activity is modulated by 

ambient or projected light that enters the eye and is received by a photosensitive implanted 

photodiode array. Designs using ambient light (rather than artificially projected light) may 

forego the head-mounted camera.  

To date several hundred individuals worldwide have received visual prostheses, mostly retinal 

implants. These devices have proven to be useful in everyday life, providing assistance in 

navigation, social interaction, and other everyday activities. For many users the impact on their 

quality of life has been profound.8 However, present-day visual prostheses are crude compared 

to the incredible intricacies of natural vision. Spatial resolution is limited by the relatively large 

size of the stimulating electrodes, which flood large areas of the retina (or visual cortex) with 

electric current, activating large populations of interconnected neurons. Visual neurons of many 

types and functions are activated indiscriminately. The resulting visual percept can be indistinct, 

lack form, and covers only a small fraction of the visual field.5,9,10 

An understanding of the visual experience of users is vital for optimising stimulation parameters, 

evaluating the effectiveness of new developments, and training users to interpret their 

unfamiliar new artificial sense. Verbal accounts from users are valuable but inescapably 

subjective, making them a poor basis for design decisions if not supported by objective 

measurement. Instead, psychophysics techniques are used to systematically quantify and 

characterise artificial vision, answering questions about some particular aspect of artificial 

vision, such as resolution of detail or perception of motion, in an objective way. This provides a 

framework for research and design decisions and is the primary means by which the 

effectiveness of any development can be evaluated. 

Oculomotor behaviour (eye movement) plays an important role in visual psychophysics due to 

its intimate coupling with perception and attention. Our eyes are in constant motion, although 

we may not often be conscious of it. Humans possess an area of high acuity central vision, the 

fovea, capable of resolving fine detail, surrounded by low acuity peripheral vision. It is eye 

movement that enables us to direct the fovea around the field of view to examine features that 

catch our attention and track objects as they move.11 Eye movement also plays an important 

role in perceptual localisation and spatial updating, the maintenance of a consistent three-

dimensional map of the space around us. The orientation of the eyes is monitored and fed back 

into the visual system to stabilise the perception of the world.12 Without this functionality the 

entire world would appear to shift each time we moved our eyes. Thus the oculomotor system 

plays a role in the interpretation of visual percepts in addition to planning and executing eye 

movements. Observing the type, size, and frequency of eye movements can grant valuable 

insight into an individual’s visual experience.  
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Oculomotor behaviour has particular significance in visual prostheses due to the separation 

between the retina and the image sensor of the head-mounted camera. Just as in normal vision, 

eye position is used to determine the location of a percept; visual stimuli are interpreted as 

originating from whichever direction the eye is pointing in. This means that eye movements 

cause a corresponding movement of the percept within the visual field since the stimulating 

array is retinally fixed. However, the camera remains fixed in place, capturing only what is 

directly ahead regardless of any eye movement. Thus, eye movements change the location, but 

not the content, of the percept. The result is that percept locations are dissociated from the 

real-world axes, leading to localisation errors, and that eye movement cannot be used for visual 

search because eye movement has no effect on the camera orientation. This, coupled with the 

highly limited field of view afforded by present day retinal implants, makes exploration of the 

visual environment a difficult and unintuitive task. Visual prosthesis recipients must learn head 

scanning strategies to systematically sample their environment and localise objects relative to 

the camera instead of the eye.13  

This thesis presents a number of visual psychophysics experiments in retinal prosthesis 

recipients, low vision subjects, and simulated prosthetic vision. The experiments were 

conducted in the context of the development and clinical trial of a retinal implant (Bionic Vision 

Technologies, Australia). The thesis aims to characterise oculomotor behaviour in order to 

further our understanding of perception in prosthetic vision and inform future developments in 

the field. Eye movements are analysed in order to understand visual perception and particular 

focus is given to the unusual perceptual side-effects introduced as a consequence of the fixed-

position camera in visual prostheses. 

1.1. Thesis outline 
Chapter 2 reviews the relevant literature to provide context for the original works in the thesis. 

The fundamental concepts underlying visual prostheses are introduced and the current state of 

the field is summarised, including a discussion of the various devices that exist and their clinical 

successes and limitations. Literature relating to the perceptual experience of prosthetic vision is 

also reviewed. Experimental methodologies relevant to several of the studies are detailed in 

Chapter 3. The remaining chapters present a series of studies that constitute the original 

contributions of the thesis. Three of these chapters were published in peer-reviewed journals 

and a fourth featured as an original contribution to a co-authored journal article. 

The first study, presented in Chapter 4, investigates the coordination of eye and head movement 

in retinitis pigmentosa. Statistical and neural models of eye movement planning contend that 

much of eye movement is driven by visual saliency.14 It is thought that visual field loss would 

interfere with this process, changing oculomotor behaviour. However, the few existing studies 

addressing eye movement in low vision have conflicting results, small sample sizes, and differing 

methodologies. This study aimed to characterise the effect of visual field loss on eye-head 

coordination, and the range of eye movements made, in a large cohort using a repeatable 

methodology. The findings can inform the design and clinical practice of retinal implants because 

retinitis pigmentosa is currently the primary indication for retinal implants, and the limited visual 

field afforded by retinal implants bears resemblance to peripheral visual field loss.15 
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Chapter 5 and Chapter 6 investigate oculomotor behaviour in recipients of a suprachoroidal 

retinal implant during spatial localisation and motion discrimination tasks. These studies explore 

the effects of eye movement on performance in the tasks and make inferences about the visual 

experiences of the participants based on the types of eye movements observed in response to 

the task stimuli. We show that the participants made significant eye movements in response to 

the stimuli, and some of those movements appeared naturalistic and suggest preserved 

oculomotor capacity.16 

Chapter 7 and Chapter 8 investigate the relationship between eye movement and spatial 

localisation in prosthetic vision. The preceding studies suggested that eye movements were 

difficult to suppress, and previous work has shown that eye movement causes electrically-

evoked percepts to move about the visual field.13 Chapter 7 used simulated prosthetic vision to 

demonstrate that this leads to errors in reaching for a target, but that this could be corrected by 

shifting the camera image in parity with eye movement (termed ‘Gaze Compensation’).17 

Chapter 8 comprises a pilot study aiming to repeat the findings of Chapter 7  in retinal implant 

recipients. 

Chapter 9 reviews the findings of the thesis in the wider context of the visual prostheses and 

considers the implications of the thesis for future developments in the field. 

 

  



5 
 

Chapter 2.  Literature review 

2.1. The visual system 
The visual system encompasses the eye and associated components of the nervous system that 

work together to acquire and process visual information. This includes the structures of the 

primary visual pathway (the retina, optic nerve, lateral geniculate nucleus, and the visual cortex) 

which process the visual signal and give rise to visual perception. Also included are peripheral 

systems that control other visual functions such as eye movement, pupillary dilation and 

contraction, and circadian rhythm. This section outlines the structure of the visual system and 

the function of its main components, focussing on the retina, primary visual pathway, and 

oculomotor system. 

2.1.1. Anatomy of the eye 

The body of the eye, the vitreous chamber, is roughly spherical in shape and filled with a clear 

jelly-like substance called vitreous humour. The wall of the eye, enclosing the vitreous chamber, 

consists of three layers of tissue. The outermost layer is the sclera, a tough fibrous tissue that 

provides structure and protection. Directly beneath the sclera is the choroid, which consists 

mostly of blood vessels and connective tissue. The innermost later is the retina, containing a 

network of neurons and light-sensitive photoreceptors. The front of the eye hosts the pupil, an 

Chapter 2  

Figure 2.1: Anatomy of the eye. The eye consists of three main layers: the sclera, a tough fibrous outer layer; the 
choroid, mainly connective tissue and blood vessels; and the retina, which has photoreceptors and networks of neural 
cells. Adapted with permission from Holly Fischer [CC BY 3.0].240 

https://creativecommons.org/licenses/by/3.0
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opening through which light can enter the eye, as well as the cornea and lens to focus the 

incoming light onto the retina (Figure 2.1).18 

The retina contains the eye’s sensory cells and is itself a layered structure, as shown in Figure 

2.2. Incident light is received by photoreceptors and transduced to electrochemical signals that 

make their way through the retina and exit the eye via the optic nerve. The macula, the area of 

the retina responsible for high resolution central vision, contains a high density of cone 

(chrominance) photoreceptors which is greatest in a small region at the centre of the macula 

known as the fovea. The more peripheral areas of the retina have fewer photoreceptors and 

contain a relatively higher proportion of rod (luminance) photoreceptors. Interestingly, the 

photoreceptors are sub-optimally located in the posterior layer of the retina such that incident 

light is attenuated by its passage through the other layers of the retina before reaching the 

photoreceptors. Signals from the photoreceptors are transmitted to bipolar cells in the inner 

nuclear layer and then to the ganglion cell layer, which runs adjacent to the retina surface. 

Ganglion cell axons exit the retina via the optic disc,  forming the optic nerve, and carry the visual 

signal to the higher visual centres.19  

A substantial amount of signal processing occurs in the retina before the visual signal leaves the 

eye, performed by many different types of retinal visual neurons. The region of photoreceptors 

that affect the activity of any particular visual neuron is referred to as its receptive field. 

Horizontal cells in the outer plexiform layer integrate the input from many photoreceptors to 

form contrast-sensitive networks that modulate bipolar cell activity. The principle of activation 

is referred to as ‘centre-surround’, such that each bipolar cell will respond either to a spot of 

light in the centre of its receptive field surrounded by a dark ring (ON bipolar cell), or to a spot 

of darkness in the centre of their receptive field surrounded by a ring of light (OFF bipolar cell).20 

Amacrine cells in the inner plexiform layer form horizontal connections between the outputs of 

bipolar cells, and these networks perform further signal processing. More than twenty types of 

amacrine cell have been identified in the mammalian retina and many of their functions are not 

yet well understood.21 By the time the visual signal reaches the optic nerve it contains separately 

encoded elements representing visual features such as contrast, luminance, chrominance, size, 

orientation, speed of motion, and direction of motion.22 

2.1.2. Visual pathway 

The optic nerve projects towards the higher visual centres via the optic chiasma. At this point 

the visual signal is divided in the left and right hemispheres of the visual field, each to be 

processed in parallel by the opposing hemisphere of the brain – the left visual field is processed 

Figure 2.2: Simplified diagram of the organisation of the retina. Adapted with permission from Wei (2018).188 
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by the right hemisphere of the brain and the right visual field is processed by the left hemisphere 

of the brain. To achieve this, the two optic nerves meet at the optic chiasma and exchange half 

of their axons as shown in Figure 2.3. The axons originating in the left side of the right eye, and 

those originating in the right side of the left eye (that is, both nasal sides) cross the chiasma and 

join the nerve on the opposite side. Exiting the optic chiasma, the left optic tract consists of 

axons originating in the nasal retina of the right eye and the temporal retina of the left eye, while 

the right optic tract consists of axons originating in the nasal retina of the left and the temporal 

retina of the right eye. The result is that information from each eye is represented in both 

hemispheres of the brain but the left and right visual fields are separated, each only represented 

in the opposite hemisphere.18   

Once it exits the eye, the primary point of termination of the optic tract is the lateral geniculate 

nucleus (LGN) of the thalamus. Other destinations are not considered part of the primary visual 

pathway because their functions are not directly related to the formation of an image, for 

example the pretectum, which is responsible for controlling pupil dilation, the hypothalamus, 

which modulates the circadian rhythm, and the superior colliculus, which coordinates head and 

eye movements. As the optic tract reaches the LGN the axons are segregated based on their 

functional group, giving the LGN a layered structure with distinct functions per layer.23 There are 

two LGNs, one in each hemisphere of the brain, each containing a representation of only half of 

the visual field because they receive input from only one optic tract each. The LGN was once 

thought to be a simple relay between the retina and visual cortex but it is now argued that it 

plays a role in such functions as attentional modulation and integration of the binocular visual 

signal into a single image.24 Neurons in the LGN project their axons to the primary visual cortex 

(V1). Integration and processing of the visual signals occurs in the visual cortex, ultimately 

resulting in the experience of vision.18 Each point on the primary visual pathway – the retina, 

optic nerve, LGN, and primary visual cortex – is retinotopically arranged. That is, the visual field 

is spatially mapped onto each of these areas according to the spatial map of the retina.18 This is 

a crucial concept in the field of visual prostheses, as it means that the retinotopic location of 

stimulation determines the perceived location in the visual field.   

Figure 2.3: Illustration of the primary visual pathway. Adapted with permission from Miquel Perello Nieto [CC BY-
SA 4.0].241 

https://creativecommons.org/licenses/by-sa/4.0
https://creativecommons.org/licenses/by-sa/4.0
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2.1.3. The oculomotor system 

Eye movements play an important role in visual perception. From saccades - the abrupt shifts in 

gaze used to foveate on a new target, to smooth pursuit - the steady movements made when 

tracking a moving target, our eyes are constantly in motion.11 Even when fixating intently we 

make constant eye movements, too small to be perceptible. These ’fixational‘ eye movements 

help to counteract percept fading due to neural adaption by shifting the image across the retina, 

modulating neural activity.11,25,26 Other eye movements are reflexive, such as the vestibulo-

ocular movements that stabilise our gaze during head movements and the reflexive saccades 

that snap our attention towards startling stimuli, bright colours, and sudden movement.11  

The primary purpose of saccades is to redirect the fovea towards a stimulus or area of interest. 

They are abrupt, rapid movements of around 20-200ms in duration that reach velocities as high 

as 900°/s. Saccades are usually described as “ballistic” movements because, once initiated, the 

movement cannot be altered or adjusted until it has completed.27 In fact, visual processing is 

suspended during saccades in a process called “saccadic masking”, such that the movement is 

not perceivable at all.28 Large saccades are often followed by subsequent corrective saccades to 

compensate for any inaccuracy in the initial saccade or movement of the target.  

In contrast to the ballistic nature of saccades, smooth pursuits are smooth continuous 

movements that act to maintain foveation on a moving target. The velocity and trajectory of a 

smooth pursuit is determined by the target, although smooth pursuits faster than approximately 

30°/s are not possible in humans. Unlike saccades, smooth pursuits are closed-loop movements 

that are controlled and adjusted during the movement and are often interspersed with small 

“catch-up” saccades that correct for any drift between the target and fovea. Generally, it is not 

possible to initiate a smooth pursuit movement without the presence of a moving visual 

target.11,27 

Motor commands for eye movement and eye-head coordination are primarily generated in the 

superior colliculus (SC), which is one of the terminations of the optic nerve and contains a 

retinotopic map of the visual field. The presence of a salient visual stimulus (typically something 

that contrasts with its surroundings) in the visual field causes activity at the corresponding 

location in the SC, leading to the generation of a saccade toward the stimulus. Auditory and 

somatosensory inputs are also systematically mapped in the SC, enabling the generation of 

saccades towards other salient sensory cues.11,29  

Computational models that incorporate these saliency cues have been shown to be effective 

predictors of eye movement; however, humans express a wide range of complex oculomotor 

behaviours that depend on context and intent, not saliency alone. It is thought that the response 

to salient stimuli is modulated in the SC by other factors, such as attention and cognition. Thus 

oculomotor behaviour depends on a combination of saliency based “bottom-up” inputs and 

volitional “top-down” control.14,30,31 A number of other brain structures are also implicated in 

eye movement control, such as the frontal eye field (within the frontal cortex), the paramedian 

pontine reticular formation (of the brainstem), and the dorsolateral pontine nucleus (also of the 

brainstem).32 

Eye movements also play an important role in perceptual localisation and spatial updating – the 

assimilation of visual information into a coherent three-dimensional spatial map. Perceptual 
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localisation is important in localising objects in space, hand-eye coordination, navigation, 

mobility, and spatial awareness more generally. Eye and head movements change the angle of 

incident light, causing visual stimuli to move across the retina, transforming their position in the 

field of view. Importantly, oculomotor information is used to compensate for these movements 

to maintain a stable and consistent representation of space. Thus the oculomotor system is not 

just responsible for planning and executing eye movement, but also plays a role in the 

localisation of percepts.  

Oculomotor information for the stabilisation reflex/process comes from two sources: as 

proprioceptive information from the extraocular muscles (‘inflow’), and as an internal copy of 

the muscle innervation signals for voluntary eye movements (‘outflow’). Inflow was aptly 

demonstrated by Gauthier et al in a simple experiment wherein participants had one eye 

patched and passively rotated using a suction cup. When the participants attempted to point to 

a target seen with their non-patched eye the pointing error was skewed towards the direction 

in which the patched eye was deviated.33 Outflow has been anecdotally demonstrated in 

paralysed subjects, who reportedly perceive a confusing sense of motion of their entire visual 

field when attempting (but failing) to move their eyes.34 The interplay of the two information 

streams is complex, and both affect perceptual localisation. 

2.1.4. Retinal degeneration 

Retinitis pigmentosa is an inherited condition characterised by the gradual degeneration of the 

retinal photoreceptor cells.35 Approximately 1 in 4000 people are affected by retinitis 

pigmentosa, equating to around 1.5 million people worldwide.36 Progression of the disease is 

highly variable, but symptoms usually begin in adolescence or early adulthood with a loss of 

night vision. Peripheral vision loss follows, resulting in “tunnel vision” that gradually narrows as 

the degradation spreads, eventually progressing to profound blindness. Most cases lead to legal 

blindness due to restricted field of view by 40 years of age, and to loss of central vision by age 

60.37  

Figure 2.4: Histological imaging comparing a healthy retina (left) to a retina affected by retinitis pigmentosa (right). 
Colours show immuno-labelling of rod photoreceptors with anti-opsin (green) and staining of nuclei in the outer 
nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) with propidium iodide (red). The 
photoreceptor cells are severely degraded. The neuronal cells in the inner nuclear layer and the ganglion cell layer are 
largely preserved. Scale bar = 25μm. Adapted with permission from Fariss et al (2000).242 
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A gene therapy treatment for retinitis pigmentosa is currently in clinical trials in the USA, 

marketed under the name “Luxturna”. Initial results show some efficacy of the treatment for 

restoring vision, but it remains to be seen whether these benefits are maintained long-term.38 

Importantly, the Luxturna treatment is indicated in only a small minority of cases because it 

targets just one particular genetic mutation known to cause retinitis pigmentosa, while 

mutations in over 40 different genes have been associated with other presentations of the 

disease.39,40 Gene therapy treatments for the other forms of retinitis pigmentosa may arise in 

the future. An additional pharmacological intervention is vitamin A supplementation which can 

slow the progression of the disease, extending useful vision for an estimated seven years on 

average, but profound blindness is still the inevitable outcome.41,42 

In the absence of any effective treatment for retinitis pigmentosa, retinal implants have 

emerged as a technology for providing artificial vision to the blind. Retinitis pigmentosa leads to 

near-total loss of photoreceptor cells but the neuronal cells of the inner retina remain relatively 

preserved, as shown in Figure 2.4. A histological study of post-mortem retinae with severe 

retinitis pigmentosa reported a preservation rate of 30% for retinal ganglion cells and 78% for 

cells in the inner nuclear layer,43 and higher preservations rates would be expected in subjects 

with less advanced degeneration. Retinal prostheses are designed to interface with these 

surviving inner retinal neurons in order to provide artificial vision.44 

2.2. Visual prosthesis technology 
Visual prostheses are implantable medical devices that aim to provide artificial vision to the 

blind. Neurons in the visual pathway are stimulated by implanted electrodes to elicit the 

perception of localised flashes of light called “phosphenes” in the visual field. Combinations of 

phosphenes can be used to create geometric patterns that convey useful information to the 

subject. It is easiest to conceptualise phosphenes as behaving like pixels; discrete independent 

points of light that can represent an image when used in large numbers. This is known as the 

“scoreboard model” of phosphene vision and is useful as a conceptual tool but has a number of 

limitations that are discussed later in this chapter. 

The conventional design of a visual prosthesis is illustrated in Figure 2.5. The user wears an 

external camera, usually mounted on a pair of glasses. Images captured from the camera are 

sent to a processing unit that determines the appropriate pattern of electrode stimulation to 

Figure 2.5: Flow chart of a conventional visual prosthesis. Images captured by an externally worn camera are sent to 
a video processing unit that determines the appropriate stimulation. Stimulation commands are transmitted 
wirelessly to the implanted stimulator, which then generates the actual electrical stimulation pulses. The electrical 
pulses travel to the implanted electrodes, stimulating visual neurons to elicit a percept. 
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elicit a percept that approximates the image. Often the captured image is first processed for 

easier interpretation, for example by contrast enhancement, saliency enhancement, feature 

extraction, or depth processing. Stimulation commands are then sent from the processor via a 

wireless link to an implanted stimulator that generates the actual stimulation pulses. These 

pulses travel to the stimulating electrodes, which interface with visual neurons at some point in 

the visual pathway, resulting in a visual percept. 

Currently, a wide variety of visual prostheses exist at various stages of development and 

commercialisation. They vary in several specifications, most notably the anatomical location of 

the implanted electrode array, the number and size of stimulating electrodes, and the method 

of sampling the visual environment. The field of visual prosthetics still in its infancy – the visual 

experience delivered by modern devices can be confusing and unintuitive, and patient outcomes 

have thus far been convincing but modest – but as the state of the art progresses there is hope 

that visual prostheses may one day match the successes of cochlear implants in providing 

reliable sensory input. This section reviews the accomplishments and limitations of modern 

visual prostheses, the main challenges in the field today, and the promising developments on 

the horizon. 

2.2.1. History of artificial vision 

The notion that electrical stimulation can give rise to visual percepts has existed since at least 

1755, when French physician Charles Le Roy attempted to treat a blind patient by passing 

electrical current through the patient’s body via electrodes attached the head and leg. The 

patient reported seeing “flames passing rapidly downwards” and, unsurprisingly, experienced a 

loud bang and intense pain.45 A second example of early experimentation with phosphenes 

comes from Alessandro Volta, esteemed inventor of the battery, who in the year 1800 wrote 

excitedly to the royal society about his new invention (emphasis mine):  

“… hold the metallic plate between the lips and in contact with the tip of 

tongue; since, when you afterwards complete the circle in the proper 

manner, you excite at once, if the apparatus is sufficiently large and in good 

order, and the electric current sufficiently strong and in good course, a 

sensation of light in the eyes, a convulsion in the lips, and even in the 

tongue, and a painful prick at the tip of it, followed by a sensation of 

taste”.46 

The first attempt to use this phenomenon in a controlled manner for the purpose of artificial 

vision dates back to 1929, when German Neurosurgeon Otfrid Foerster electrically stimulated 

the exposed occipital lobe of a patient, inducing a localised perception of light, termed a 

‘phosphene’ in the shape of ‘stars’, ‘clouds’, and ‘pinwheels’.47 Other early experimenters in 

prosthetic vision include Australian Graham Tassicker, who in 1956 described the implantation 

of a single patient with a photo-sensitive selenium cell behind the retina, and Brindley and Lewin 

of Cambridge University, who implanted multiple electrodes in the occipital lobe of a single blind 

patient. In both cases, the patients experienced phosphenes, and Brindley and Lewin were able 

to demonstrate that by stimulating multiple electrodes simultaneously they could present 

simple geometric patterns of phosphenes to the subject.48,49  
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Over the following decades, a group led by William Dobelle expanded on the work of Brindley 

et al in a series of experiments involving stimulation of the occipital lobe in sighted and non-

sighted subjects.50–54 By the year 2000, Dobelle had developed a permanently implantable array 

of occipital lobe electrodes that were connected to an external stimulator via a percutaneous 

connector (Figure 2.6). A head mounted video camera connected to the stimulator allowed the 

subjects to sample their visual environment through the implant. Sixteen subjects received the 

Dobelle bionic eye and experienced phosphene vision, representing a significant milestone for 

visual prosthetics, but the project was beset by technical and financial issues and medical 

malpractice. The recipients, who had personally paid hundreds of thousands of dollars to be 

involved in the program, have alleged that Dobelle exaggerated the likely benefits of the device 

in his pitch, ignored seizures that were caused by the device in some subjects, failed to provide 

some subjects with the external hardware required to actually use the device, withheld refunds 

for operations that never went ahead, and threatened to eject disgruntled participants from the 

project.55 When Dobelle died in 2004 the program was halted, leaving the participants out of 

pocket and with the defunct implanted hardware still in place, including the infection-prone 

percutaneous connector. Significant advances have been made since the Dobelle bionic eye, 

certainly regarding ethics and patient welfare, but also in surgical methods and device design.  

2.2.2. Present-day visual prostheses 

To date, three visual prostheses have received regulatory approval for commercial sale, with 

hundreds of patients treated worldwide. Several other devices are in varying stages of 

development. Generally visual prostheses are categorised by the anatomical placement of the 

stimulating array, which may be the retina, optic nerve, thalamus, or visual cortex; however, 

they also vary in a number of other parameters, such as surgical approach, size, method for 

sampling the visual environment, and the number, size, pitch, and shape of the stimulating 

electrodes. Figure 2.7 depicts the possible stimulation targets and lists the devices that target 

each area. An important feature of each of these anatomical targets is their retinotopic 

architecture, meaning the visual field is spatially mapped in each structure. This is a necessary 

criterion for a stimulation target to produce a localised percept.  

Visual prosthesis recipients have shown improvement in tasks of localisation, orientation and 

mobility, and activities of daily living.56 However, visual acuity is very limited. Object recognition, 

Figure 2.6: The Dobelle bionic eye. (Left): a blind subject wearing glasses with attached video camera. (Right): X-ray 
image showing the percutaneous connector and array of cortical electrodes. Reused with permission from Dobelle 
(1976, 2000).52,243 
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face recognition, and reading are still out of reach for present day devices. This section reviews 

the visual prostheses currently available or under development. The list of devices presented is 

not comprehensive but includes the most prominent devices as well as some that illustrate 

interesting concepts. Functional outcomes for each device will be commented on briefly in this 

section, while a more comprehensive discussion of functional outcomes is included in Section 

2.3. 

Retinal prostheses 

Retinal prostheses have been the prevailing approach in visual prosthetics so far, principally 

because the eye is much more surgically accessible than the brain or optic nerve. They are only 

suitable in blindness caused by retinal degeneration, which causes photoreceptor death while 

leaving the neuronal population of the retina relatively intact (see Section 2.1.4). Those surviving 

neuronal cells, which include bipolar cells, horizontal cells, and retinal ganglion cells, are the 

target of the electrical stimulation. This approach also requires the optic nerve to be intact. One 

advantage of targeting the retina is that the processing power of the residual horizontal 

networks of the retina may be utilised, at least in theory, whereas devices that target the higher 

areas of the visual pathway bypass these networks entirely. Stimulating electrodes for retinal 

prostheses may be implanted at several different sites within the laminar structure of the retina 

(Figure 2.8). 

Epiretinal implants 

The Argus II epiretinal implant (Second Sight Medical Products Inc., USA) was the first visual 

prosthesis to attain regulatory approval for commercial use, first in the European Economic area 

(2011) and then in USA (2013).57 To date, more than 350 patients have received an Argus II. A 

6x10 array of platinum electrodes are implanted flat on the epiretinal surface within the 

macular, ideally covering the fovea, and secured by a titanium tack that pierces the retina.57,58 A 

scleral buckle encircles the eye, housing a receiver coil antenna and a stimulator that is 

Figure 2.7: Depiction of the possible electrical stimulation targets for visual prostheses. Stimulating electrodes may be 
implanted in the retina, optic nerve, lateral geniculate nucleus, or visual cortex. Reused with permission from Nguyen 
et al (2016).107 
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connected to the implanted electrode array via a ribbon cable passing through the pars plana. 

Externally worn components include a camera mounted to a pair of glasses, a pocket-sized video 

processing unit, and a transmitting coil (also mounted to the glasses) that couples with the 

implanted receiver coil to transmit stimulation commands (Figure 2.9).  

The Argus II has so far proven to be generally safe and stable, though a number of adverse events 

have been reported. In a cohort of 30 recipients, by five years post-implantation two implants 

had failed due to damage to the receiving coil antenna and three other recipients opted for 

explant –  two due to recurring conjunctival erosion and one due to chronic hypotony and 

ptosis.59 In a different cohort of 20 recipients, by 24 months post-implantation fibrosis had 

developed on the retinal surface beneath the array in 10 recipients (50%), and in nine of those 

the fibrosis eventually lead to retinoschisis; however, this did not appear to affect visual function 

Figure 2.9: Implanted (left) and externally worn (right) components of the Argus II epiretinal implant. Adapted with 
permission from da Cruz et al (2016).59  

Figure 2.8: Exploded view of the retina depicting the possible implantation sites for retinal prostheses. Stimulating 
electrodes may be epiretinal, subretinal, suprachoroidal, or intrascleral. Reused with permission from Ayton et al 
(2014).88 
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with the device.60 Improvements in the device design and surgical procedure made since the 

first Argus II implantations have also reduced the incidence of complications.58,59,61,62 For the 

majority of recipients any complications are treatable and the device remains safe and 

operational for many years. In 2016 it was reported that the longest-running Argus II was still 

operational 8.4 years after implantation.59 

A battery of assessment tasks has been used to assess the functional benefit of the Argus. 

Recipients have demonstrated improved performance with the device on compared to off in 

localisation, motion detection, and mobility tasks.58,59,63,64 An assessment that combined self-

reporting with expert observation of recipients in the home environment showed that 80% 

experienced a “positive” or “mild positive” benefit from the device at one year post-

implantation and 65.2% at three years.8,61,65 Second Sight Medical Products have now ceased 

manufacture of this device in order to focus on their Orion cortical implant, citing the potential 

for a much larger market for cortical devices due to the wider range of indications.66  

A second epiretinal implant, the IRIS II (Pixium Vision SA, France), obtained CE approval in 2016. 

The IRIS II is similar to the Argus II with a few unique innovations. The camera uses a 

“neuromorphic” image sensor, which encodes temporal pixel changes as well as intensity in 

order to mimic retinal processing. A novel iterative calibration technique, dubbed “retinal 

encoding”, maps image space to retinotopic space.67 Stimulation commands are transmitted to 

the intraocular components through the iris via an infra-red link, although mutually coupled coils 

are still required to transmit power to the implant so the need for a trans-scleral cable remains. 

Ten subjects received the device in a clinical trial beginning in 2016 and preliminary 

psychophysical results were promising68, however, the lifetime of the device was found to be 

less than anticipated and the clinical trial was halted.69 The specific benefits of neuromorphic 

image sensors and retinal encoding have not been reported. 

Other notable epiretinal implants include the EPIRET3 (EPIRET GmBH, Germany) and the NR-600 

(Nano Retina Ltd., Israel). The EPIRET3 was the first fully wireless intraocular retinal prosthesis, 

and featured 25 surface electrodes and an implanted stimulator that communicated wirelessly 

with an external processor in much the same fashion as the Argus II. Six patients received the 

device in a four week clinical trial, and all reported visual percepts as a result of electrical 

stimulation. The device was explanted at the end of four weeks.70,71 The NR-600 features a 

relatively high density array of 600 electrodes, which unlike the surface electrodes of the Argus 

II, IRIS II, and EPIRET3, are designed to penetrate the retina to achieve lower activation 

thresholds. In a recent Nano Retina press release, the first two patients to receive the NR-600 

as part of an ongoing clinical trial were both said to have perceived phosphenes following 

activation of the device. Further results are anticipated from up to 20 patients.72  

Subretinal photovoltaic implants 

The Alpha IMS (Retina Implant AG GmbH, Germany) subretinal implant became the second 

visual prosthesis to obtain regulatory approval in Europe in 2013. A chip comprising 1500 

photodiode-amplifier-electrode units is implanted in the subretinal space. The activity of each 

electrode is independently modulated by the light that naturally enters the eye and strikes the 

photodiode array, eliminating the requirement for an externally worn camera. A bias voltage to 

amplify the photodiode signal is necessary because the photodiode current generated from 
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ambient light is usually below perceptual levels.73 To supply this bias voltage, a power supply 

cable exits the eye through the choroid and sclera, connecting the subretinal array to subdermal 

coil on the ipsilateral skull. An external coil, magnetically coupled to the subdermal coil, provides 

power and data transfer from a pocket-sized battery and control unit.74 

Alpha IMS recipients have demonstrated functional improvement in localisation, motion 

discrimination, object recognition, activities of daily living.74–76 However, problems with 

hermetic chip encapsulation led to a very short operational lifetime of the device, with only 32% 

of devices functioning after 12 months.77 The Alpha IMS was superseded by the Alpha AMS, 

featuring 1600 stimulating electrodes and modified encapsulation which greatly improved 

longevity.78,79 The predicted median device lifetime for Alpha AMS is 4.7 years and 81% of 

devices were still functional after 12 months.80 However, in 2019 Retina Implant AG 

discontinued business activities and production of the Alpha AMS ceased.81 

When compared to other visual prostheses, the photovoltaic approach of the Alpha AMS 

presents an interesting trade-off. The number of externally worn components is minimised by 

eliminating the camera, and the natural coupling between eye position and perception is 

maintained because the implanted image sensor moves in parity with the eye (discussed in more 

depth in Section 2.5). Subretinal electrodes are optimally positioned to stimulate the bipolar, 

amacrine, and horizontal cells of the inner nuclear layer, which in theory employs the natural 

signal processing capabilities of the retina, while epiretinal electrodes, located adjacent to the 

ganglion cell layer, are more likely to stimulate ganglion cells directly and bypass any retinal 

signal processing. These advantages come at the expense of flexibility of stimulation 

parameters; in camera-based retinal implants, thresholds are determined for each electrode 

separately and gains can be individually set to normalise brightness across the field of view, 

while the Alpha IMS/AMS only provisions for a global amplification and gain. Additionally, the 

Figure 2.10: Alpha IMS photovoltaic subretinal implant. (Left): the electrode array is implanted behind the macula and 
power is provided via a transscleral transchoroidal cable. (Right): cross-sectional view of the retina showing the 
placement of the stimulating array and demonstrating the principle of operation of a photovoltaic visual prosthesis. 
The array is placed in the subretinal space, between the choroid and retina. Each pixel unit on the array comprises a 
photodiode, amplifier, and electrode. Electrode activity is modulated by photocurrents generated by ambient light 
that is incident with the implanted photodiodes. The photocurrents are too small to elicit a percept, so powered 
amplification is required. This differs from the PRIMA (Pixium Vision SA, France), in which near-infra-red light is 
projected onto the photodiode array with enough intensity to produce a percept without an external power supply. 
Reused with permission from Hafed et al (2016).145  
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use of implanted photodiodes precludes any image processing such as feature extraction and 

depth processing.  

The PRIMA photovoltaic subretinal implant (Pixium Vision SA, France), offers innovative 

solutions to some of the problems faced by other retinal implants. A 1mm2 chip containing 378 

photodiode-electrode units is implanted in the subretinal space but, unlike the Alpha IMS/AMS, 

the photodiode signal does not require amplification. Instead, images captured by an external 

camera are projected onto the photodiodes via a near-infra-red projector, amplifying 

photocurrents above perceptual thresholds. This is likely to improve safety and stability by 

eliminating the need for a trans-scleral cable and allowing the implanted components to be 

completely intraocular. Processing of the captured image is also possible, unlike the Alpha 

IMS/AMS. At 1mm2, the electrode array covers a smaller field of view than most other retinal 

implants (the Argus II electrode array spans 16.5mm2)82 but it is intended that multiple arrays 

can be implanted at once to provide wide field of view coverage. Like the Alpha IMS/AMS, the 

image sensor moves in parity with eye movement, however, the sensor must stay within the 

relatively narrow arc of the projector, limiting the practical oculomotor range. A clinical trial to 

assess the safety and functional outcomes of the PRIMA began in 2017.83 Five subjects with age-

related macular degeneration have each been implanted with a single chip beneath the macula. 

Promising results up to 12 months post-implantation have recently been published, with four of 

the five subjects able to discriminate Landolt-C optotypes.84  

Suprachoroidal retinal implants 

In suprachoroidal retinal implants the stimulating electrodes are implanted in the 

suprachoroidal space, between the sclera and choroid. One advantage of this approach is in the 

simplicity of the surgery and the stability of the device: unlike epiretinal and subretinal devices, 

no vitrectomy is required; no components are placed between the choroid and the retina 

(risking separating the retina from its blood supply); and the natural adherence between the 

sclera and choroid mean that no retinal tack is required to anchor the electrode array. However, 

suprachoroidal electrodes are relatively distant from the target neurons, requiring a greater 

stimulating current in order to reach perceptual thresholds. Currents passing through the 

choroid also spread tangentially, increasing the extent of activated retinal neurons well beyond 

the circumference of the stimulating electrode. As relatively large circumference electrodes are 

required in order to meet safe charge density criteria, the spatial selectivity of suprachoroidal 

stimulation is constrained.85–87  

A 24 channel suprachoroidal retinal implant (Bionic Vision Australia) underwent a clinical trial in 

three participants with retinitis pigmentosa between 2012-2014.88 Power and stimulation 

commands were provided to the implant via a percutaneous connector, limiting the duration of 

implantation to 2 years after which the percutaneous connector was removed, rendering the 

remaining ocular components inactive. During the trial all three participants experienced 

electrically-evoked phosphenes and the implant was well tolerated in the eye, with the sole 

serious adverse event being an infection at the site of the percutaneous connector. The 

participants demonstrated improvements in light localisation, character identification, and 

discrimination of direction of motion.16 Following the success of the first clinical trial intellectual 

property rights were licenced to Bionic Vision Technologies Pty Ltd (Australia) and a fully 

implantable device was developed, now featuring 44 stimulating electrodes and implanted 
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receiver coils instead of a percutaneous connector. A clinical trial for this 2nd generation device 

commenced in four subjects with retinitis pigmentosa in 2018. Preliminary results up to 44 

weeks post-implantation show a good safety profile89 and positive psychophysical90 and 

functional vision results.91  

A similar device, the Suprachoroidal Transretinal Stimulation (STS) retinal implant (Artificial 

Vision Project and NIDEK Co., Japan) is implanted in a scleral pocket, rather than between the 

sclera and choroid. A unique feature of this device is its 49 “bullet” electrodes that protrude 

from the array to more optimally increase surface area and improve the electrode-tissue 

interface.92 A one-year clinical trial was undertaken in three subjects with retinitis pigmentosa. 

No major complications were reported, and subjects showed improvement in object detection, 

object discrimination, and reach and grasp tasks.93  

Optic nerve implants 

Artificial vision can also be achieved by stimulation of the optic nerve. Within the cylindrical 

structure of the nerve bundles forming the optic nerve, different parts of the visual field are 

represented at different axial angles and different radii from axis. Spiral cuff electrodes can be 

implanted on the intracranial94,95 or intraorbital optic nerve.96 The cuff wraps around the surface 

of the nerve, locating each of the stimulating electrodes at a different angle around the 

circumference of the nerve in order to achieve spatially distinct phosphenes (Figure 2.11A). 

However, retinotopy is not systematic in the optic nerve97, such that the location of a phosphene 

in the field of view cannot be easily predicted by the location of the stimulating electrode, unlike 

in retinal implants.9,98 Instead, manual mapping of the phosphene locations is required post-

implantation.99 A second challenge is that in the optic nerve, in comparison to the retina or visual 

cortex, the entire visual field is represented within a very small cross sectional area, which could 

lead to very large phosphenes unless current spread is carefully controlled. Cuff electrode optic 

nerve implants were trialled in subjects with retinitis pigmentosa, enabling recognition of simple 

patterns, but have not been pursued since.100,101 

More recently, penetrating electrodes for optic nerve stimulation were proposed, whereby an 

array of electrodes within the vitreous cavity penetrate directly into the optic nerve head (Figure 

2.11B).102,103 Penetrating electrodes are expected to reduce perceptual thresholds and limit 

current spread, resulting in greater spatial resolution, and the full cross section of the optic nerve 

(i.e. full visual field) is available for stimulation. Further, retinotopy in the optic nerve is more 

predictable at the optic nerve head, possibly simplifying phosphene mapping.97,104 The use of 

Figure 2.11: Stimulating electrodes for optic nerve implants. (A): an example of a spiral cuff electrode designed for 
peripheral nerve stimulation. The electrodes are housed in a silicon cuff that wraps around the nerve. Reused with 
permission from Schuettler (2001).244 (B): penetrating electrodes for optic nerve stimulation. The electrodes are 
placed within the vitreous cavity and penetrate the optic nerve head. Reused with permission from Nishida (2015).105 
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penetrating electrodes, and the trans-scleral cable needed to power them, could compromise 

the long-term stability in this approach relative to spiral cuff optic nerve implants. Pilot studies 

have demonstrated that electrical stimulation with these penetrating electrodes led to the 

perception of phosphenes in a blind subject102,105. It remains to be seen whether clinical trials 

will progress. 

Thalamic implants 

The lateral geniculate nucleus (LGN) of the thalamus has been proposed as a potential site for 

electrical stimulation for artificial vision.106 Several features of the structure of the LGN make it 

a promising target. Firstly, the LGN is unique in the visual system in that it is divided into several 

layers corresponding to different visual functionalities; M type (luminance, motion, depth), P 

type (red and green chrominance, fine detail), and K type (blue chrominance) retinal ganglion 

cells each project to distinct regions of the LGN.23 ON-centre and OFF-centre cells are also 

spatially segregated in the LGN. This presents the potential for functionally selective stimulation, 

which is not presently possible in retinal or cortical implants.107 Secondly, the spatial 

representation of the visual field in the LGN is proportional to the density of retinal ganglion 

cells in the corresponding area of the retina, such that a proportionately larger area of the LGN 

is dedicated to representing central vision compared to peripheral vision. Therefore, a uniform 

electrode array would yield high density of phosphenes in the central visual field and a lower 

density in the periphery, similar to the acuity of natural vision.108 Finally, thalamic implants 

would be suitable even in cases blindness caused by trauma or complete loss of the eye and 

optic nerve. 

Despite these benefits, the development of thalamic implants lags that of retinal, cortical, and 

optic nerve implants. Primate model experiments have shown that stimulation of the LGN can 

elicit phosphenes109 but there do not appear to be any devices intended for human use currently 

under development. This is largely due to small size of the LGN, approximately 250mm3 or 6mm 

along each dimension, and its anatomical position 8cm below the surface of the brain, which 

make the LGN a difficult surgical target. The compressed representation of the visual field in the 

LGN relative to the retina or visual cortex may also limit the number of stimulating electrodes 

that can be implanted. Additionally, the left and right LGN each represent opposing halves of 

the visual field, requiring bilateral implantation if the full visual field is to be covered.107 

However, high-precision implantation of electrodes for deep brain stimulation is fast becoming 

an established procedure for treatment of Parkinson’s disease and other movement 

disorders,110 and these advances may prove useful for future thalamic implants. 

Cortical implants 

The primary visual cortex (V1) has been considered as a target for electrical stimulation since 

the early work of Brindley and Lewin in 1968.49 Cortical implants could be applicable in a wide 

range of blindness conditions as they bypass the retina and optic nerve entirely. From a surgical 

perspective, surface electrodes provide the least invasive means of stimulating V1. Penetrating 

electrodes, which require less current to reach perceptual thresholds and therefore enable a 

greater density of electrodes and improve spatial resolution, have been tested in human and 

animal models111–113 but may not be as well tolerated in chronic implantation. The 

representation of the visual field is greatly expanded in V1 compared to the retina, making it a 

viable site for large numbers of stimulating electrodes; however, approximately 67% of the 
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surface area of V1 is concealed within sulci and therefore inaccessible to surface electrodes.114 

Although neurons in V1 are retinotopically arranged, they are organised in a layered three-

dimensional structure that differs between individuals, making it difficult to predict the position 

of a phosphene within the visual field based on 2-dimensional electrode position. Therefore, 

manual mapping of phosphene locations is required. The obvious downside of cortical implants 

relative to retinal implants is that neurosurgical implantation of electrodes in the brain carries a 

risk of brain haemorrhage and infection. Other risks include stimulation-induced seizures, as 

previously observed in humans55 and in cats.115 

A clinical trial for the Orion cortical implant (Second Sight Medical Products Inc., USA) is currently 

underway following a successful chronic safety study in one subject.116 The device comprises 60 

flat electrodes implanted on the surface of V1 (Figure 2.12), an implanted stimulator, wireless 

link, head-worn camera and video processing unit. Six participants received the device in 2018, 

and preliminary results at 12 months post-implantation were promising; perceptual thresholds 

were stable, and three out of four participants were capable of object localisation and motion 

detection with the device. One seizure while under lab supervision was reported.117 

The CORTIVIS project, supported by the Commission of the European Communities, aims to 

develop a cortical visual prosthesis utilising the Utah array – a widely-used penetrating electrode 

array that already has FDA approval for long-term human implantation. Early human 

experiments in 12 patients with epilepsy or brain tumours have demonstrated that implantation 

can be performed without major complications and electrical stimulation of the occipital lobe 

with the array produces phosphenes.112 No long-term implantation in blind patients has yet 

been reported.  

  

Figure 2.12: Schematic of the Orion cortical visual prosthesis (Second Sight Medical Products Inc., USA). The 
stimulating surface electrodes are located over the medial occipital lobe. Reused with permission from Niketeghad 
(2019).245 
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Table 2.1: Summary of visual prostheses that have been tested in chronic implantation in humans. The ‘gaze 
contingent’ column indicates whether the image sensor moves in parity with eye movement.  

Device Company Implant 
location 

Number of 
electrodes 

patients 
implanted 

Gaze 
contingent 

Current status 

Argus II57 Second Sight 
Medical Products 
Inc., USA 

Epiretinal 60 >350 no FDA and CE mark 
approval. 
Commercially 
available. Ceased 
manufacture in 2019 

IRIS II68 Pixium Vision SA, 
France 

Epiretinal 150 10 no CE mark approval. 
Discontinued due to 
short device lifetime 

EPIRET371 EPIRET GmBH, 
Germany 

Epiretinal 25 6 no Acute (28 day) clinical 
trial completed. No 
further clinical trials 
planned 

NR-60072 Nano Retina Ltd., 
Israel 

Epiretinal 
(penetrating) 

600 2 limited Ongoing clinical trial in 
up to 20 patients 

Alpha 
IMS75 

Retina Implant AG 
GmbH, Germany 

Subretinal 1500 30 yes CE mark approval. 
Superceded by Alpha 
AMS 

Alpha 
AMS79 

Retina Implant AG 
GmbH, Germany 

Subretinal 1600 28 yes CE mark approval. 
Discontinued in 2019 

PRIMA84 Pixium Vision SA, 
France 

Subretinal 378 5 limited Ongoing clinical trial in 
five patients 

STS118 Artificial Vision 
Project and NIDEK 
Co., Japan 

Suprachoroidal 
trans-scleral 

49 3 no 12 month clinical trial 
completed 

BVT 2nd 
gen.89–91 

Bionic Vision 
Technologies Ltd, 
Australia 

Suprachoroidal 44 4 no Ongoing clinical trail in 
4 patients 

ORION116 Second Sight 
Medical Products 
Inc., USA 

Cortical (V1) 60 6 no Ongoing clinical trial in 
six patients 
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2.3. Evaluation of visual prostheses 

 

Figure 2.13: A user of the Bionic Vision Technologies 2nd Generation Suprachoroidal Retinal Implant performs a 
synthetic “doorway detection” task as a measure of patient outcomes. The participant must search for a mock door 
(block rectangle) in a white room. A researcher (right) measures the distance from the door to the final position of the 
user (left).  

As with any visual aid the goal of a visual prosthesis is to enhance the quality of life of the patient, 

either by enabling them to independently perform tasks that were previously not possible, or 

by making previously difficult tasks easier. The degree to which the patient can effectively utilise 

artificial vision in everyday life should always be the determining factor in the success of a visual 

prosthesis. Of course, this is a difficult premise to quantify as it depends on the individual’s 

specific rehabilitative goals, their level of motivation and commitment to rehabilitation, their 

lifestyle and the environment in which they typically use the device, and their own subjective 

perception of the impact the device has had on their lives. Observation of the patient using their 

device in the home environment plays an important role in outcome assessment, but this is 

supplemented by controlled laboratory-based testing in order to more fully understand the 

capabilities and limitations of a visual prosthesis. This testing usually involves assessment of 

visual function, orientation and mobility, and activities of daily living. These outcome 

assessments are the primary means by which the effectiveness of visual prostheses can be 

measured and compared.  

2.3.1. Device fitting 

Camera-based visual prostheses generally allow a clinician to directly control stimulation to 

individual electrodes, bypassing the camera. For photodiode devices a similar effect can be 

achieved by projecting calibrated optical patterns onto the implanted sensor.119 This is a useful 

tool for characterising the dictionary of phosphenes available to the patient and establishing 

optimal stimulation parameters. For example, the perceptual threshold for an electrode can be 
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determined by varying charge levels according to a staircase procedure.120 This is then used to 

set the operational charge range for that electrode. Phosphene mapping tasks can also be 

performed, in which electrodes are activated individually and the patient indicates the location 

of the resultant phosphene. Phosphene mapping is especially important for cortical implants, as 

phosphene locations are not easily predicted from cortical electrode locations.99 The clinician 

may also use direct-to-array stimulation to identify and disable electrodes that do not yield a 

phosphene to minimise the total charge delivered, and may consider disabling electrodes that 

produce confusing or indistinct phosphenes if these interfere with the interpretation of other 

more useful phosphenes. Visual function assessment 

Light localisation 

Light localisation is generally assessed using a square localisation task in which the patient 

attempts to search for a square white target against a black background and point to the centre 

of the target with their finger. Usually the targets are displayed on a touchscreen monitor and 

the patient response is collected via the touchscreen. The primary measure of performance on 

the task is the average pointing error – the distance between the target and the point the patient 

touched. The Basic Light and Motion (BaLM) ‘Location’ task, a forced-choice task within the 

BaLM test suite121 in which the patient must determine which wedge segment of a circle on a 

monitor is illuminated, is another commonly used light localisation task. 

Light localisation is perhaps the most basic requirement for a visual prosthesis. It does not 

require any form vision, motion detection, or resolution of detail. In fact, a single phosphene is 

enough to complete most light localisation tasks. This is reflected in the success of most patients 

in these tasks. In a cohort of 30 Argus II patients, pointing accuracy in a square localisation task 

was better with system on versus system off in 93% of patients tested at 1 year post-

implantation, 89.3% of patients tested 3 years post-implantation, and 80.9% at 5 years post-

implantation.59,64 Light localisation was also achievable for many Alpha IMS patients, although a 

confound was observed between surgical placement and task performance. Overall, only 17/29 

(59%) of Alpha IMS patients tested could pass the BaLM location task. However of these, 100% 

of patients with foveal array placement passed the assessment, suggesting parafoveal array 

placement was associated with poor outcomes.75,122 In the subsequent clinical trial of the next 

generation Alpha AMS system the array placement was foveal in all patients, and all patients 

tested passed the BaLM location task.79 Preliminary results from the Orion cortical implant 

Figure 2.14: Light localisation tasks. (Left): Example of a BaLM ‘Location’ stimulus presented to a user of the Bionic 
Vision Australia 1st generation suprachoroidal retinal implant in a four alternative forced-choice task. The wedge-
shaped stimulus could be oriented right (shown), left, up, or down. The red dots indicate the locations in the image 
that were sampled to determine the electrode activity. Reused with permission from Barnes (2016).185 (Right): 
Photograph of a healthy-sighted subject performing a target localisation task under stimulated prosthetic vision. 
The white target appeared in random locations on the screen, and the subject was required to find it and touch it 
with their finger. Reused with permission from Titchener (2018) [CC BY 4.0].17 

https://creativecommons.org/licenses/by/4.0/
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clinical trial (Second Sight Medical Products Inc., USA) show that three out of four patients 

performed better in a square localisation task with system on versus system off at one year post-

implantation.117 

As the outcome measure includes the direction and magnitude of pointing errors, the square 

localisation task may also be used to align the camera with the patient’s perception. It is optimal 

that the location of a percept in the visual field aligns with the real-world location of the 

stimulus. To this end, it is necessary to carefully align the camera, either mechanically or by 

shifting the sampled region in software. Misalignments between the camera and the patient’s 

perception manifest in the square localisation task as a systematic offset between the target 

and the touch point.123  

Motion discrimination 

Motion discrimination tasks measure the ability of the patient to determine the direction of 

motion of moving stimuli. This is usually tested using a high contrast stimulus moving at a 

constant speed across the field of view, but the specific method varies between research groups. 

Second Sight Medical Products (Argus II epiretinal implant and Orion cortical implant) use a 

moving bar task in which a white bar moves across a black background in a randomly selected 

direction (0-360°) on a touchscreen monitor. The patient responds by swiping their finger across 

the touchscreen in the perceived direction of motion. The error between the movement angle 

and the response angle is compared between system on and system off. Between 50% and 56% 

of Argus II patients, depending on specific cohort and time-point, perform better on this task 

with the system on than off.58,59,61,63 In these tests the speed of the bar ranged 7.9°/s to 31.6°/s 

and was selected for each patient according to their best performance. In preliminary reports 

from the Orion clinical trial, three out of four patients performed better in this task with system 

on versus system off.117  

A four alternative forced choice (4AFC) adaptation of the moving bar task has been used in the 

clinical trials of Bionic Vision Technologies’ suprachoroidal retinal implant. In this task the bar 

moves in one of the four cardinal directions and the patient responds by pressing the 

corresponding button on a keypad. One out of three patients with a 24-channel suprachoroidal 

implant, and two out of four patients with a 44-channel suprachoroidal implant, achieved a pass 

score (accuracy ≥ 62.5%) for bar speeds between 7°/s and 64°/s.16,124 Patients implanted with 

the Alpha IMS and Alpha AMS subretinal implants have been tested using the 4AFC BaLM 

‘Motion’ task, in which a randomised field of white dots move across a black background at a 

constant speed between 3.3 to 35°/s. Only 6/28 (21%) of Alpha IMS patients tested and 2/13 

(15%) of Alpha AMS patients achieved a passing score,75,79 however, this task is likely to be more 

difficult than moving bar tasks because some level of visual acuity is necessary in order to 

discriminate the multiple dot stimuli. 

Motion discrimination is more complex than light localisation, and the smaller number of 

patients capable of motion discrimination reflects this. In fact, light localisation is a prerequisite 

for motion discrimination, as localisation of the moving stimuli on at least two time points is 

necessary to appreciate motion. Moving bar tasks are theoretically possible with only a single 

phosphene (i.e. no requirement for any spatial resolution) through strategic head scanning. 

However, it was reported that scrambling the spatial information of the stimulation was 
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detrimental to performance of Argus II patients in a motion detection task, suggesting that the 

patients did utilise retinotopic information in the task.63 The temporal characteristics of 

stimulation sequences may also affect motion discrimination, though the effect of this has not 

been systematically studied. 

Visual acuity 

Despite recent advances, the spatial resolution and visual acuity realised in visual prostheses 

remains modest at best. Patients have found use for the present capabilities of artificial vision 

in a range of activities of daily living, but tasks such as reading, recognising faces, and resolving 

fine detail remain beyond reach. In theory, visual acuity in retinal implants is determined by the 

density of stimulating electrodes and hence the theoretical visual acuity of a retinal implant can 

be calculated directly from the electrode pitch – the spacing between neighbouring electrodes 

(in μm) determines the expected spacing between phosphenes in the visual field (in degrees of 

visual arc).9,125,126 No present-day devices offer acuity better than the threshold for legal 

blindness (1.0 logMAR), and in practice, visual acuity is expected to be well below the theoretical 

maximum due a number of factors including current spread and the fact that usually only a 

subset of electrodes is utilised.  

Acuity of visual prostheses is typically assessed using a grating acuity task or a Landolt-C 

optotype acuity task. In the grating acuity task the patient must identify the orientation of a set 

of alternating black and white stripes, and the narrowest gauge of grating (measured in cycles 

per degree of visual arc, cpd) that can be reliably perceived is the acuity measure. In the Landolt-

C optotype recognition task the patient must identify the orientation of a ring broken by a gap 

(i.e. a letter ‘C’ optotype) and the minimum reliably perceivable gap width is taken as the acuity 

measure (measured in logMAR).  

Table 2.2 summarises the visual acuity outcomes for several different visual prostheses. For each 

device the best reported optotype acuity is comparable to the theoretical maximum for that 

device. For example, one patient with an Alpha IMS implant and one patient with an Alpha AMS 

implant could discriminate Landolt-C optotypes up to 20/546 (1.44 logMAR), compared to a 

theoretical limit of 20/280 (1.15 logMAR) for those devices,75,79 and one patient implanted with 

a 24-channel suprachoroidal retinal prosthesis could discriminate Landolt-C optotypes up to 

20/4451 (2.35 logMAR) compared to a theoretical limit of 20/4242 (2.33 logMAR).88 However, it 

is important to note this is not representative of the average user for any particular device – 

visual acuity is not near the theoretical maximum for most individuals, and many have no 

Table 2.2: Summary of visual acuity measures reported in visual prosthesis clinical trials. Theoretical acuity limits are 
calculated from the pitch of the stimulating electrodes. Hyphens (-) indicate that no data have been reported. No 
acuity measures have been reported for the STS retinal implant, IRIS epiretinal implant, or Orion cortical implant. 

Device  Landolt-C acuity  Grating acuity 

Name 

Electrode 
pitch 
(um) 

Theoretical 
acuity 

(logMar) 

 % of patients  
able to perform 

task 

Highest 
reported 
(logMAR) 

 % of patients  
able to perform 

task 

Highest 
reported 
(logMAR) 

BVT 24-ch63 1000 2.33  33% 2.35  - - 

Argus II66 575 1.9  - -  48% 1.8 

PRIMA91 100 1.37  60% 1.36  - - 

Alpha IMS82 70 1.15  14% 1.44  48% 0.96 

Alpha AMS86 70 1.15  15% 1.44  92% 0.96 
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measurable acuity at all (48% of Argus II and Alpha AMS users). The Alpha IMS/AMS are the only 

devices for which both grating and Landolt-C acuities have been reported, and for both devices 

the best reported grating acuity is much better than the best optotype acuity.75,79 It has been 

suggested that this is because the two tests measure different aspects of spatial discrimination, 

since grating cues are spread over a large area of the visual field whereas discrimination of 

optotypes requires discrimination of a single feature.75  

Compared to Alpha IMS patients, a much greater proportion of Alpha AMS patients can 

discriminate grating stimuli (Table 2.2).75,79 This can be explained by the placement of the array 

on the retina, as it was found that parafoveal placement in the initial Alpha IMS cohort was 

associated with worse visual function when compared to foveal placement and the surgical 

procedure was altered accordingly for subsequent patients.122 A similar result has been reported 

from the Pixium Vision PRIMA trial, in which three patients with foveal array placement could 

discriminate Landolt-C optotypes and two others with more peripheral array placement could 

not.84 The integrity of the inner retina is also likely to play an important role in determining a 

patient’s visual acuity, though this is more difficult to measure. 

It is also interesting to note that the highest reported grating acuity scores for the Alpha IMS, 

Alpha AMS, and Argus II devices are better than the theoretical limit determined by the 

electrode pitch (Table 2.2).59,75,79 It is thought that this ‘hyperacuity’ is possible through the 

parsing of temporal cues created by strategic head scanning (and eye scanning, for photovoltaic 

devices).56 This suggests that visual acuity in artificial vision may not be directly comparable to 

visual acuity in normal vision, as visual prosthesis users may depend upon a different set of cues 

and techniques to sighted individuals.88 Nevertheless, it can be said that some patients are able 

to use artificial vision to resolve features that are comparable to the theoretical limits of their 

device. 

2.3.2. Orientation and mobility  

Functional outcome measures include mobility and navigation tasks, hand-eye coordination, 

and object recognition and identification. Typically, these tasks are carried out in synthetic 

laboratory set-ups featuring high contrast stimuli and minimal distractors to enable a controlled 

comparison of performance on the task with the system on and off. The tasks are carefully 

selected to emulate some task or activity in which the patient might utilise artificial vision in the 

daily life and, despite their synthetic nature, it is expected that performance on these tasks 

correlates with real-world outcomes. Results from various retinal implant clinical trials show 

improved performance with system on versus off in such tasks as following a line on the floor, 

finding a mock door in an empty room (Figure 2.13), and counting and locating the number of 

items on a tabletop.  

Recognition of objects is more challenging. For example, Alpha IMS patients could count and 

locate the number of geometric shapes on a table but could not reliably identify the 

shapes.59,75,79,118,127 This is unsurprising given the limitations of present electrical stimulation 

strategies. These results support the notion that modern visual prostheses can be useful for 

everyday tasks such as navigation and localisation of objects but are unlikely to be useful for 

tasks that require resolution of fine detail.  
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2.3.3.  Activities of daily living 

Perhaps the most important measure of functional vision is the Functional Low-Vision Observer 

Rated Assessment (FLORA, Second Sight Medical Products Inc., USA).8,65 This assessment 

combines a self-report questionnaire with expert observation of the patient in the home 

environment by a low vision rehabilitation specialist. The FLORA assessment can quantify 

quality-of-life (QoL) impacts, both in terms of expert-assessed performance with activities of 

daily living and in subjective patient-reported outcomes (PROs).  

To administer the FLORA, the rehabilitation specialist first interviews the patient to gauge their 

subjective experience with the device and identify rehabilitative goals. The patient is then 

observed performing a number of activities of daily living in their home environment. The 

observations and interview are then rated by an independent evaluator on a scale of “positive” 

to “negative” to summarise the impact the device has had on the life of the patient. Results from 

the Argus II clinical trial show that 80% of patients had a “positive” or “mild positive” outcome 

at one year post implantation, dropping to 65% at three years post implantation. The remaining 

patients had either a “neutral” outcome or a “prior positive” outcome (self-reported positive 

outcomes that could not be replicated at the time of the test).61 According to preliminary results 

from the ORION cortical implant clinical trial four out of four patients tested at one year post-

implantation had a “positive” or “mild positive” FLORA outcome.117 The FLORA is also a primary 

outcome measure for the ongoing clinical trial of the Bionic Vision Technologies 44-channel 

suprachoroidal retinal implant (NCT NCT03406416). In an assessment similar to the FLORA, 

Alpha IMS patients were asked to self-report their visual experiences, and 45% of patients 

reported useful new daily life experiences with the device.75 

2.4. Anticipated developments 
Novel electrode designs may lead to improved spatial resolution, as conventional platinum 

electrodes cannot safely stimulate neurons when the electrodes are small. Coating the surfaces 

of platinum electrodes with other materials can improve the electrochemical properties of the 

electrode, allowing for smaller electrodes. Possible coatings include conductive polymers, 

carbon nanotube, graphene, and diamond.128,129 The geometry of the electrode can also improve 

spatial resolution, for example, three-dimensional electrode geometries use vertical column-like 

return electrodes to separate stimulating electrodes and contain the path of the current, 

reducing current spread (Figure 2.15).130–132 

Other studies have investigated novel stimulation strategies to improve spatial resolution 

without necessarily changing the electrode design. These studies aim to use carefully selected 

stimulation waveforms to selectively activate cell subtypes,133,134 for example addressing on-

type and off-type cells separately. Electric field shaping exploits the interaction of the electric 

fields from neighbouring electrodes and has been proposed as a method for more precise 

control over stimulation. Some groups are investigating the notion of using electric field shaping 

to construct “virtual electrodes” that produce phosphenes in the spaces between electrodes135, 

while others are attempting to move away from the concept of phosphenes as distinct light 

points and instead use global (whole array) electrical field shaping based on models of retinal 

activation.136   
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Improved video processing may be another useful way to improve user experiences, as present 

visual prostheses generally only apply simple contrast enhancement or edge detection to 

captured images. Some methods aim to improve comprehension of the percept by identifying 

salient stimuli and eliminating distracting stimuli. Depth cameras enable segmentation of the 

ground plane, foreground, and background, so that obstacles or items of interest that are 

immediately relevant (foreground) can be isolated and presented without distracting activity 

from background objects. A depth-based approach to video processing has been shown to 

improve performance in a mobility task in recipients of a suprachoroidal retinal implant but is 

not yet available in any commercial devices.137 Similarly, thermal imaging may be useful for 

detecting people against noisy backgrounds.138 Feature extraction using machine learning may 

also be a viable method for identifying salient stimuli.139 Other methods attempt to mimic the 

processing that occurs in the retinal circuits in normal vision in order for stimuli to more closely 

resemble a natural signal.140,141 

2.5. Eye movements in prosthetic vision 
Anyone who has ever had the afterimage of a lightbulb filament lingering in their vision may 

have experienced the bizarre frustration of seeing the image dance away whenever they turn 

their eyes towards it. Ordinarily, eye movements are useful for exploring a visual scene because 

Figure 2.15: Flat (a) and honeycomb (b) configurations of the return electrode for a subretinal prosthesis. (c) Planar 
pixels with circumferential returns generate locally confined electric fields with shallow vertical penetration. Electric 
potential (shown in false color scale for 68 nA current) is represented with respect to potential in the middle of IPL, 
where axon terminals of bipolar cells reside. (d) Return electrodes on top of the insulating walls create a vertical dipole 
confined to the pixel volume and thereby maximize the vertical potential drop across the target cell layer. Current 
magnitude (arrow length) is shown in log scale. Reused with permission from Flores (2019)130 [CC BY 4.0]. 

https://creativecommons.org/licenses/by/4.0/
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they allow light from different locations to refract onto the fovea. In the case of the filament 

afterimage, the lingering perception is caused by the specific area of the retina that was 

overexposed to light and is therefore perfectly stationary on the retina – eye movement does 

not change the part of the retina receiving the stimulus. Moving one’s eyes towards the 

afterimage only causes it to jump further away by the same amount. The afterimage appears to 

move against the ambient visual scene because its source is fixed in place with respect to the 

retina, while the rest of the visual scene is not.  

The phenomenon of visual perceptions appearing to remain retinotopically stable applies to 

visual prostheses also. In one of the first clinical trials for a cortical visual prosthesis, Brindley 

and colleagues noted that “During voluntary eye movements, the phosphenes move with the 

eyes”49 just as the lightbulb filament afterimage does. The same phenomenon is observed in 

retinal implants because the stimulating electrodes are affixed to the retina. Retinal stability of 

phosphenes is in fact problematic because it can cause the location of the percept within the 

visual field to be dissociated from the actual location (in the real-word axes) of the stimulus 

captured by the camera.  

Only when the user’s gaze is directed straight ahead, aligned with the camera axis, are the 

apparent percept location and actual stimulus location aligned. Eye position therefore plays an 

important role in perceptual localisation (as discussed in Section 2.1.3), and eye movement in 

retinal implant recipients can compromise perceptual localisation and hand-eye coordination. 

When Argus II recipients were asked to point at a target while intentionally holding their gaze in 

an eccentric position, their direction of pointing was significantly skewed towards the direction 

of the eye movement.142 As it stands, retinal implant users must be trained to keep their gaze 

fixed centrally and explore their visual environment using only head movements in order to 

reduce the incidence of eye-camera misalignments. Users have difficulty maintaining central 

gaze and find keeping a fixed gaze very unintuitive, especially since they have no visual feedback 

with which to gauge their eye position.143  

Oculomotor function is largely preserved in many forms of acquired blindness144, and subjects 

implanted with the Alpha IMS subretinal implant (which uses implanted photodiodes instead of 

an external camera and hence does not suffer from eye-camera misalignments) exhibit 

“qualitatively normal” eye movements when compared to normal sighted subjects.145 Thus 

there is reason to believe that resolving misalignments between the eye and camera 

orientations in camera-based retinal implants could improve coordination and perceptual 

localisation abilities and allow recipients to use naturalistic eye movements to redirect their 

gaze. One group has proposed replacing the external camera with an intraocular camera so that 

the camera bearing is contingent on gaze, though the surgical feasibility of such a system has 

not been established.146,147 Alternatively, the sampled region of an image captured by a wide 

field of view camera could be shifted to compensate for eye movement, monitored by an eye 

tracker. This method is referred to as “gaze compensation”. As an added benefit, gaze-

compensated systems might help to counteract percept fading, as eye movement was 

correlated with reduced incidence of percept fading in subjects implanted with the Alpha IMS 

subretinal implant.145 
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Some studies have investigated the benefits of gaze compensation in visual prostheses. 

Shivdasani et al (2015) found that retinal implant recipients performed significantly better on a 

spatial discrimination task after gaze compensation was enabled.148 McIntosh (2015) found a 

significant improvement in subject performance on a reach and grasp task in simulated 

prosthetic vision after enabling gaze compensation, but only for phosphene densities much 

higher than is currently feasible.146 This result was possibly because the tasks were too complex 

(with many distractor objects) to be completed easily with low resolution regardless of gaze 

compensation. In a much simpler square localisation task, gaze compensation was associated 

with improved localisation accuracy in Argus II recipients.149 

Acquired vision loss is often associated with pathological oculomotor conditions such as 

nystagmus (rapid involuntary eye movements, most often in a repetitive to-and-fro ‘beating’ 

pattern) and strabismus (misalignment of the eyes).144 Nystagmus can degrade vision by 

preventing stable fixation, and in prosthetic vision would presumably cause the artificial percept 

to be unsteady.150 Strabismus in natural vision can cause double vision and interfere with depth 

perception – neither of which are relevant to present-day monocular visual prostheses. 

However, the eye used to focus on an object can alternate, which could conceivably confound 

attempts to determine direction of gaze in visual prosthesis users.151 To my knowledge no 

studies investigating the perceptual effects of nystagmus or strabismus in visual prosthesis users 

have been published. 
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Chapter 3.  Methods and apparatus 

This chapter describes general experimental methodology that is relevant to many of the studies 

presented in subsequent chapters. Each study chapter also includes a description of the 

methods specific to that chapter. 

3.1. Suprachoroidal retinal implant 
The thesis presents a number of studies in subjects implanted with a suprachoroidal retinal 

implant. The implant was developed first by the Bionic Vision Australia consortium, and more 

recently by Bionic Vision Technologies. Chapter 5 presents results from two subjects implanted 

with the prototype 24-channel suprachoroidal retinal implant (NCT01603576, 2012-2014). 

Chapter 6, and Chapter 8 present results from four subjects implanted with the 2nd generation 

44-channel surprachoroidal retinal prosthesis (NCT03406416, 2018-2020). 

3.1.1. The 24-channel suprachoroidal retinal implant 

The 24-channel suprachoroidal retinal implant, shown in Figure 3.1, was a prototype device 

developed by the Bionic Vision Australia consortium. A clinical trial in three subjects with end-

stage retinitis pigmentosa took place in 2012-14 with the intent of proving the safety, stability, 

and efficacy of the suprachoroidal approach.  

The intraocular components of the device comprise 35 platinum disc electrodes (20 active, 13 

ganged-return, 2 return) embedded in silicone and implanted in the suprachoroidal space. A 

trans-scleral lead wire connected the electrode array to a percutaneous connector behind the 

ear. Stimulation was provided by a non-portable external multi-channel stimulator,152 meaning 

the system was not fully implantable and could only be used in the laboratory under research 

supervision.  

Chapter 3  
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Figure 3.1: The intraocular electrode array of the suprachoroidal device (A) and the entire device (B), showing the array 
connected to the percutaneous connector via a helical lead wire. The electrodes on the intraocular array (C) were 
numbered for analysis, with the black electrodes (21a to 21m) being ganged to provide an external ring for common 
ground and hexagonal stimulation parameter testing. Note electrodes 9, 17 and 19 were smaller (400 mm vs. 600 
mm). The percutaneous connector protruded through the skin behind the ear (D), allowing direct connection to the 
neurostimulator via a connecting lead (E). The scleral incision was made 9 mm to 10 mm posteriorly from the sclero-
corneal limbus. Reused with permission from Ayton (2014)88 [CC BY 4.0]. 

3.1.2. The 44-channel suprachoroidal retinal implant 

Following the successful phase I clinical trial a fully implantable suprachoroidal retinal implant 

system was developed, featuring 44 active electrodes instead of only 20, a wider field of view, 

and implantable stimulator units (Figure 3.2). Four subjects with end-stage retinitis pigmentosa 

were implanted with the device in 2018 as part of a clinical trial to demonstrate its utility in daily 

life, including unsupervised use outside the lab. 

The retinal implant comprised 44 platinum disc electrodes embedded in silicone (Figure 3.2) 

implanted in the suprachoroidal space, connected via a lead-wire to a pair of subcutaneous 

stimulators behind the ear. Figure 3.3 shows an example of the placement of the array with 

respect to the macula. A psychophysical fitting procedure established the stimulation 

parameters for each individual, which were then used for all lab assessments, training, and at-

home use. The fitting procedure involved selecting the subset of electrodes that produced the 

optimal experience for the individual. Electrodes were excluded from the configuration if they 

did not yield a phosphene within safe charge limits or if the phosphene was confusing, indistinct, 

or not easily discriminable from other phosphenes. Any two neighbouring electrodes could 

optionally be operated as a shorted pair to increase the effective surface area and raise the safe 

charge limit, allowing for phosphenes in areas of the retina that did not respond optimally to 

single-electrode stimulation.  
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Figure 3.2: The fully implantable suprachoroidal retinal implant currently in phase II clinical trial in four subjects (Bionic 
Vision Technologies Ltd., Australia). (Left): the external components include a camera mounted on a pair of glasses, a 
pocket-sized processing unit, and a pair of coils to communicate with the implanted stimulators. (Right): the 
intraocular component of the device, comprising 46 platinum disc electrodes embedded in silicone, of which 44 (small 
size) are stimulating electrodes and two (large size) are return electrodes. Photo credit: William Kentler and David 
Nayagam ©Bionic Vision Technologies Pty Ltd. 

 

 

 

Figure 3.3: Fundus image showing the 44-channel suprachoroidal electrode array implanted within the eye. The 
electrodes are visible as bright circles. The large red dot indicates the estimated location of the fovea and concentric 
red circles indicate 10° eccentricities of visual field according to the Drasdo and Fowler schematic eye.125,126 
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3.1.3. Video processing 

Stimulation could either be directly controlled by the research software (“direct-to-array”) or 

modulated by images captured by a head-mounted camera. Camera images were processed 

using a Lanczos2 antialiasing filter153 and contrast enhancement. In normal operation (“Normal” 

condition) the spatial mapping from camera image to electrodes was uniform, such that 

electrode activity was determined by sampling the processed image at locations directly 

corresponding to the retinotopic location of each electrode. A “Scrambled” condition was also 

used, in which the same sampling locations were randomly assigned to the electrodes every five 

seconds to disrupt the spatial structure of the image while maintaining similar field of view, 

overall brightness, and number of phosphenes – allowing a functional assessment of retinotopic 

discrimination as described in our previous work.154 The charge delivered in each stimulation 

pulse was determined by a linear mapping of pixel brightness (0-255) to the dynamic range of 

each phosphene.  

3.2.  Eye and head tracking 
The studies presented in the subsequent chapters employ a video-oculography eye tracking 

apparatus (Arrington Research, AZ, USA) to monitor eye position. The system uses head-

mounted cameras that face towards the eyes to sample the position of the pupil at 60Hz. These 

cameras are mounted to a purpose-built spectacle frame for low vision subjects (Chapter 4) and 

retinal implant users (Chapters Chapter 5,Chapter 6,Chapter 8), or are integrated into the head-

mounted-display for participants using simulated prosthetic vision (Chapter 7). A conversion 

from sampled pupil position (pixels) to gaze angle was possible after a calibration routine, but 

as this required the subject to fixate on visual targets it was therefore only possible to calibrate 

for sighted participants (Chapters 4 and Chapter 7). For blind participants (Chapter 5, Chapter 6, 

and Chapter 8) the system was instead configured to output the raw position of the pupil in the 

camera image, with (0, 0) representing the bottom left corner and (1, 1) representing the top-

right corner of the image. A tactile calibration was attempted in three retinal implant users and 

is described in more detail in Section 8.2.3. A magnetic motion tracker (Ascension Technology 

Corporation, VT, USA) was used to monitor the head position and orientation at 20Hz. The 

motion tracker was fastened to the spectacle frame above the implanted eye for retinal implant 

users or on the nose-bridge for low vision patients. The motion tracker system did not require 

calibration.  

Figure 3.4: Image-to electrode mapping for Normal and Scrambled video processing. (A): captured image. (B): Normal 
(retinotopic) conditions, where the intensity values are mapped to electrodes  in the corresponding location. (C): In the 
Scrambled condition, the mapping was purposefully corrupted to be non-retinotopic but contain the same number 
and intensity of phosphenes as for Normal. Adapted with permission from Petoe (2017)154 [CC BY 4.0]. 

https://creativecommons.org/licenses/by/4.0/
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Chapter 4.  Head and gaze behaviour in retinitis 

pigmentosa 

Published as: 

Titchener S. A., Ayton L. N., Abbott C. J., Fallon J. B., Shivdasani M. N., Caruso E., Sivarajah 

P., Petoe M. A. Head and Gaze Behavior in Retinitis Pigmentosa. Invest Ophthalmol Vis Sci. 

2019;60(6):2263-2273. 

 

Purpose: Peripheral visual field loss (PVFL) due to retinitis pigmentosa (RP) decreases saccades 

to areas of visual defect, leading to a habitually confined range of eye movement. We 

investigated the relative contributions of head and eye movement in RP patients and normal 

sighted controls to determine whether this reduced eye movement is offset by increased head 

movement.  

Methods: Eye-head coordination was examined in 18 early-moderate RP patients, 4 late-stage 

RP patients, and 19 normal sighted controls. Three metrics were extracted: 1) the extent of eye, 

head, and total gaze (eye+head) movement while viewing a naturalistic scene; 2) head gain, the 

ratio of head movement to total gaze movement during smooth pursuit; 3) the customary 

oculomotor range (COMR), the orbital range within which the eye is preferentially maintained 

during a pro-saccade task. 

Results: The late-stage RP group had minimal gaze movement and could not discern the 

naturalistic scene. Variance in head position in early-moderate RP was significantly greater than 

in controls while variance in total gaze was similar. Head gain was greater in early-moderate RP 

than in controls, while COMR was smaller. Across groups, visual field extent was negatively 

correlated with head gain and positively correlated with COMR. Accounting for age effects, 

these results demonstrate increased head movement at the expense of eye movement in 

participants with PVFL.  

Conclusion: Retinitis pigmentosa is associated with an increased propensity for head movement 

during gaze shifts, and the magnitude of this effect is dependent on the severity of visual field 

loss.   

Chapter 4  
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4.1. Introduction 
Visual scanning using a coordinated combination of head and eye movement is critical to human 

vision. For individuals with peripheral visual field loss (PVFL) due to retinitis pigmentosa (RP), 

exploring a visual scene necessarily requires a greater degree of scanning. The eye-head 

coordination of RP patients during visual scanning is of interest to clinicians and orientation and 

mobility specialists who could train patients to scan their surroundings more effectively.  

Studies on the effect of PVFL on eye and head movement have yielded conflicting results. The 

hypothesis that PVFL may disrupt the generation of reactive saccades to visually salient targets 

(bottom-up saccade control) is supported by the finding that patients with simulated and actual 

PVFL make fewer than expected saccades into areas of visual defect in a visual search task155,156 

and have a more confined range of eye movement during locomotion.157 Contrarily, in a 

different study PVFL patients made beyond-visual-field saccades frequently during locomotion, 

and there was no difference in eye movement behaviour between PVFL patients and normal 

sighted controls.158 Furthermore, the degree of gaze (eye+head) movement was found to be 

greater in PVFL patients compared to controls in an indoor walking task159 but smaller in a traffic 

gap judgement task.160 In the only PVFL study to our knowledge that has considered the relative 

contributions of eye and head movement, participants with RP employed increased horizontal 

head movement and a similar eye movement during locomotion compared to healthy sighted 

controls.161 None of the aforementioned studies have considered age or field of view extent as 

possible correlates for eye and head behaviour in RP. It is known that healthy subjects can adapt 

to artificial restrictions of the field of view or oculomotor range by increasing the relative 

contribution of head movement to overall gaze movement but it remains unclear whether this 

effect is observed in retinitis pigmentosa.162–165 

In the present study we investigated the relative contributions of head and eye movement in RP 

patients and normal sighted controls during three head-unrestrained tasks. Three measures of 

head movement propensity were extracted: the extent of eye, head, and gaze (eye+head) 

movement while viewing a naturalistic scene;  head gain (the ratio of head movement to total 

gaze movement) during a smooth pursuit task166; and the customary oculomotor range (COMR), 

which measures the orbital range within which the eye is preferentially maintained during a 

saccade task.167 We hypothesised that peripheral visual field loss due to RP would lead to greater 

reliance on head movement and therefore visual field extent would be negatively correlated 

with propensity for head movement.  

4.2. Methods 

4.2.1. Participants 

18 early to moderate stage retinitis pigmentosa (RP) patients (early-moderate RP group, aged 

31-84), four late-stage RP patients (late RP group, aged 55-82) and 19 normal sighted 

participants (control group, aged 30-82), took part in the study. The RP patients were 

categorised as early-moderate RP or late RP based on their ability to perform a central fixation 

task for eye tracker calibration. Participants in the control group all had best-corrected visual 

acuity (BCVA) better than 6/12 in both eyes. Ten patients in the early-moderate RP group used 

no mobility aid regularly, six used a long cane, one used an identification cane, and one used 
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both a long cane and a guide dog. All participants in the late RP group used a long cane regularly 

and one used both a long cane and a guide dog. None of the participants in any group exhibited 

nystagmus, amblyopia, or strabismus. The study was approved by the Royal Victorian Eye and 

Ear Hospital Human Research and Ethics Committee, and was carried out in accordance with the 

tenets of the Declaration of Helsinki with the informed consent of all participants.  

The residual visual field of each RP patient was measured with the Goldmann manual kinetic 

perimetry test by an experienced examiner using a size 5 target, chosen so as to be similar in 

size to the task stimuli. We defined the horizontal and vertical field of view (HFoV, VFoV) as the 

width of the binocular visual field along the horizontal and vertical meridian lines respectively 

when the field of view of both eyes were overlaid with the retinal fixation points aligned (Figure 

4.1), as described in Turano et al (2005).168 Confrontation testing and optometric examination 

performed by an experienced clinician confirmed that the control group were without significant 

visual field loss or retinal or optic nerve disease.  

4.2.2. Eye and head tracking 

A head-mounted infrared eye tracker (Arrington Research, AZ, USA) tracked the eye-in-head 

angle of both eyes at 60 Hz. The system was calibrated by presenting a series of targets at 

predefined locations spanning approximately 80x50°, upon which the participant was required 

to fixate while keeping their head stationary in a chin rest. The chin rest was removed after the 

calibration was complete. Four RP patients were unable to complete the fixation task 

independently due to poor central fixation. In these cases it was necessary for the researcher to 

verbalise the target location (e.g.: “top right”) and to tap on the target to provide a directional 

audio cue for localisation. These patients were allocated to the late RP group on account of their 

poor central fixation. Goldmann perimetry data for these participants included at most only a 

single detection at the origin, corresponding to a horizontal and vertical field of view smaller 

than 1°. An electromagnetic tracking tag (Ascension Technology Corporation, VT, USA) fastened 

to the eye tracker headset worn by the participant recorded the head position and orientation 

Figure 4.1: Example of Goldmann perimetry for a retinitis pigmentosa patient. The visual fields of the left eye 
(magenta) and right eye (blue) are overlaid on the same chart using the methodology of Turano (2005)168 and the 
binocular horizontal and vertical fields of view (HFoV and VFoV, red arrows) are taken as the width along the horizontal 
and vertical meridians of the binocular visual field. Peripheral islands were not included in the calculated field of view. 



Head and gaze behaviour in retinitis pigmentosa 

38 
 

at 20Hz. Head tracker data was up-sampled to 60Hz using a linear interpolator to match the 

sample rate of the eye tracker. 

4.2.3. Experiment procedure 

Participants wore the eye and head tracking apparatus and were seated 1 metre in front of a 

large projector screen that spanned 88x57° of visual arc, and were free to move their heads for 

the duration of the experiment except during eye tracker calibration. Five participants in the 

control group and one participant in the early-moderate RP group wore corrective spectacle 

lenses during the experiment. Stimuli were presented on the screen in a naturalistic scene task, 

a smooth pursuit task, and a saccade task, each described below. The smooth pursuit and 

saccade tasks occurred in both horizontal and vertical configurations. All participants performed 

the naturalistic scene task first, and then performed the saccade and smooth pursuit tasks in 

each configuration once. This was then repeated so that each task and configuration was 

performed twice in total. The configuration of each smooth pursuit task was prescribed by a 

balanced-random schedule, and each smooth pursuit task was followed by a saccade task in the 

same configuration. The late RP group completed two repetitions of the naturalistic scene task 

but could not perform the smooth pursuit and saccade tasks.  

Naturalistic scene task 

The participant was required to passively watch a short computer-generated film that featured 

streams of moving traffic crossing a busy intersection in a single continuous shot from an 

elevated angle (“Rush Hour”, Fernando Livschitz).169 The film was 63 seconds in duration and 

was preceded by a 4° circular white fixation target that was presented in the centre of the display 

for 10 seconds. From the observer’s perspective, traffic moved along both the horizontal and 

vertical medians, covering most of the lower two-thirds of the projected image. 

Smooth pursuit task 

The participant was required to track a 4° circular white target with their gaze as it moved 

smoothly along a 1 dimensional horizontal or vertical path. The target began in the centre of the 

display and remained stationary for 3 seconds before describing three full sinusoidal oscillations 

of equal amplitude along the path, and then stopped in the central position again. After pausing 

in the central position for 3 seconds the target completed another set of three oscillations with 

greater amplitude than the first set. This was repeated until five sets had been completed with 

incrementally increasing amplitudes. In the horizontal configuration of the task the five sets had 

amplitudes of ±8°, 16°, 24°, 32°, 40°, while in the vertical configuration the five sets had 

amplitudes of ±5°, 10°, 15°, 20°, 25° (limited by the aspect ratio of the projected display). Figure 

4.2A plots the target position for a full execution of the horizontal configuration of the task. The 

period of oscillation was constant regardless of amplitude, such that the peak velocity (velocity 

at zero-crossing) increased with oscillation amplitude up to a maximum of 40°/s (Table 4.1). 
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Path orientation Amplitude (°) Period (s) 
Velocity at  

zero-crossing (°/s) 

Horizontal 8 6.28 8 

 16 6.28 16 
 24 6.28 24 
 32 6.28 32 
 40 6.28 40 

Vertical 5 7.18 8 
 10 7.18 16 
 15 7.18 24 
 20 7.18 32 
 25 7.18 40 

 

 

Saccade task 

The participant was required to fixate on 4° circular white targets as they appeared in predefined 

locations on a 1 dimensional horizontal or vertical path. In each trial a fixation target was 

presented in the central position for three seconds. Then the central target was extinguished 

and an eccentric target appeared simultaneously. After a presentation period of three seconds 

the eccentric target was extinguished, at which time the subject was required to return their 

gaze to the remembered location of the central target. This was accompanied by an audio cue 

to prompt participants who had not successfully located the eccentric target to return their gaze 

to the centre. One second after the offset of the eccentric target the central target was re-

presented, marking the beginning of the next trial. The eccentric targets appeared in sets of six, 

with constant amplitude and alternating polarity within a set. The task finished when five sets 

(thirty eccentric targets total) had been presented. As in the smooth pursuit task, the target 

amplitude increased incrementally with each set. In the horizontal version of the task the five 

sets had amplitudes of ±8°, 16°, 24°, 32°, 40°, while in the vertical version the five sets had 

amplitudes of ±5°, 10°, 15°, 20°, 25°. Figure 4.2B plots the target position for a full execution of 

Table 4.1: Amplitude, period, and peak velocity of the oscillating smooth pursuit target 

Figure 4.2: Target position during a single execution of the horizontal smooth pursuit task (top) and horizontal saccade 
task (bottom). Vertical grey lines delimit triplets of equal-amplitude oscillations. The targets followed an obvious 
pattern so as to accommodate participants with peripheral visual field loss. 
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the horizontal configuration of the task. The target locations followed an easily predictable to-

and-fro pattern in a single plane so as to accommodate participants with peripheral visual field 

loss.  

4.2.4. Data analysis  

Eye and head tracking 

Eye-in-head (orbital) azimuth and elevation (°) were measured using the eye tracker, and head-

in-space position (mm), azimuth angle (°), and elevation angle (°) were measured using the 

motion tracker. Eye tracker data was processed to remove blink artefact, then for each trial one 

eye was nominated for further analysis based on a quality statistic reported by the eye tracker 

system. Motion tracker measurements were found to be free of artefact without any processing. 

For the smooth pursuit and saccade tasks only head and eye movements in the direction 

congruent with target movement were analysed. 

Naturalistic scene task 

Eye and head position measurements were summated to produce the gaze position at all time 

points during the task. The dispersion of gaze locations during the task was quantified by the 

area of the bivariate contour ellipse encompassing 68% of the gaze locations measured over the 

duration of the task (Figure 4.3).170 Gaze dispersion was calculated separately for each repetition 

of the task and then averaged to produce a single measure for each participant. Eye position 

dispersion and head position dispersion were similarly defined for the eye and head components 

of gaze separately, allowing for an assessment of the relative contributions of the eye and head 

movement to overall gaze movement. 

Smooth pursuit head gain 

The contribution of head movement to smooth pursuit was quantified by the head gain, as 

described by Proudlock (2004).166 Horizontal head gain (HHG) was calculated from the horizontal 

component of gaze during the horizontal variant of the task while vertical head gain (VHG) was 

calculated from the vertical component of gaze during the vertical variant of the task. For each 

full oscillation of the smooth pursuit target we found the difference between the two most 

Figure 4.3: Gaze location of a control subject during the naturalistic scene task. Eye and head position measurements 
were summated to produce the gaze point relative to the centre of the projector screen at all time points (light blue 
dots). The dispersion of gaze positions is quantified by the area of the bivariate contour ellipse (red) that encompasses 
68% of the gaze position measurements over the trial. Eye and head position dispersion were similarly defined for the 
eye and head components of gaze separately. The display spanned approximately 88°x57° of visual arc. 
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extreme excursions of the head (∆ℎ𝑒𝑎𝑑) and eye (∆𝑒𝑦𝑒) as shown in Figure 4.4. The head gain 

for the trial was then given by 𝐻𝑒𝑎𝑑𝐺𝑎𝑖𝑛𝑡𝑟𝑖𝑎𝑙 =  
∆ℎ𝑒𝑎𝑑

∆𝑒𝑦𝑒+∆ℎ𝑒𝑎𝑑
 and could range from 0 (no head 

movement, entirely eye movement) to 1 (no eye movement, entirely head movement). The 

mean head gain over the entire stimulus set was used as a measure of head movement 

propensity and is referred to simply as “head gain” from this point onward.   

Saccade task COMR 

Each presentation of an eccentric saccade target constituted a single trial, and resulted in a 

single gaze shift. These gaze shifts were used to calculate the customary oculomotor range 

(COMR) of each subject as described by Stahl (1999).167 Retrograde saccades to central targets 

at the conclusion of each trial were not included in the analysis. Horizontal COMR (HCOMR) was 

calculated from the horizontal component of gaze during the horizontal variant of the saccade 

task while vertical COMR (VCOMR) was calculated from the vertical component of gaze during 

the vertical variant of the task. 

A gaze shift was defined as the summation of an eye movement (∆𝑒𝑦𝑒 = 𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙 − 𝑒𝑦𝑒𝑖𝑛𝑖𝑡𝑖𝑎𝑙) 

and a head movement (∆ℎ𝑒𝑎𝑑 = ℎ𝑒𝑎𝑑𝑓𝑖𝑛𝑎𝑙 − ℎ𝑒𝑎𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙) as shown Figure 4.5. Eye saccades 

were defined as any period of eye movement with velocity exceeding 30°/s, and head saccades 

were defined as any period of head movement with velocity exceeding 5°/s. The first eye 

saccade made within 800ms of target onset was nominated as the response eye saccade for 

each trial. The eye saccade end point was extended to capture any subsequent corrective eye 

saccades that were initiated up to 130ms after the offset of the initial eye saccade. Then, if a 

head saccade was initiated up to 100ms before or 50ms after the response eye saccade the gaze 

shift was classified as a combined eye-head saccade, and the start and end points of the gaze 

shift were chosen to fully enclose both the eye and head saccades. If no head saccade occurred 

then the gaze shift was classified as eye-only, and the start and end points were equal to the eye 

saccade onset and offset. If no eye saccade occurred, or if the initial eye saccade was in the 

wrong direction, then the trial was discarded. The accuracy of a gaze shift (the proximity of the 

Figure 4.4: Eye and head movement during a single oscillation of the smooth pursuit target (±40° eccentricity). ∆𝐻 
and ∆𝐸 were measured between the leftmost and rightmost excursions of the head and eye and were used to calculate 
the head gain for the trial, equal to ∆ℎ𝑒𝑎𝑑 (∆𝑒𝑦𝑒 + ∆ℎ𝑒𝑎𝑑)Τ  as per Proudlock (2004).166 Head gain could range from 
0 (no head movement, entirely eye movement) to 1 (no eye movement, entirely head movement). 
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final gaze point to the target) was unimportant, as the fixation targets simply acted as prompts 

to elicit saccadic gaze movement over a range of eccentricities. 

The predicted orbital eccentricity, eyepredicted, is defined in Stahl (1999)167 as the eccentricity that 

would have occurred if a gaze shift of the same amplitude had been executed with no 

contribution from head movement; that is,  

𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = 𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙 + ∆ℎ𝑒𝑎𝑑 

= 𝑒𝑦𝑒𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + ∆𝑒𝑦𝑒 + ∆ℎ𝑒𝑎𝑑 

For an accurate saccade to an eccentric target 𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  is therefore approximately equal to 

the target location relative to the initial head position. Stahl’s method is predicated on the 

theory that head movement acts to confine actual orbital eccentricity at the conclusion of the 

gaze shift (𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙) to some comfortable central range, the COMR, and therefore head 

movements only occur during gaze shifts that would otherwise result in the eye falling beyond 

that range (𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  outside of COMR).167 This gives rise to the characteristic plot of ∆ℎ𝑒𝑎𝑑 

against 𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 (Figure 4.6A) featuring a flat central region of almost no head movement in 

which 𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 is approximately equal to 𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙, flanked by two sloping lobes in which 

head movements act to confine 𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙 to the COMR. Note that it is possible for 𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 

to exceed the maximum target amplitude of ±40° depending on the initial eye and head position.  

  

Figure 4.5: Eye and head azimuth of an RP participant in this study during a combined eye-head saccade to an eccentric 
target during the horizontal saccade task. An eye saccade (blue shaded region) and a slower head saccade (red shaded 
region) together comprise an eye-head saccade (black bar). The eye saccade includes an initial large saccade followed 
a short time later by a smaller corrective saccade. 
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 Figure 4.6: Derivation of COMR using the methodology of 
Stahl (1999).167 (A): Head movement against 
𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 , the eye eccentricity that would have 

occurred if a gaze shift of the same amplitude had been 
executed with no contribution from head movement. This 
plot characteristically features a central flat region in 
which head movements do not occur and two flanking 
sloped regions in which head movements are used to 
confine the orbital eccentricity to some central range. 
(B): Frequency of occurrence of 𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙 , the final eye 

eccentricity at the conclusion of the gaze shift. (C): 
Frequency of occurrence of 𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 . (D): Normalised 

frequency of occurrence of 𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙 , calculated by 

pointwise division of 𝐹൫𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙൯ by 𝐹൫𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑൯ to 

eliminate the effect of the task-specific distribution of 
targets. The COMR (red lines) is the range enclosing 90% 
of the area under the curve.   
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The COMR was calculated from 𝐹൫𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙൯, the distribution of frequency of occurrence of 

𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙  (Figure 4.6B), and 𝐹൫𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑൯, the distribution of frequency of occurrence of 

𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑, (Figure 4.6C), both approximated using kernel density estimation.  𝐹൫𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙൯ 

was then divided pointwise by ൫𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑൯to normalise against the effect of the task-specific 

distribution of targets, resulting in 𝐹൫𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙൯*. The COMR was then defined as the range of 

orbital eccentricities encompassing the central 90% of the area beneath 𝐹൫𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙൯* (Figure 

4.6D). In theory, head movements are employed to ensure that eye position falls within the 

COMR at the conclusion of a gaze shift 90% of the time.  

Statistical analyses 

Participants were divided into three groups for statistical analysis: Control (n=19), early-

moderate RP (n=18), and late RP (n=4). Gaze, eye, and head position dispersion during the 

naturalistic scene task were compared between the three groups using one-way ANOVAs with 

Tukey’s test for multiple comparisons. Visual inspection of the residual normal Q-Q plots 

confirmed that the residuals were approximately normally distributed for each test with the 

exception of the test on head position dispersion. The analysis on head position dispersion was 

therefore repeated using a non-parametric Kruskal-Wallis ANOVA on ranks with Dunn’s test for 

multiple comparisons. 

Head gain and COMR were then compared between the early-moderate RP group and the 

control group. We tested the effect of group (early-moderate RP or control) on head movement 

propensity using a generalized linear model (gamma distribution, log link function) on COMR 

and head gain with group as a factor and age as a continuous predictor. We then tested the 

correlation between field of view and head movement propensity using a generalized linear 

model (gamma distribution, log link function) on COMR and head gain with age and field of view 

as continuous predictors. Note that as group and field of view were highly correlated they could 

not both be included as predictors in the same model. Vertical and horizontal data were 

analysed separately. For the control group a normal healthy field of view of 200x135° was 

inferred from their lack of retinal or optic nerve disease.171 All statistical analyses were 

performed with Minitab18 statistics software (Minitab Inc., PA, USA). 

4.3. Results 
Participants in the early-moderate RP and Control groups were able to complete all tasks. The 

four participants in the late RP group only performed the naturalistic scene task. None of these 

participants were able to accurately describe any content of the scene. Means, standard 

deviations, and ranges for visual assessment results and head movement propensity measures 

are presented in Table 4.2. The mean (±SD) BCVA was 0.36±0.29 logMAR for early-moderate RP 

and 1.00±0.60 logMAR for late RP, and the mean visual field extent was 29±31° by 28±29° for 

early-moderate RP and 0.25±0.43° by 0.25±0.43° for late-RP.  
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Table 4.2: Descriptive statistics of visual assessment results and task outcomes. Head gain and COMR values are not 
given for the late RP group as they did not perform the smooth pursuit and saccade tasks. For the control group a 
normal healthy field of view of 200x135° was inferred from their lack of retinal or optic nerve disease.171  

  Early-moderate RP (n=18)  Control (n=19)  Late RP (n=4) 

 Measure Min. Max. Mean S.D.  Min Max Mean S.D.  Min Max Mean S.D. 

Age 31 84 59 17  30 82 59 16  55 82 70 11 

HFoV (°) 0 128 29 31  200 200 200 0  0 1 0.25 0.43 

VFoV (°) 0 111 28 29  135 135 135 0  0 1 0.25 0.43 

BCVA (logMAR) 0.00 1.00 0.36 0.29  -0.30 0.20 -0.06 0.12  0.40 2.00 1.00 0.60 

Gaze disp. 521.9 1743.3 943.3 301.5  473.1 1233.4 949.6 213.1  49.0 361.4 201.5 114.8 

Eye pos. disp. 295.8 1268.7 640.8 249.1  427.1 1104.6 786.5 217.1  45.1 237.0 134.2 69.8 

Head pos. disp. 4.8 306.2 114.5 101.9  2.5 147.5 36.8 44.1  0.3 166.2 52.5 66.6 

HHG 0.02 0.65 0.25 0.23  0.01 0.66 0.12 0.16  - - - - 

VHG 0.02 0.60 0.19 0.18  0.01 0.67 0.10 0.16  - - - - 

HCOMR (°) 17.8 81.8 57.1 18.2  27.3 95.1 72.7 21.3  - - - - 

VCOMR (°) 12.1 75.7 48.5 19.0  23.8 80.0 61.8 15.8  - - - - 
 

 

4.3.1. Gaze while viewing a naturalistic scene 

None of the late RP group were able to accurately describe any details of the scene in the 

naturalistic scene task. An example of gaze position during the task and the calculation of gaze 

dispersion is given in Figure 4.7. Comparing the late RP group to the control group and early-

moderate RP group, gaze and eye position dispersion were significantly smaller in the late RP 

group (p<0.001) while head position dispersion was not significantly different (p=1.000 vs. 

control; p=0.286 vs. early-moderate RP). Head position dispersion in the early-moderate RP 

group was significantly greater than in the control group (p=0.022) but there was no significant 

difference in gaze or eye position dispersion between the early-moderate RP and control groups 

(eye: p=0.148; gaze: p=1.000).  

Figure 4.7: Comparison of mean (±s.e.m.) gaze, eye, and head position dispersion between the control group, early-
moderate RP group, and late RP group. Asterisks indicate significant differences (*p<0.05; **p<0.01; ***p<0.001).  
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4.3.2. Factors affecting head movement propensity 

A positive correlation was found between horizontal head gain and vertical head gain (Pearson’s 

R2=0.65, p<0.001) and between horizontal COMR and vertical COMR (R2=0.69, p<0.001). Head 

gain was negatively correlated with COMR in the horizontal direction (R2=0.63, p<0.001) and in 

the vertical direction (R2=0.65, p<0.001), demonstrating consistency between the two measures 

of head movement propensity. Horizontal and vertical head gain (VHG, HH) and COMR (HCOMR, 

VCOMR) are plotted against field of view and age in Figure 4.8. The results of a generalized linear 

model on head gain and COMR with group and age predictors are presented in Table 4.3, while 

the results of a generalized linear model on head gain and COMR with field of view and age as 

predictors are presented in Table 4.4. Age, group, and field of view extent each had a significant 

effect on horizontal and vertical head gain and COMR, however, a large degree of variation 

among individuals is evident (Figure 4.8). There was no significant difference in variance in head 

gain or COMR between the two groups (Bonnett’s test, p>0.05). 

Table 4.3: Summary of results of a general linear model on horizontal and vertical head gain (HHG, VHG) and 
customary oculomotor range (VCOMR, HCOMR) with group as a factor and age as a continuous predictor. The results 
of an F-test demonstrating improvement over the null model are presented, along with p values for each predictor 
included in the model. Significant results are denoted by asterisks (*p<0.05; **p<0.01; ***p<0.001). Age and group 
both had a significant effect on horizontal and vertical head gain and COMR. 

  Model (Age, Group) 

Measure  F2,34 Model p Factor Factor p 

HHG 22.16 < 0.001*** 
Age < 0.001*** 

Group 0.040* 

HCOMR 5.82 0.007** 
Age 0.024* 

Group 0.017* 

VHG 21.53 < 0.001*** 
Age < 0.001*** 

Group 0.026* 

VCOMR 7.11 0.003** 
Age 0.007** 

Group 0.018* 
 

 

Table 4.4: Summary of results of a general linear model on horizontal and vertical head gain (HHG, VHG) and 
customary oculomotor range (VCOMR, HCOMR) with age and field of view extent as continuous predictors. The results 
of an F-test demonstrating improvement over the null model are presented, along with p values for each predictor in 
the model individually. Significant results are denoted by asterisks (*p<0.05; **p<0.01; ***p<0.001). Age and field of 
view both had a significant effect on horizontal and vertical head gain and COMR.  

  Model (Age, FoV) 

Measure F2,34 Model p Factor Factor p 

HHG 23.34 < 0.001*** 
Age < 0.001*** 

HFoV 0.022* 

HCOMR 6.63 0.004** 
Age 0.027* 

HFoV 0.008** 

VHG 21.96 < 0.001*** 
Age < 0.001*** 

HFoV 0.031* 

VCOMR 7.33 0.002** 
Age 0.010* 

HFoV 0.013* 
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4.3.3. Minimal head movement in some participants 

Some participants completed the saccade task with very little head movement even for the most 

eccentric targets, possibly because the saccade targets were not eccentric enough to evoke head 

movements in the individual. These subjects are denoted by crosses in Figure 4.8. This behaviour 

produces a flat ∆ℎ𝑒𝑎𝑑 vs 𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 plot (Figure 4.9A) without the characteristic flanking 

sloped regions present in Figure 4.6, as well as an abruptly truncated 𝐹൫𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙൯* (Figure 4.9D). 

This behaviour was observed in four early-moderate RP patients (22%) and nine control subjects 

(47%) in both the vertical and horizontal directions.  

Figure 4.8: Factors affecting head movement propensity. Horizontal and vertical Head gain and COMR are plotted 
against age and field of view, with the early-moderate RP group in red and the control group in blue. For the control 
group a normal healthy field of view of 200x135° was inferred from their lack of retinal disease.171 Participants that 
were affected by a ceiling effect (see Discussion) are denoted by crosses. A great propensity for head movement is 
indicated by high values of head gain and low values of COMR. 
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Figure 4.9: An example of COMR derivation for a 
participant who made very little head movement during 
the horizontal saccade task. (A): ∆ℎ𝑒𝑎𝑑 against 
𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  is flat and lacks the characteristic sloping 

lobes of Figure 4.6A. This is likely because the saccade 
targets were not eccentric enough to evoke head 
movements in this individual (B): Frequency of 
occurrence of 𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙 . (C): Frequency of occurrence of 

𝑒𝑦𝑒𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑. (D): Normalised frequency of occurrence 

of 𝑒𝑦𝑒𝑓𝑖𝑛𝑎𝑙 . The distribution is abruptly truncated and 

lacks the smoothly tapered edges of Figure 4.6D. The 
COMR (red lines) encloses 90% of the area under the 
curve. 
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4.4. Discussion  

4.4.1. PVFL associated with increased head movement propensity 

In the naturalistic scene task the late RP group had significantly smaller gaze dispersion than 

both the early-moderate RP group and the control group, which was primarily driven by a 

relative lack of eye movement. Considering that none of the late RP group were able to describe 

any features of the scene it is likely that this behaviour was caused by a lack of salient visual 

stimuli. Gaze dispersion was similar between the early-moderate RP and control groups, but in 

the early-moderate RP group the head position dispersion was greater, supporting the theory 

that the contribution of head movement is increased in RP. 

Mean horizontal COMR in the control group (aged 30-82) was 72.7±21.3°, comparable to the 

value of 64.4±16.4° reported by Thumser et al (2010)172 for a group of 60 healthy sighted 

participants aged 22-80. Mean horizontal head gain in the control group was 0.12±0.16, 

comparable to the value of approximately 0.2±0.2 (values read from figure) reported by 

Proudlock et al (2004)166 for a similar smooth pursuit task in 53 healthy sighted participants aged 

20-83.  The early-moderate RP group had significantly greater propensity for head movement 

than the control group during smooth pursuit and saccade tasks. Restricted field of view due to 

early-moderate RP was correlated with increased propensity for head movement in the tasks. 

These results support the hypothesis that peripheral visual field loss is associated with a 

diminished range of eye movement and greater reliance on head movement. This may be driven 

by a habitually confined eye movement due to lack of peripheral stimulation.158 Alternatively, it 

has been suggested that in PVFL head/body orientation may be more reliable than eye 

orientation as a cue for spatial constancy, leading patients to favour head movement more 

heavily,157 although this is contradicted by the finding that exploratory saccade training 

improved the performance of RP patients in a mobility task.173 

The existing literature is divided on the relationship between PVFL and eye movement. Patients 

with PVFL have previously been shown to: make few saccades into areas of visual defect during 

visual search155; make frequent saccades into areas of visual defect during visual search and 

locomotion158; make saccades of similar amplitude compared to healthy controls during 

locomotion158; make saccades of smaller amplitude compared to healthy controls during visual 

search (simulated PVFL)156; have more confined eye position than healthy controls in 

locomotion157; have a greater fixation area than healthy controls in locomotion159; and have a 

smaller fixation area than healthy controls in a traffic gap judgement task.160 The wide variety of 

different tasks used makes it difficult to draw direct comparisons between different studies, 

particularly given the variable nature of tasks such as outdoor locomotion158 and traffic gap 

judgement.160 Additionally, some of these studies may be limited by small sample sizes. The lab-

based tasks in the present study were highly repeatable, and the comparatively larger sizes of 

the early-moderate RP and control groups allowed for statistical analyses that controlled for 

field of view and age.  

There was considerable variation in head movement propensity between individuals, even 

accounting for the effects of age, group, and visual field extent. This is consistent with previous 

studies in normal sighted participants by Thumser et al (2010)172 and particularly Fuller (1992),174 

who classified participants as “head movers” and “non-movers”. Variation among the RP group 
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may also be partly explained by a greater capacity for compensatory gaze strategies in some 

individuals, as previously demonstrated in hemianopic patients.175,176 

4.4.2. Age correlated with increased head movement propensity 

Other studies have investigated the effect of age on head movement propensity. Our own 

results mirror those of Proudlock et al (2004),166 who reported that horizontal smooth pursuit 

head gain was greater in over 60-year-olds compared to under 60-year-olds, with greater inter-

subject variability in the older group. A later study by Thumser et al (2010)172 found no effect of 

age on horizontal COMR. Thumser et al attribute this to their stimulus paradigm (originally 

described by Stahl (1999)167) which includes measures to discourage participants from modifying 

their behaviour to the specific task, namely their use of a wide range of target eccentricities, 

randomised target locations, and “perisaccadic targets”. They propose that their own results 

reveal an “underlying mechanism” of eye-head coordination, while Proudlock’s results reveal a 

greater capacity for modified gaze behaviour in the younger subjects, who recognised that it 

was more efficient to complete the specific task with eye movement only. Two findings from the 

same group support this argument: the expectation of future gaze shifts in any particular 

direction can influence eye-head coordination,177 and COMRs measured in a lab-based saccade 

task correlate well with the “outdoor COMR” measured during a passive viewing task in a 

naturalistic setting.178  

Considering the similarity between our result and that of Proudlock et al (2004),166 the 

predictable nature of our stimuli (no peri-saccades, predictable target locations/paths), which 

was necessary to accommodate low-vision participants, may have encouraged modified gaze 

behaviour. We should interpret the results in this light and consider the measured head-gains 

and COMRs as task-specific. However, the “underlying” behaviour, while interesting from a 

vision neuroscience perspective, is not necessarily clinically useful if that behaviour is then 

modified to suit whatever task is at hand. We also note the similarity between the to-and-fro 

motion of gaze produced by both of the tasks in this study and the scanning that RP patients are 

encouraged to use when navigating. Our results are representative of the eye-head coordination 

of the participants while scanning to-and-fro and their ability to adapt their eye-head 

coordination to the task. 

4.4.3. Implications for visual prostheses 

Visual prostheses are implantable medical devices that aim to provide artificial vision to the 

blind.44 Retinal implants are the predominant form of visual prosthesis, and are typically 

implanted in patients with end-stage RP. One of the major challenges faced by users of visual 

prostheses (with the exception of photodiode-based devices) is scanning of the visual 

environment.  Eye position is decoupled from the orientation of the camera, interfering with the 

user’s perception of space and visual constancy, and forcing them to rely entirely on head 

movement for visual scanning.13 Gaze contingent systems that restore the coupling of eye 

position and gaze have been shown to improve hand-eye coordination in simulation17 and in 

Argus II recipients179 but have not yet reached regulatory-body-approved devices. The 

participants in the present study are not necessarily representative of present-day retinal 

implant recipients, who are typically in end-stage RP. Nevertheless, those involved in the design 

or psychophysical evaluation and fitting of visual prostheses should consider that the eye-head 

coordination strategies of their patients may have been affected by their condition, and are 
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likely to vary significantly between individuals. The trends observed in the present study suggest 

that candidates for implantation would exhibit a significantly greater propensity for head 

movement. 

4.4.4. Limitations 

Four early-moderate RP patients (22%) and nine healthy sighted controls (47%) completed the 

saccade task with very little head movement, leading to a ceiling effect on COMR. In these cases 

the true COMR is likely to be higher than the reported value. However, since the control group, 

which had a greater average COMR, was disproportionately affected, we find it unlikely that this 

would alter the main findings of the study. Repeating the analysis using the true values for those 

participants would most likely yield a more pronounced difference between the two groups. 

Future studies should include targets at greater eccentricities to ensure head movements are 

evoked in all participants (for example, Stahl (1999)167 used targets at eccentricities up to ±55°). 

Visual fields for the control participants were assumed within healthy limits and ascribed a 

representative value of 200x135° following confrontation testing and retinal examination.171 

Given that optometric testing did not reveal any signs of retinal or optic nerve disease in any 

control participants and only very small changes in visual field are expected with age,180 we find 

it unlikely that imprecision in this visual field estimate would significantly affect our findings. 

This was confirmed by a Monte Carlo simulation in which the horizontal and vertical field of view 

of control participants were drawn from a bivariate normal distribution and the statistical 

analyses were repeated (n=5000, μx=200, μy=135, 3σxy=14°, chosen because PVFL can be defined 

as HFOV<186°).181 In 99.0% of simulations the findings of the present study were reaffirmed. 

It is not clear to what extent results from the present study’s highly synthetic tasks with limited 

field of view are generalizable to real-word conditions, but lab-based COMR has been shown to 

correlate well with “outdoor COMR” measured during passive viewing in a naturalistic setting.178 

In the only study to our knowledge that has commented on both eye and head movement in 

PVFL, Authie et al (2017)161 showed that during locomotion head position was more variable in 

RP than in controls, but eye position variability was similar. This result is congruent with our 

results showing an increased propensity for head movement in RP. 

4.4.5. Conclusion 

Retinitis pigmentosa is associated with an increased propensity for head movement during gaze 

shifts, and the magnitude of this effect is dependent on the degree of visual field loss. Age was 

also associated with increased propensity for head movement; however, variation between 

individuals was high and dominated the effects of visual field loss and age. 
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Chapter 5.  Oculomotor behaviour during a spatial 

localisation task in a 24-channel 

suprachoroidal retinal prosthesis 

The analyses presented in this chapter are solely my own work and featured in a peer 

reviewed publication on which I was co-author (citation below). The written components 

have been changed to respect copyright. 

Shivdasani M. N., Sinclair N. C., Gillespie L. N., Petoe M. A., Titchener S. A., Fallon J. B., 

Perara T., Pardinas-Diaz D., Barnes N. M., Blamey P. J. Identification of Characters and 

Localization of Images Using Direct Multiple-Electrode Stimulation With a Suprachoroidal 

Retinal Prosthesis. Investig Ophthalmol Vis Sci. 2017;58(10):3962-3974.  

 

Purpose: Eye movements are known to interfere with perceptual localisation in retinal implants 

by introducing misalignments between the eyes and the head-mounted camera. This study 

investigated eye movements in retinal implant recipients to quantify effects on performance in 

a spatial localisation task. 

Methods: Two participants (P1, P2) implanted with a 24-channel suprachoroidal retinal implant 

performed a direct-to-array variant of the BaLM location task, implemented by stimulating 

wedge-shaped quadrants of the electrode array.  In each trial a single quadrant was stimulated 

for 2 seconds and the participant was required to identify which quadrant had been stimulated. 

Participants were instructed not to move their eyes during the experiment and stimuli were not 

delivered until the participant was fixating centrally. The eye position during the two second 

stimulation period was measured relative to the position at stimulus onset in each trial. One 

participant had near-perfect performance on the task, so the background distractor brightness 

was increased until it was 70% of the foreground target brightness, at which point performance 

was approximately equal to the performance of the other participant. 

Results: Both participants made significant eye movements in response to the stimuli (ANOVA, 

p<0.001). Eye movement for P1 was rightwards on average, consistent with the expectation that 

phosphenes appear in the right visual field for subjects implanted in the left eye. Eye movement 

Chapter 5  
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for P2 was leftwards on average and skewed towards the direction of the stimulus. This 

presumed reflexive movement occurred for P2 even in cases where identification of the stimulus 

was incorrect. For both participants, increases in eye movement magnitudes were positively 

associated with correct identification of the stimulus (2-way ANOVA with Tukey test for multiple 

comparisons, p<0.05).  

Conclusion: Participants implanted with a suprachoroidal retinal prosthesis did not appear 

capable of suppressing eye movement during a spatial localisation task. Contrary to the 

hypothesis, eye movements occurring after stimulus onset were associated with better, not 

worse, performance. This could be explained by larger eye movements occurring when the 

percept was clearer or more localised. 

5.1. Introduction 
Chapter 4 found that atypical oculomotor behaviour can be expected in subjects with peripheral 

visual field loss caused by retinitis pigmentosa. Eye movement and foveation are fundamental 

to the natural visual experience, so it is important to understand the types of eye movement 

that occur in prosthetic vision. Alpha IMS recipients have been shown to make ‘qualitatively 

normal’ eye movements, implying some normal functionality of oculomotor control. However, 

the Alpha IMS image sensor is implanted within the eye, preserving the natural relationship 

between eye movement and field of view. No studies investigating spontaneously occurring eye 

movement in camera-based visual prostheses exist to my knowledge.  

Eye movements are known to cause displacement of the artificial percept, and it is thought that 

this can lead to localisation errors in camera-based visual prostheses. Present practice is to 

instruct recipients to suppress all eye movement, but this advice disregards the reality that much 

of our oculomotor behaviour is non-volitional. In the present study we investigated oculomotor 

behaviour during a spatial localisation task in two participants implanted with a suprachoroidal 

retinal implant. We hypothesised that the participants would make significant eye movements 

during the task, that the direction of eye movement would be stimulus-related, and that larger 

eye movements would be associated with worse performance on the task due to displacement 

of the percept. 

5.2. Methods 

5.2.1. Participants 

Two participants implanted in the left eye with a 24-channel suprachoroidal retinal prosthesis 

(introduced in Section 3.1.1) as part of a clinical trial (NCT01603576) took part in the study. The 

participants were aged 52 (P1) and 49 (P2), and had advanced retinitis pigmentosa. 

Comprehensive details of the cohort and clinical trial outcomes are available in Ayton (2014).88  

5.2.2. Light localisation task 

Two participants were tasked with distinguishing stimuli presented as fixed patterns of electrode 

activation in a ‘direct-to-array’ implementation of the BaLM light localisation task described by 

Bach et al.121 Stimuli were four spatially distinct electrode activation patterns – created by 

mapping the regular BaLM wedge stimuli onto the electrode layout of the implant (Figure 5.1). 
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The task was presented as a four-alternative forced choice. In each trial one of the four stimuli, 

selected at random, was presented to the participant for a period of two seconds. The 

participant was required to indicate the orientation of the stimulus and was instructed to keep 

their gaze fixed centrally throughout the task.  

Data was collected over multiple sessions spanning several weeks with various customisations 

of the stimulation parameters. P1 had excellent recognition of individual electrodes and 

performed the task with 100% accuracy. Therefore, to make the task more challenging the 

contrast of the stimulus was reduced by raising the intensity of the background distractors in 

steps of 10%. In Patient 2, higher stimulation rates were found to produce fuller, more sustained 

phosphenes, so the task was repeated with 400pps stimulation as well as their default 50pps 

parameter set. 

5.2.3. Eye tracking 

Eye position was monitored throughout the experiment using the head mounted eye tracker 

described in Section 3.2. As the visual calibration was not possible with non-sighted participants 

the system was configured to output the raw uncalibrated pupil-in-image position (arbitrary 

units, a.u.) at 60Hz. Eye position data was cleaned to remove blink artefact prior to any analysis 

and smoothed with a moving average filter with a window width of 300ms and then down-

sampled to 20 Hz.  

5.2.4. Analyses 

Eye movements during the light localisation task were analysed for three datasets: P1 at 70% 

background intensity (chosen to match the task performance of P2 with 400pps stimulation), P2 

with 50pps stimulation, and P2 with 400pps stimulation. Additionally, ‘sham trials’, sequences 

of eye position data recorded during the inter-trial periods in absence of any stimulus, were 

used as a control for each participant. In each trial the pupil position immediately prior to 

stimulus onset was used as a reference point, since the participants were instructed to maintain 

central gaze during this period. The pupil position at 150ms prior to stimulus onset was selected 

as an approximation of centre for each trial as this was the last (smoothed) data point generated 

from measurements made entirely before stimulus onset. Eye position data was normalised to 

this reference on a per-trial basis prior to any statistical analyses.  

Statistical analyses were performed to determine whether significant eye movements occurred, 

whether the magnitude of eye movement varied with the accuracy of the participant’s response 

 

Figure 5.1: Electrode activation pattern derived by mapping the BaLM wedge stimulus onto the 24 channel electrode 
array at different contrast levels. Reused with permission from Shivdasani et al. (2017) [CC BY-NC-ND 4.0]. 16 Activation 
pattern for ‘up’ wedge stimulus shown. Percentages above each frame indicate the contrast level (background 
intensity relative to foreground intensity, with foreground intensity fixed to 100%). Circles indicate electrode sampling 
locations and the numbers inside the circles represent the stimulation intensity for that electrode (max 255).  

https://creativecommons.org/licenses/by-nc-nd/4.0/
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in the trial, and whether the direction of eye movement was associated with the direction of the 

stimulus. Eye position data was limited to the time period from 150ms before stimulus onset to 

2s after stimulus onset for all statistical analyses. The horizontal and vertical components of eye 

position were analysed separately.  

5.3. Results 
Figure 5.2 displays the average (± s.e.m.) eye position relative to centre over time. P1 and P2 

both made significant eye movements in the two second period after stimulus onset (Separate 

one way ANOVAs, p<0.001). On average P1 made rightward eye movements, while P2 made 

upward eye movements initially and then leftward movements. These systematic movements, 

which were irrespective of stimulus orientation, were not detected during sham trials (control 

datasets) in the absence of any stimulus (p>0.986). In other words, the gaze average did not 

depart significantly from zero during sham trials. 

Two-way ANOVAs on average eye movement were performed to test for possible effects of 

stimulus direction and response accuracy on eye movement. For each trial, only the eye 

movement along the axis congruent with the direction of the stimulus presented was analysed, 

i.e. horizontal eye position for left and right stimuli and vertical eye position for up and down 

stimuli. The interaction between stimulus direction and correctness was found to be significant 

(p<0.001). Results of multiple-comparisons (Tukey test) are presented in Table 5.1. When 

comparing trials with correct and incorrect responses, eye movement in the direction of the 

stimulus was significantly greater when the participant responded correctly (for 10 out of 12 

 

Figure 5.2: Eye movement relative to the initial eye position (mean ± s.e.m.) as a function of time relative to stimulus 
onset. Movements in the horizontal dimension are plotted in blue, with positive values indicating rightward 
movement, while movements in the vertical dimension are plotted in red, with positive values indicating upwards 
movements. (A) Patient 1 (n=45 trials). (B) Patient 2 with 400pps stimulation (n=84 trials). (C) Patient 1 sham trials 
(n=99). (D) Patient 2 sham trials (n=73). Data for Patient 2 at 50pps stimulation not shown.  
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conditions tested). The only exceptions were for P1, rightward stimulus, in which greater eye 

movement was associated with incorrect responses, and P2 50pps, rightward stimulus, in which 

a similar degree of leftward eye movement was observed for correct and incorrect responses. 

Average eye movement in each condition is also plotted in Figure 5.3. 

5.4. Discussion 
Both participants made systematic eye movements even though they were instructed to keep 

their eyes fixed during the task, and it appeared that these movements were made in response 

to the stimuli since there were no systematic movements made during sham trials. It has been 

shown that eye movements in epiretinal implant recipients can cause phosphenes to move in 

Table 5.1: A summary of multiple comparisons (Tukey test) following a 2-way ANOVA on eye position with stimulus 
direction and response accuracy (correct/incorrect) as factors. In each trial only the eye movement along the axis 
congruent with the stimulus direction was analysed. 
     * conditions where correct trials were associated with significantly larger eye movement  
     † the single condition where incorrect trials were associated with significantly larger eye movement  

Patient Gaze Direction Stimulus N Correct N Incorrect P Value for Correct > Incorrect 

P1 x Right 7 4 0.019† 
  Left 9 3 <0.001* 
 y Up 10 2 <0.001* 

  Down 7 3 <0.001* 

P2 50pps x Right 2 17 <0.001* 
  Left 12 15 <0.001* 

 y Up 19 8 <0.001* 

  Down 8 20 <0.001* 

P2 400pps x Right 9 8 0.379_ 

  Left 17 7 <0.001* 

 y Up 14 7 0.043*   

    Down 13 9 <0.001* 
 

 

 

Figure 5.3: Average eye movement (±s.e.m.) relative to the initial eye position in each trial. Results are separated by 
response accuracy (Green: correct. Red: incorrect) and stimulus direction (‘U’, ‘D’, ‘L’, ‘R’ for up, down, left, and right 
respectively). Correct responses were associated with greater eye movement in the direction congruent with the 
stimulus (e.g. upwards eye movement for upward wedge stimulus) for 10 out of 12 conditions tested, indicated by 
capital letters. Lower-case letters denote the two cases in which correct responses were not associated with greater 
eye movement. For P1, rightward stimulus, incorrect responses were associated with greater eye movement, while for 
P2 400pps, rightward stimulus, there was no significant difference in eye movement between trials with correct and 
incorrect responses. 
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the visual field.142 We expected eye movements to have a detrimental effect on performance, 

and that eye movements of larger magnitude would have a more severe effect. However, in 

both participants, larger eye movement was associated with better performance in the task. 

This could be explained by larger eye movements occurring when the percept was clearer or 

more localised. The observed eye movements may have been a reflexive response to the 

appearance of a percept, or may indicate compensatory habits developed by the participants to 

account for the surgical position of the implant on the retina. 

In P2 the direction of the eye movement was generally congruent with the direction of the 

stimulus, suggesting the participant attempted to move their gaze towards the percept. This 

would be quite a normal response to a flash of light, and a similar relationship between stimulus 

direction and eye movement was reported in recipients of the Alpha IMS subretinal implant.145 

The association between stimulus direction and eye movement direction remained even in trials 

in which the participant responded incorrectly, suggesting the eye movement may have been 

driven by retinotopic cues of which the participant was not always cognisant. In P1 the eye 

movement was primarily rightwards for all stimuli and the relationship between stimulus 

direction and eye movement was less clear. A previously published phosphene mapping study 

showed that all of the phosphenes for P1 appeared in the right visual field.9 This was expected 

because the electrode array covers the temporal retina of the left eye. It is therefore likely that 

all four stimuli all appeared in the right visual field, eliciting rightward eye movement, but were 

still spatially discriminable.  

While the results do not demonstrate that eye movements are a cause of poor performance in 

a direct-to-array image localisation task it is still thought that eye movements would be 

detrimental in tasks using the head-mounted camera. Eye movements have been shown to 

affect hand-camera coordination by introducing eye-camera misalignments in target localisation 

tasks in simulated prosthetic vision17 and in retinal implant recipients.142,179 Currently, the 

standard practice for mitigating the effect of eye-camera misalignment is to instruct users to 

keep their gaze fixed centrally at all times. The present study demonstrates that users are unable 

to keep their gaze fixed even when instructed to do so, highlighting the importance of 

investigating techniques to compensate for eye movements. The findings are limited to direct-

to-array stimulation and static images. The following chapter extends this study to conditions 

that more closely resemble normal use of the device by introducing dynamic stimuli that are 

sampled by the head-mounted camera with unrestrained head movement. 
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Chapter 6.  Oculomotor responses to dynamic 

stimuli in a 44-channel suprachoroidal 

retinal prosthesis 
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Allen, P. J., Petoe, M. A. Oculomotor responses to dynamic stimuli in a 44-channel 
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Additional figures that did not appear in the publication have been included as an 

appendix. 

 

Purpose: To investigate oculomotor behaviour in response to dynamic stimuli in retinal implant 

recipients.  

Methods: Three suprachoroidal retinal implant recipients performed a 4-alternative forced-

choice motion discrimination task over six sessions longitudinally. Stimuli were a single white 

bar (‘moving bar’) or a series of white bars (‘moving grating’) sweeping left, right, up, or down 

across a 42” monitor. Performance was compared with Normal video processing and Scrambled 

video processing (randomised image-to-electrode mapping to disrupt spatiotemporal 

structure). Eye and head movement was monitored throughout the task.  

Results: Two subjects had diminished performance with Scrambling, suggesting retinotopic 

discrimination was utilised in the Normal condition, and made smooth pursuit eye movements 

congruent to the moving bar stimulus direction. These two subjects also made stimulus-related 

eye movements resembling optokinetic reflex (OKR) for moving grating stimuli, but the 

movement was incongruent with stimulus direction. The third subject was less adept at the task, 

appeared primarily reliant on head position cues (head movements were congruent to stimulus 

direction), and did not exhibit retinotopic discrimination and associated eye movements. 

Chapter 6  
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Conclusions: Our observation of smooth pursuit indicates residual functionality of cortical 

direction-selective circuits and implies a more naturalistic perception of motion than expected. 

A distorted OKR implies improper functionality of retinal direction-selective circuits, possibly 

due to retinal remodelling or the non-selective nature of the electrical stimulation.  

Translational relevance: Retinal implant users can make naturalistic eye movements in response 

to moving stimuli, highlighting the potential for eye tracker feedback to improve perceptual 

localisation and image stabilisation in camera-based visual prostheses. 

6.1. Introduction 
Visual prostheses attempt to restore some visual function to the profoundly vision impaired. To 

date, three visual prostheses have been granted regulatory approval; the Argus II epiretinal 

implant (Second Sight, USA)82, the Alpha AMS subretinal implant (Retina Implant AG, Germany)78 

and the IRIS II epiretinal implant (Pixium, France).182 Other implants are at the clinical trial stage, 

such as a second generation suprachoroidal retinal implant (Bionic Vision Technologies, 

Australia) (Allen P.J., IOVS, 2020, 61, ARVO E-Abstract 2200; Kolic M., IOVS, 2020, 61, ARVO E-

Abstract 2199; Petoe M.A., IOVS, 2019, 60, ARVO E-Abstract 4993), the PRIMA subretinal 

implant (Pixium Vision, France)84, the Orion cortical implant (Second Sight, USA)7,183, and the 

suprachoroidal-transretinal stimulation retinal implant (Nidek, Japan).118 Present day visual 

prostheses can produce localisable and spatially distinct phosphenes that can be used to convey 

useful visual information to the subject6, but the visual experience delivered is very crude; fewer 

than 50% of Argus II and Alpha IMS users tested had a measurable visual acuity in a grating acuity 

task.61,75 

Large electrodes (necessitated by safe charge density limits), current spread, and the incidental 

stimulation of axonal pathways lead to large and irregularly shaped phosphenes and limited 

spatial discriminability.9,16,184 Additionally, non-selective stimulation that activates both ‘on’ and 

‘off’ pathways indiscriminantly is likely to have unusual perceptual effects that are not well 

understood.10 Novel electrode designs and advances in targeted stimulation strategies offer 

some promise for future visual prostheses.128–130,134 Despite current technical limitations, users 

of present-day retinal implants have demonstrated improved performance in activities of daily 

living and in tasks involving navigation, obstacle avoidance, and light localisation (Kolic M., IOVS, 

2020, 61, ARVO E-Abstract 2199; Petoe M.A., IOVS, 2019, 60, ARVO E-Abstract 4993).16,57,75,79  

In addition to spatial and form vision, visual prostheses should also ideally enable the perception 

of motion. Discrimination of direction of motion has previously been demonstrated in patients 

implanted with a 24-channel suprachoroidal retinal implant16, a subretinal implant75,79, and an 

epiretinal implant.63 The subjective characteristics of the percepts experienced by participants 

during these tasks, as well as the particular perceptual cues used to identify motion, has received 

little attention. One study reported diminished performance when the image-to-electrode 

mapping was scrambled, demonstrating that retinotopic cues were useful for motion 

discrimination.63 However, it remains unclear whether the recipients experience a naturalistic 

perception of motion. Given the low spatial and temporal resolution of present-day visual 

prostheses, they might instead perceive a series of discrete flashes that must be consciously 

interpreted as motion.  
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In natural vision, direction-selective circuits in the retina and visual cortex compute direction of 

motion from stimuli that move across the retina, encoding motion for the image-forming 

pathway, and also effecting oculomotor responses. Direction-selective circuits are important in 

the generation of smooth pursuit (the regulated eye movements made to maintain fixation on 

a moving target) and opto-kinetic reflex (a nystagmus that occurs in response to motion across 

the full visual field, characterised by slow-phase movements in the direction of stimulus motion 

punctuated by opposing fast-phase movements), both of which act to stabilise moving stimuli 

on the retina.11 To our knowledge, the functionality of these circuits under electrical stimulation 

from a retinal implant has not been investigated. 

In the present study we investigated the oculomotor behaviour in response to moving stimuli in 

recipients of a suprachoroidal retinal implant (Bionic Vision Technologies Ltd., Australia) with 

end-stage retinitis pigmentosa. The stimuli were designed to evoke smooth pursuit and 

optokinetic reflexive eye movements in order to determine the functionality of retinal and 

cortical direction-selective circuits under electrical stimulation with the implant. As a corollary, 

we aimed to reveal the strategies and perceptual cues used by the subjects to determine 

direction of motion. We categorise the observed eye movements and discuss the implications 

for prosthetic visual experience. 

6.2. Methods 

6.2.1. Participants 

Three subjects (S1, S2, S3) with end-stage retinitis pigmentosa (bare light perception only) 

participated in the study. These subjects, along with a fourth who did not participate in the 

present study, were implanted with a 44-channel suprachoroidal retinal implant as part of a 2-

year longitudinal clinical trial (NCT03406416, Feb. 2018- Dec. 2020). Prior to implantation, none 

of the participants had measurable visual field remaining (Goldmann kinetic perimetry with 

target sizes III and V4e). The prosthesis was implanted in the eye with poorer vision at baseline; 

for S1, this was the left eye while for S2 and S3 this was the right eye. Participant details are 

summarised in Table 6.1. Device fitting began 8 weeks post-operatively (‘switch-on’), followed 

Table 6.1: Participant profiles 

  S1 S2 S3 

Gender Male Male Female 

Age at implant (years) 47 63 66 

Eye condition 
Retinitis pigmentosa 

(rod cone) 
Retinitis pigmentosa 

(rod cone) 
Retinitis pigmentosa 

(cone rod) 

Observed nystagmus Mild Intermittent None 

Visual acuity Light perception OU Light perception OU Light perception OU 

ffERG stimulus light threshold 
(cd.s/m2) 

0.1 0.1 0.001 

Age when legally blind 20 34 41 

Years of useful form vision 34 43 56 

Primary mobility aid Cane Cane Guide dog 

Implanted eye Left Right Right 
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by lab-based training and at-home training. The subjects performed a ‘moving bar’ motion 

discrimination task periodically as part of a suite of outcome assessments, occurring at 17, 20, 

32, 44, 56, and 68 weeks post switch-on. Home- and laboratory-based training continued 

between assessment time points but was not specific to the motion discrimination task. S1 and 

S2 also performed a “moving grating” motion discrimination task at a single time-point each (S1: 

62 weeks post switch-on. S2: 66 weeks post switch-on). The study was approved by the Royal 

Victorian Eye and Ear Hospital Human Research and Ethics Committee, and was carried out in 

accordance with the tenets of the Declaration of Helsinki with the informed consent of all 

participants. 

6.2.2. Suprachoroidal retinal prosthesis 

The retinal implant comprised 46 platinum disc electrodes embedded in silicone implanted in 

the suprachoroidal space, connected via a lead-wire to a pair of subcutaneous stimulators 

behind the ear. Two larger diameter (2 mm) electrodes were reserved as return electrodes and 

44 smaller electrodes (1 mm diameter) were available for stimulation.5 The infrared ocular 

images (Spectralis, Heidelberg Engineering Gmbh, Germany) presented in Figure 6.1 show the 

placement of the array with respect to the fovea for each subject.  

A psychophysical fitting procedure established the optimal stimulation parameters for each 

individual. This involved selecting the subset of electrodes that produced the optimal experience 

for the individual. Electrodes were excluded from the configuration if they did not yield a 

phosphene within safe charge limits (250nC per electrode at a rate of 50 pulses per second, 

biphasic pulse, 500μs phase width) (Nayagam D.A.X., IOVS, 2017, 58, ARVO E-Abstract 4204),85 

or if the phosphene was confusing, indistinct, or not easily discriminable from other phosphenes. 

Any two neighbouring electrodes could optionally be operated as a shorted pair to increase the 

effective surface area and raise the safe charge limit, yielding phosphenes in areas of the retina 

where single-electrode stimulation did not produce useful phosphenes. The electrodes that 

were selected for stimulation in each subject are circled in green in Figure 6.1. The stimulation 

parameters for each subject were established within the first 10 weeks post switch-on, and were 

then used for all training and at home use. To maintain consistency and aid in familiarising the 

artificial percepts the stimulation parameters for each participant were kept consistent across 

all tasks and settings for the duration of the clinical trial, except for minor adjustments to charge 

levels on individual electrodes to account for changes in perceptual thresholds.  

Electrode activity was modulated by images captured by a head mounted camera. Camera 

images were processed using a Lanczos2 antialiasing filter as described in our previous work.185 

A “Scrambled” condition was also used, in which the same sampling locations were randomly 

assigned to the electrodes every five seconds  to disrupt the spatial structure of the image while 

maintaining field of view, overall brightness, and number of phosphenes, as described in 

previous work.154,186  
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Figure 6.1: Stitched composite infrared fundus images (Spectralis, Heidelberg Engineering Gmbh, Germany) showing 
the placement of the array on the retina for S1 (top, 17 weeks post-operatively), S2 (middle, 8 weeks post-operatively), 
and S3 (bottom, 8 weeks post-operatively). Electrodes are visible in the images as bright circles. Note that some 
electrodes are obscured from view due to pigmentation. Dashed blue lines trace the edge of the implant. Red dots 
indicate the estimated location of the fovea and concentric red circles indicate 10° eccentricities of visual field 
according to the Drasdo and Fowler schematic eye.125,126 Green circles signify electrodes that were included in the 
subject’s unique stimulus configuration, which was kept constant for all tasks and settings during the clinical trial. 
Larger green ovals indicate that two electrodes were operated as a shorted pair. Electrodes that are not circled in 
green were excluded from the stimulus configuration and were therefore not stimulated during the motion 
discrimination task. Some optical distortion and stitching artefact is expected. 
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6.2.3. Moving bar task 

Moving stimuli were presented in a four-alternative forced choice paradigm (4AFC). In each trial 

a single horizontal or vertical white bar of width 5° swept left, right, up, or down, across a black 

background on a 42” monitor viewed at approximately 40cm distance (approx. 100x67° visual 

arc). The subject’s non-implanted eye was patched. The direction of motion was selected 

according to a balanced-random schedule. The orientation of the bar was always perpendicular 

to direction of motion.  The subject’s task was to identify the direction of motion and respond 

by pressing the corresponding key on a keypad. Audio cues signalled the appearance of the bar 

(trial start) and the acknowledgement of the subject’s response. No other feedback was given. 

Initially the speed of the bar was set to 7°/s and 24 trials per condition were performed with 

Normal vision processing, Scrambled vision processing, and with the System Off on a balanced-

random schedule. Then the speed was increased to 15°/s for a further 24 trials per condition, 

and finally to 30°/s for 24 trials per condition. The subjects were not informed of the Scrambled 

condition, anticipating that the device was either turned on or off. The task was repeated at 

regular intervals during the course of the clinical trial as part of a larger suite of outcome 

assessments (Kolic M., IOVS, 2020, 61, ARVO E-Abstract 2199; Petoe M.A., IOVS, 2019, 60, ARVO 

E-Abstract 4993). Subjects could move their head freely and they were not given any particular 

instruction regarding eye movement; however, in the course of their training they had been 

made aware that eye position can affect the locations of phosphenes. 

6.2.4. Moving grating task 

The moving grating task was identical to the moving bar task except the bar stimulus was 

replaced by a grating stimulus, consisting of regularly spaced parallel white bars. The white bars 

were 5° in width with a pitch of either 20 or 30° (corresponding to a 15 or 25° gap between 

neighbouring bars). This spacing was selected to be smaller than the device’s visual field (Figure 

6.1) such that at least one bar of the grating was within the sampling region at any given time, 

while being mindful of the limited visual acuity of the retinal implant. As in the moving bar task, 

the stimulus moved in one of the four cardinal directions at random and the subject was 

required to determine the direction of motion and respond by pressing a key on a keypad. The 

stimulus filled the entire monitor and was displayed continuously until a response was logged. 

Due to time constraints the task was only performed in S1 and S2 in the Normal condition. 

6.2.5. Eye and head tracking 

A head-mounted eye tracker (Arrington Research, AZ, USA) recorded the position of the 

implanted eye at 60 Hz. Eye position data was processed to remove blink artefact prior to any 

analysis. Calibration of the system was not possible with non-sighted participants, as the 

calibration sequence requires the participant to fixate on a number of visual targets. Instead, 

following the manufacturer guidelines for this scenario, the system was calibrated for a sighted 

user and this calibration was then applied during data acquisition in this study. The eye-facing 

cameras were positioned such that the canthi were aligned with the left and right edges of the 

image to ensure the size of the eye in the camera image was consistent across all sessions. Small 

changes in the position of the camera relative to the eye are expected when moving the headset 

from the sighted user to the non-sighted user and this can introduce slippage error in the 

calculated gaze position. However, only relative changes from stimulus onset are analysed in 

this study, so small changes in absolute gaze estimates are unlikely to significantly affect the 

results. Head azimuth and elevation was recorded in degrees at 20 Hz using a magnetic motion 
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tracker (Ascension trakSTAR, Ascension Technology Corporation, VT, USA). Saccadic eye 

movements were identified using a velocity threshold of 50°/s. A subset of the data for each 

subject was visually inspected to verify the robustness of the saccade detection. 

The net head movement in each trial of the moving bar and moving grating task was quantified 

by ΔHead, the aggregate of all head movement made between stimulus onset (first electrode 

stimulated) and stimulus offset (last electrode activated). Likewise, ΔEyesaccadic and ΔEyedrift 

respectively quantify the aggregate saccadic and drift (non-saccadic) eye movement between 

stimulus onset and offset. If an eye movement continued after stimulus offset (eye velocity 

greater 4°/s) then the sampling time was extended until either the movement ceased (velocity 

less than 4°/s), the direction of the movement deviated more than 30° from the original 

movement, or 300 ms after stimulus offset, whichever occurred first. This ensured that any eye 

movement that began during the period of stimulation was fully captured. The ΔEye and ΔHead 

vectors were then normalised by subtracting the angle of stimulus motion, such that the 

normalised ΔEye and ΔHead represented the direction of the eye or head movement relative to 

the direction of the stimulus. 

6.2.6. Statistical analyses 

Mean normalised ΔHead and ΔEyedrift were compared against zero to determine whether any 

significant head movements or drift eye movements congruent to the stimulus direction 

occurred in the moving bar task (Hotelling’s one sample T-test with Bonferroni correction for 

multiple comparisons). Any trial in which the initial eye position was greater than two standard 

deviations from the mean eye position over the entire session was excluded in order to mitigate 

any possible effect of an eccentric initial eye position. Nystagmus was identified by comparing 

the mean ΔEyesaccadic and ΔEyedrift over many trials – whereby drift and saccadic movements with 

opposing polarities indicated nystagmic eye movement. Behavioural responses from the keypad 

were compared for significance against chance (25%) using a binomial test with an alpha level 

of 0.05. 

6.3. Results 

6.3.1. Moving bar task performance 

S1 and S2 completed the moving bar task for all three stimulus speeds. S3 attempted the 7°/s 

stimulus on all assessment dates, the 15°/s stimulus at 20, 30, and 68 weeks post switch-on, and 

did not attempt the 30°/s stimulus at all due to time constraints. Accuracy on the task is 

presented for all subjects in Figure 6.2. Accuracy was very consistent between sessions, so data 

from all sessions was pooled together. For S1 accuracy in the Normal condition was good (61-

67%) and accuracy in the Scrambled condition was worse (47-23%) but still significantly above 

chance for 7°/s and 15°/s stimuli (p<0.001). For S2 accuracy in the Normal condition was 

excellent (83-87%) but accuracy in the Scrambled condition was not significantly above chance 

for any stimulus speed. For S3 accuracy was significantly above chance for in the Normal and 

Scrambled conditions for 7°/s stimuli but not for 15°/s stimuli. Accuracy was not significantly 

above chance in the System Off condition for any participants. 
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6.3.2. Stimulus-related smooth pursuit eye movements 

Stimulus-related drift eye movements were observed for two subjects. Figure 6.3A and 3B 

respectively show an exemplar eye and head response for a single trial with S1 in which a 30°/s 

left-moving stimulus was presented. Figure 6.3C and 3D respectively show the mean (± standard 

deviation) eye and head response for S1 for all trials in which 30°/s left-moving stimuli were 

presented. Similar data were obtained for S2 and S3, and summarised as vectors of maximal eye 

and head motion with respect to normalised stimulus direction (Figure 6.4). 

Figure 6.4 summarises the drift eye movements, head motion, and inferred strategy on the task 

for all participants. Normalised ΔHead and ΔEyedrift vectors and are plotted for each stimulus 

speed, showing the head movement and drift eye movement relative to the direction of stimulus 

movement. Vector angles near 0° indicate eye or head movement congruent to the stimulus 

movement, i.e. systematic and repeatable eye and head movements aligned with the stimulus 

were observed. Circular markers without vector lines denote cases where the mean normalised 

ΔHead or ΔEyedrift was not significantly different to zero, indicating that either minimal 

movement occurred or the direction of the movement was not correlated with the direction of 

stimulus movement. Responses for 15°/s stimuli were not included for S3 as these stimuli were 

not discriminable by the subject (Figure 6.2).  

Head movements congruent to the stimulus motion were observed for S1 for 7°/s and 15°/s 

stimuli, and for S3 for 7°/s stimuli, implying a strategy that utilised head scanning (Figure 6.4G, 

I). No significant head movements were observed for S2 (all stimulus speeds) or S1 for 30°/s 

stimuli, implying a strategy that utilised retinotopic information and not head scanning. 

  

 

Figure 6.2: Response accuracy for each subject in the moving bar task. Bars represent accuracy pooled across all 
sessions. Error bars represent the standard error of the mean of accuracy per session. Data are separated by the speed 
at which the stimulus moved and by the image processing condition (Normal, Scrambled, System Off). The horizontal 
dotted line specifies the chance rate of 25%. Asterisks denote above-chance performance for data pooled across 
sessions (Binomial test, **p<0.01, ***p<0.001). 
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S1 and S2 both had significant drift eye movements congruent to the stimulus direction in the 

Normal condition (Figure 6.4A, B), but these eye movements did not occur when the retinotopic 

information was scrambled (Figure 6.4D, E). These drift eye movements are unlikely to represent 

the slow phase of nystagmus because of their dependence on the task stimuli. Nor are they likely 

to represent vestibulo-ocular reflex, because the head movement was either minimal or was in 

the same direction as the eye movement. It is therefore probable that these drift eye 

movements are smooth pursuit. An example of a supposed smooth pursuit waveform (S1, 30°/s 

left-moving stimulus) is presented in Figure 6.3A. The eye movement occurring between 

approximately t=0.5-1.5s bears the primary characteristics of a smooth pursuit: a prolonged eye 

movement at sub-saccadic velocities in a direction congruent with a moving stimulus. This 

response was highly repeatable (average extent of 14.7 ± 5.1°, Figure 6.3C). 

 

  

 

Figure 6.3: Example of eye and head responses to moving stimuli. Panels A and B respectively display the eye and head 
movement during a single trial in which a 30°/s left-moving stimulus was presented. Panels C and D respectively display 
the average (± standard deviation) eye and head movement over all trials in which a 30°/s left-moving stimulus was 
presented and correctly identified. Eye and head position are measured relative to the position at stimulus onset (t=0). 
Positive values on the y-axis indicate rightwards horizontal movement (blue lines) or upwards vertical movement (red 
lines). 
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Figure 6.4: Polar plots displaying the angular error between the direction of motion of the stimulus and the average 
ΔEyedrift and ΔHead for all subjects in the Normal and Scrambled conditions for 7°/s (blue), 15°/s (red) and 30°/s 
(yellow) stimuli. Each vector represents the mean direction and magnitude of the eye or head movement relative to 
the direction of motion of the stimulus. Vectors pointing approximately rightward (0°) indicate that on average the 
eye or head movement was in the same direction as the stimulus (for all stimulus directions). Asterisks indicate mean 
eye or head movement was significantly different to zero (Hotelling’s one sample T-test with Bonferroni correction for 
multiple comparisons; *p<0.05, **p<0.01, ***p<0.001). Hollow markers denote mean eye/head movements that were 
not significantly different to zero, indicating little movement or non-systematic movement. 
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6.3.3. Characterisation of baseline acquired nystagmus 

To characterise any baseline acquired nystagmus, ΔEyedrift and ΔEyesaccadic during the System Off 

condition were compared (Figure 6.5). Data from all stimulus speeds and directions were pooled 

under the assumption that the subjects received no visual input during the task (bare-light 

perception only, no electrical stimulation, and resultant accuracy not significantly greater than 

chance). No normalisation for stimulus direction was performed. Nystagmus is characterised by 

slow-phase (drift) eye movements punctuated by ‘beating’ fast-phase (saccadic) eye movements 

in the opposite direction11, so ΔEyedrift and ΔEyesaccadic movements with opposite polarity would 

indicate a nystagmus. Figure 6.5 shows no notable nystagmus for S1, a left-beating nystagmus 

for S2, and a down-beating nystagmus for S3. 

6.3.4. Optokinetic reflex 

Response accuracy using the keypad for the moving grating task for S1 was 50% (30°/s, 20° pitch) 

and for S2 was 63% (15°/s, 20° pitch), 83% (30°/s, 20° pitch) and 92% (30°/s, 30° pitch). 

Sawtooth-like waveforms that resembled optokinetic reflex appeared intermittently in the 

recorded eye position signal during the moving grating task. An example of one such movement 

is shown in Figure 6.6A, while the mean ΔEyedrift and ΔEyesaccadic are normalised against trial 

duration and plotted for each subject in Figure 6.6B-C. In healthy vision, the beat (saccadic 

component) of optokinetic reflex is expected to oppose the direction of stimulus movement.11 

Nystagmic eye movements were identified, but for both subjects the beat was always upwards 

– regardless of stimulus direction. For S2 the severity of nystagmus varied with stimulus 

direction, but up-beat nystagmus was observed for all moving grating stimuli tested (Figure 6.6, 

 

Figure 6.5: Characterisation of baseline acquired nystagmus for each subject using eye movement during the moving 
bar task in the System Off condition. Data was pooled across all stimulus speeds. A) Example of a nystagmic waveform 
in S3. Black triangles indicate the beat (saccadic component) of the nystagmus. B-D) Mean ΔEyedrift (circle markers) is 
compared to mean ΔEyesaccadic (crosses) for each participant. Ellipses indicate standard deviation. Slow and fast phase 
movements with opposing polarity indicate a beating nystagmus. S1 had no notable nystagmus, S2 exhibited a left-
beat nystagmus, and S3 exhibited a down-beat nystagmus. 
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only data for 30°/s, 20° pitch are shown). Up-beat nystagmus is inconsistent with either subject’s 

baseline nystagmus (Figure 6.5) – S1 exhibited no notable nystagmus with System Off and S2 

exhibited a left-beating nystagmus. 

6.4. Discussion 

6.4.1. Smooth pursuit and nystagmus 

In this study we examined the contributions of fast (saccadic) and slow (drift/pursuit) eye 

movements to overall eye movement in a motion discrimination task using prosthetic vision. 

Our observation that two subjects made smooth pursuit eye movements in the direction of 

stimulus motion is particularly significant because smooth pursuit generally only occurs in 

response to a moving visual target. Direction- and orientation- selective circuits in V1, which 

integrate spatiotemporal patterns of excitation within their receptive fields to encode motion, 

are necessary for the generation of smooth pursuit in primates and also provide a direction 

selective input to the image forming pathway.11,187 A series of discrete flashes could be 

interpreted as motion in the context of the task, but this would not be expected to elicit a 

smooth pursuit. Therefore, the observation of smooth pursuit in two subjects might suggest the 

experience of motion was more naturalistic than expected. Both these two subjects described 

their experience of motion during the task as “normal”. 

 

Figure 6.6: Characterisation of nystagmus for S1 and S2 in the moving grating task. A) Example of a nystagmic 
waveform observed in S1 during the moving grating task. B-C) Mean ΔEyedrift (circle markers) is compared to mean 
ΔEyesaccadic (crosses) for each stimulus direction for each participant. Colour represents the direction of motion of the 
stimulus. Ellipses indicate standard deviation. Slow and fast phase movements with opposing polarity indicate a 
beating nystagmus. Both participants exhibited up-beat nystagmus in response to the moving grating stimuli, 
regardless of stimulus direction. Only data for 30°/s, 20° pitch are shown. 
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In the moving grating task two subjects made eye movements that resembled an optokinetic 

reflex, however, the movement was always up-beat regardless of the direction of stimulus 

motion. The observed movements are likely to be stimulus-related, rather than acquired 

nystagmus, because they did not match the earlier characterisation of each subject’s baseline 

acquired nystagmus, the degree of nystagmus varied with stimulus direction in one subject, and 

the subjects were screened before enrolment for neurological conditions known to cause up-

beat nystagmus. 

In mammals the optokinetic reflex is modulated by direction-selective retinal ganglion cells that 

project to the accessory optic system, though the actual direction-selective computation is 

performed by starburst amacrine cells in the inner retina.188,189 Given the limited spatial 

resolution of electrical stimulation with the suprachoroidal retinal implant (1.5mm electrode 

pitch), and the fact that suprachoroidal stimulation activates neurons in all retinal layers (likely 

activating direction-selective retinal ganglion cells directly, regardless of any activation and 

subsequent computation occurring in the inner retina)88,190, it is unsurprising that a normal 

optokinetic reflex was not observed. It is possible that the video processing and electrode 

sequencing algorithms, which are constrained by the video processing rate (12.5 Hz) and safe 

stimulation protocols, produced artefact that led to up-beat nystagmus. Alternatively, the 

significant neural remodelling that occurs in retinal degeneration may have affected the function 

of the retinal direction-selective circuits and interfered with the generation of the optokinetic 

reflex.191 It is unclear what the perceptual effects of such remodelling might be; direction 

selective retinal ganglion cells are most strongly implicated in optokinetic control and their role 

in image-forming remains under debate.192 Further understanding of retinal remodelling and its 

perceptual and oculomotor effects will be important in establishing a naturalistic integration of 

retinal implants in late-stage retinal degeneration.  

It should also be noted that foveation and image stabilisation, the primary purpose of smooth 

pursuit and optokinetic reflex, is not possible with the present 44-channel suprachoroidal retinal 

implant. This is due to the decoupling of eye position and camera orientation. The observed 

smooth pursuit eye movements would not have had the effect of stabilising the percept, and 

would in fact have caused further movement of the percept, as eye movements cause 

movement of phosphenes within the visual field.17,98,142,179 This is also likely to have interfered 

with the generation of an optokinetic reflex. Nevertheless, the observation of smooth pursuit 

movements is an encouraging result for photovoltaic retinal implants or future visual prostheses 

that incorporate eye position feedback. 

6.4.2. The contribution of retinotopic information 

Analyses of eye and head movement revealed a range of strategies employed in the task. S3 

appeared to be the most dependent on head scanning, exhibiting head movements congruent 

to the stimulus direction and a relatively small decrease in performance when the retinotopic 

information was scrambled. In contrast, S2 was highly proficient at retinotopic discrimination 

and made almost no head movement, resulting in excellent performance in the Normal 

condition and chance performance in the Scrambled condition. S1 employed a mixture of head 

scanning and retinotopic discrimination – scrambling the retinotopic information diminished 

performance, but performance remained above chance in cases where head movements were 

observed (7°/s and 15°/s stimuli). Taken together, these results suggest head position cues were 
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useful when available but that the task was also possible using retinotopic cues only. These 

results are consistent with published results showing decreased performance in Scrambled 

versus Normal for subjects implanted with the Argus II epiretinal implant performing a moving 

bar task,63 and for subjects implanted with a 24-channel suprachoroidal retinal implant 

performing acuity and localisation tasks.16,154  

6.4.3. Array placement and stimulation parameters 

Some aspects of the oculomotor response may be explained by the placement of the array on 

the retina (Figure 6.1). In S3, the electrodes that were selected for stimulation span a relatively 

small area of the retina, which may explain S3’s relatively low accuracy on the task and apparent 

reliance on head movement cues. In S1, the stimulating electrodes lie superior to the fovea, such 

that phosphenes are expected to appear in the lower hemisphere of the visual field on both the 

left and right sides. S1 consistently performed worse for up-moving stimuli than any other 

direction (see response matrix in Supplementary Figure S6.1), and this was the only stimulus for 

which smooth eye movements were incongruent with stimulus direction. This may be related to 

the absence of any electrodes inferior to the fovea and much better coverage of active 

electrodes horizontally than vertically. In S2, with a sparse electrode mapping in the temporal 

superior region (Figure 6.1), left-moving and down-moving stimuli were the most commonly 

confused stimuli (Supplementary Figure S1), and the direction of smooth eye movements for 

those stimuli appeared mostly downwards. This was corroborated by the subject, saying the two 

directions were difficult to distinguish because the lower left of his visual field was unclear.  

The results suggest that placing the array squarely over the fovea is optimal, as it provides 

phosphenes in all quadrants of the visual field. Overall accuracy in the task also appears to be 

correlated to the number of active electrodes included in the subject’s individual stimulation 

configuration, which depends on the response of the neurons surrounding each electrode to 

electrical stimulation within safe limits. Presumably one of the key predictors of performance 

on the task would therefore be the integrity of the degenerate retina. The finding that all 

subjects made significant eye movements, despite understanding that eye movement could be 

detrimental to their performance, further underscores the need for eye position feedback and 

image stabilisation in camera-based visual prostheses. 

6.4.4. Conclusion 

Subjects implanted with a 44-channel suprachoroidal retinal implant use a variety of strategies 

to discriminate direction of motion, with some subjects making use of head position cues and 

others relying entirely on retinotopic cues. The observation of smooth pursuit eye movements 

in two subjects indicates some influence of cortical direction-selective circuits under stimulation 

from the implant, and implies a more naturalistic experience of motion than previously 

expected. The finding that naturalistic oculomotor responses to moving stimuli can occur even 

in low resolution prosthetic vision highlights the potential for eye tracker feedback to improve 

perceptual localisation and image stabilisation in camera-based visual prostheses. 
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6.5. Supplementary material 

  

 

Supplementary Figure S6.1: Response matrices for accuracy in the moving bar task in the Normal condition. Data is 
pooled across all sessions. Results for each stimulus speed are presented separately. Numbers inside squares indicate 
number of trials, and darker coloured squares indicate a higher proportion of responses. S3 did not attempt the task 
for 30°/s stimuli. Overall accuracy on the task is displayed above each matrix.   



Oculomotor responses to dynamic stimuli in a retinal prosthesis 

73 
 

6.6. Appendices 
 

 

 

 

 

 

 

Appendix 1: Examples of nystagmic waveforms observed in each participant during the moving bar task in the System 
Off condition. Blue lines represent horizontal eye position (with positive y axis values indicating rightward 
displacement) and red lines represent vertical eye position (with positive y values indicating upwards displacement). 
Black triangles indicate the beat (saccadic component) of the nystagmus. No nystagmus is observed for S1 (top), a 
left-beating nystagmus is observed for S2 (middle), and an down- and right-beating nystagmus is observed for S3 
(bottom).   
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Appendix 2: Examples of nystagmic waveforms observed in each participant during the moving grating task. Blue 
lines represent horizontal eye position (with positive y axis values indicating rightward displacement) and red lines 
represent vertical eye position (with positive y values indicating upwards displacement). Black triangles indicate the 
beat (saccadic component) of the nystagmus. Up-beating nystagmus was observed in S1 and S2. S3 did not 
participate the moving grating task. 
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Chapter 7.  Gaze Compensation as a Technique for 

Improving Hand-Eye Coordination in 

Prosthetic Vision 

Published as: 

Titchener S. A., Shivdasani M. N., Fallon J. B., Petoe M.A. Gaze Compensation as a 

Technique for Improving Hand–Eye Coordination in Prosthetic Vision. Transl Vis Sci 

Technol. 2018;7(1):2.  

 

Purpose: Shifting the region-of-interest within the input image to compensate for gaze shifts 

(“gaze compensation”) may improve hand-eye coordination in visual prostheses that 

incorporate an external camera. The present study investigated the effects of eye movement on 

hand-eye coordination under simulated prosthetic vision (SPV), and measured the coordination 

benefits of gaze compensation.  

Methods: Seven normal-sighted subjects performed a target localisation pointing task under 

SPV. Three conditions were tested, modelling: retinally stabilised phosphenes (uncompensated); 

gaze compensation; no phosphene movement (centre-fixed). The error in pointing was 

quantified for each condition. 

Results: Gaze compensation yielded a significantly smaller pointing error than the 

uncompensated condition for six out of seven subjects, and a similar or smaller pointing error 

than the centre-fixed condition for all subjects (Two-way ANOVA, p<0.05). Pointing error 

eccentricity and gaze eccentricity were moderately correlated in the uncompensated condition 

(azimuth: R2=0.47; elevation: R2=0.51) but not in the gaze-compensated condition (azimuth: 

R2=0.01; elevation: R2=0.00). Increased variability in gaze at the time of pointing was correlated 

with greater reduction in pointing error in the centre-fixed condition compared to the 

uncompensated condition (R2=0.64).  

Chapter 7  
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Conclusions: Eccentric eye position impedes hand-eye coordination in SPV. While errors can be 

reduced by limiting eye eccentricity in uncompensated viewing, gaze compensation is effective 

in improving coordination for subjects unable to maintain fixation.  

Translational Relevance: The results highlight the present necessity for suppressing eye 

movement and support the use of gaze compensation to improve hand-eye coordination and 

localization performance in prosthetic vision. 

7.1. Introduction  
Visual prostheses aim to provide artificial vision to blind patients by using implanted electrodes 

to electrically stimulate the retina,75,82,88,193 optic nerve,101 thalamus,107 or visual cortex,49 

evoking localised visual percepts. The location of the percept within the patient’s egocentric 

spatial map is known to move in parity with the orientation of the eyes.49,82,142 This apparent 

movement is because eye position plays an important role in the integration of retinotopic visual 

signals into a consistent spatial map,12 even after blindness.194 

For tasks of coordination it is important that the percept location properly reflects the real 

world. This requires the orientation of the image sensor to be directly coupled with eye position; 

however, most present devices use an external camera of fixed orientation, divorcing the 

camera axis from the pupillary axis.82,88,193 Recipients of these devices must rely exclusively on 

head movements to direct their field of view. While retinal implants have been shown to assist 

in hand-eye coordination tasks193,195–197 it is likely that the decoupling of the camera and pupillary 

axes negatively affects performance on the tasks. 

Currently, patients are trained to suppress eye movements at all times in order to maintain 

alignment between the camera and pupillary axes64,143 but the accessibility of this technique is 

questionable. Patients have little intuition of the orientation of their eyes142 and have difficulty 

suppressing eye movements, particularly those associated with nystagmus. We have previously 

found that suprachoroidal implant recipients made significant eye movements in response to 

stimuli during a static image localisation task despite being instructed not to.16 A separate study 

in Argus II recipients found that camera-gaze misalignments occurred frequently during a visual 

search task, often due to the vestibulo-ocular reflexive movements that occur naturally during 

head scanning, and that patients rely on a series of complex head movements to properly 

localise objects in daily life.142 Some have suggested that percept localisation is so difficult that 

many patients simply use their devices as light detectors, ignoring any retinotopic information 

and instead relying solely on head and neck orientation.82,154,195  

Other visual prostheses forego the external camera and instead use implanted photodiode 

arrays, such as the Alpha IMS/AMS subretinal implant.75 In these devices, electrode activity is 

modulated by the light that is naturally incident to the eye, enabling naturalistic eye scanning. 

Studies with Alpha IMS recipients have shown that patients exhibit “qualitatively normal” 

oculomotor behaviour when the hardware permits eye scanning.145 Restoring naturalistic eye 

scanning in camera-based retinal and cortical implants is desirable as it has implications for 

perceptual localisation and hand-eye coordination, and would reduce the cognitive burden on 

the recipient by facilitating more intuitive interaction with the technology. Implantable 

intraocular cameras have been proposed as one way of achieving this,147,198,199 but to our 
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knowledge the clinical feasibility of this approach has not been established. Others have 

proposed tracking the eye position and dynamically shifting the region-of-interest (ROI) inside a 

wide field of view image to compensate for eye movements as they occur.146,200 This technique, 

which we term “gaze compensation”, is the more immediately applicable and clinically relevant 

technique. 

Existing studies have examined the benefits of gaze compensation in prosthetic vision. In a 

previous study on suprachoroidal retinal implant recipients we showed that gaze compensation 

improved performance in a static image localisation task but we did not assess hand-eye 

coordination specifically.148 Similarly, McIntosh (2015)146 showed that subjects under simulated 

prosthetic vision performed better in a reach-and-grasp task and a visual search task when 

foveation was restored; however, significant results were found only at high phosphene 

densities, possibly because the tasks were too difficult to perform at low resolution even with 

gaze compensation.  

Other studies have reported eye position as a confounding factor in hand-eye coordination. 

Sabbah et al (2014)142 tested the accuracy of epiretinal Argus II patients in a target localisation 

task when the eyes were purposefully held in an eccentric position. They reported that pointing 

was skewed towards the direction of eye displacement; however, the analysis was limited to 

directionality and did not quantify the effect of eye displacement magnitude. In a separate 

study, Argus II patients indicated the location of percepts generated by direct-to-array 

stimulation during forced eccentric eye movements. After estimating the effect of eye 

movement, the authors inferred the retinotopic placement of electrodes from the pointed 

location.98 A simulated prosthetic vision study in a visually impaired subject found that 

nystagmus adversely affected performance on a hand-eye coordination task when phosphenes 

moved in parity with the eyes.200 Two preliminary reports regarding experiments in Argus II 

recipients (Caspi et al. IOVS 2017; ARVO E-Abstract 4192)149 and simulated prosthetic vision 

(Hozumi et al. IOVS 2016; ARVO E-Abstract 1958)201 respectively have demonstrated reduced 

pointing error in a target localisation task when gaze compensation was used. Finally, changes 

in the optimal camera alignment in Argus II patients have been shown to correlate with long-

term changes in eye orientation (Barry et al. IOVS 2017; ARVO E-Abstract 4687).202 It is clear that 

a relationship between eye position and hand-eye coordination exists, but to our knowledge the 

specific effect of gaze eccentricity on coordination has not been characterised in any of the 

existing literature.  

The present study aimed to test the effectiveness of gaze compensation for improving hand-eye 

coordination in visual prosthetic recipients. We used a prosthetic vision simulator, based on the 

classic scoreboard model of phosphene vision, with built-in eye tracking to simulate prosthetic 

vision with and without gaze compensation. Further, we aimed to characterise the relationship 

between eye position and pointing error in a target localisation task under simulated prosthetic 

vision in order to better understand the effect of eye movements on hand-eye coordination. In 

contrast to the studies by Caspi et al (2017)98 and Sabbah et al (2014),142 any pupil eccentricity 

was spontaneously occurring rather than experimenter-controlled. We hypothesised that 

pointing error in the gaze-compensated condition would be significantly smaller than in the 

uncompensated condition and comparable to an idealised condition in which phosphenes never 

moved and camera-gaze misalignments did not arise from eye movement. We further 
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hypothesised that the magnitude and directionality of pointing error would be correlated to eye 

position, but that these correlations would diminish with gaze compensation. 

7.2. Methods 

7.2.1. Subject Selection 

Seven volunteers aged 22-31 participated in the experiment. All subjects had normal or 

corrected-to-normal vision and had no relevant medical history, and informed consent was 

obtained for all subjects. The research adhered to the tenets of the Declaration of Helsinki and 

was approved by The University of Melbourne School of Health Sciences Human Ethics Advisory 

Group (HREC 1647240). 

7.2.2. Phosphene Rendering for Simulated Prosthetic Vision 

Real-time phosphene rendering for simulated prosthetic vision was achieved using an abstract 

model of phosphene vision previously described by McCarthy et al (2014).137 Briefly, phosphenes 

appeared in a predefined layout as white spots whose intensity was greatest in the centre and 

decayed with radial distance according to a Gaussian profile with standard deviation 

proportional to the peak intensity. Phosphene intensities were calculated according to the 

minimal vision processing scheme described by Barnes et al (2016),185 whereby each phosphene 

intensity was calculated using a projection of 42 electrodes onto the input image and the peak 

intensity of each phosphene was set to a quantised value (eight levels) of the underlying pixel in 

the input image. The phosphene layout was modelled after the electrode layout of Bionic Vision 

Australia’s second-generation 44-channel retinal implant,203 with 42 phosphenes arranged in a 

hexagonal grid (Figure 7.1). 

7.2.3. Simulated Prosthetic Vision Apparatus 

Subjects wore a virtual reality headset (Rift DK2, Oculus Inc., Irvine, CA, USA) with a wide field 

of view camera (Logitech c390e, FoV: 80.7x50°, 30 fps) mounted to the  headset in front of the 

left eye (Figure 7.2). Images from the camera were pre-warped to eliminate lens distortion. A 

15x15° region-of-interest (ROI) (based on a conservative retinal projection of the electrode 

array9) was sampled from each frame to be rendered as a phosphene image and presented on 

the headset display to the left eye only. The subject could redirect the camera axis by moving 

their head. Phosphene rendering latency was 50ms and the display refresh rate was 90 Hz, 

yielding latencies between 50-61 ms for the display to reflect a change in camera image.  

 

Figure 7.1: Phosphene rendering for simulated prosthetic vision using the abstract model described by McCarthy et al 
(2014).137 (Left): electrode layout. (Centre): input image. (Right): phosphene rendering produced by sampling the input 
image at the electrode locations. 
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7.2.4. Tracking Eye and Head Position 

An infrared eye tracker (Arrington Research, Scottsdale, AZ, USA) mounted inside the headset 

recorded the position of the left pupil at 60 Hz, to an accuracy of 0.5°. Blinks and poor quality 

data points were identified and discarded based on a pupil size and shape criterion reported by 

the eye tracker software. A 16-point fixation target calibration procedure mapped pupil 

locations within the eye tracker camera image to pixel locations on the headset display. The 

location of the natural gaze origin relative to the headset display was estimated post-hoc for 

each subject from the distributions of measured eye azimuths and elevations during the 

stimulus-absent periods between experiment trials. Gaussian curves were fitted to the two 

distributions, and the gaze angles at the peak of each curve were taken as the natural gaze origin. 

Then, using the known geometry of the headset, gaze locations in pixel coordinates were 

transformed to degrees of visual arc relative to the natural gaze origin in a head-centred 

coordinate system. The combined eye azimuth (θ) and elevation (φ) are referred to as the “gaze 

angle”. Figure 7.3 illustrates the calibration process.  

A motion tracker (trackSTAR, Ascension Technology Corp, Shelburne, VT, USA) on the headset 

recorded head position and bearing at 20 Hz. By accounting for the instantaneously measured 

head position the locations of real-world objects were also expressed in the head-centred 

coordinate system, allowing for direct comparison between eye position and world locations. 

 

Figure 7.2: Experiment set-up. Targets were displayed on a 30-inch touchscreen at a viewing distance of 40cm. Subjects 
wore a simulated prosthetic vision headset that included a front-facing camera, head motion tracker, and eye tracker. 
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Figure 7.3: Eye tracker calibration. The subject was required to fixate on a series of calibration targets (green) on the 
headset display. The heavy black line shows the direction of gaze. The eye tracker software produced a calibration 
that mapped the pupil location to headset display pixel coordinates. Then, by using the known screen geometry 
(display width, w; display height, h; viewing distance, dv) and estimated gaze origin (0,0), gaze locations in pixel 
coordinates were transformed to azimuth (θg) and elevation (φg) angles in a head head-centred coordinate system 
relative to the natural gaze origin. The black plus indicates the centre of the display, which was not necessarily aligned 
with the natural gaze origin. Real-world locations were expressed in the same head-centred coordinate system by 
accounting for the instantaneous measured head position. 

7.2.5. Phosphene Movement Conditions 

The simulator could optionally use eye position measurements in a closed loop configuration to 

retinally stabilise the phosphenes. Additionally, the input image sampling region-of-interest 

(ROI) could be shifted in parity with the measured gaze angle (gaze compensation). Three 

conditions were tested:  

1) Uncompensated: modelled a retinal implant without gaze compensation. Phosphenes 

were retinally stabilised and the camera image ROI remained fixed in the centre of the 

image. Head scanning was the only means of directing the field of view, and eye 

movements could introduce camera-gaze misalignments.  

2) Gaze-compensated: modelled a retinal implant with gaze compensation. Phosphenes 

were retinally stabilised and gaze compensation was applied to continuously transpose 

the input image sampling ROI. The camera image was mapped to the headset display 

such that the centre of the image corresponded to the centre of the display. Head 

scanning and eye scanning could both be used to direct the field of view.  

3) Centre-fixed: a control condition is which the phosphenes never moved. The phosphene 

array and input image sampling ROI remained fixed in the centres of the headset display 

and the camera image respectively, regardless of any eye movement. Subjects were able 

to foveate on any part of the field of view; however, eye movements did not cause the 

phosphene array shift relative to the camera image. Head scanning was the only method 

of directing the field of view. 
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The latency for the phosphene display to respond to an eye movement ranged from 52-80ms 

(60Hz eye tracker acquisition + 2ms eye tracker processing latency + 50ms phosphene rendering 

+ 90Hz display refresh), which may have been perceptible as a slight lag in response. 

7.2.6. Target Localisation Task 

Subjects wore the prosthetic vision simulator and sat 40 cm in front of a touchscreen monitor in 

a darkened room. The monitor (Dell U3011) measured 30 inches diagonally with a 16:10 aspect 

ratio, equating to a field of view of 78°x54°. Subjects were free to move their heads but were 

encouraged not to move their upper bodies so as to maintain a constant distance to the monitor. 

In each trial of the task, a single stationary white circular target with a diameter of 5° appeared 

in a random location on the monitor, restricted to the central 52°x34° region, against a black 

background. The appearance of the target was accompanied by an audio tone that signalled the 

start of the trial. Subjects were instructed to search for the target and touch it with a finger of 

their dominant hand to the best of their ability with no restriction on time, and were permitted 

to rest their non-dominant hand on the table to orient themselves throughout the task. A 

different audio tone signalled when a touch had been successfully registered by the touchscreen 

monitor, ending the trial. Figure 7.2 shows the experiment set up. 

One of the three simulator conditions (uncompensated, gaze-compensated, or centre-fixed) was 

selected at random for each trial. Subjects were not briefed on the parameters of the different 

conditions. Trials were executed in blocks of 10, and before each block an eye tracker slip-

correction sequence, in which the subject briefly fixated a single calibration target, was executed 

to account for any relative movement between the eye tracker camera and the subject’s eye. 

The touch location, target location, response time, and the eye and head positions during the 

trial were recorded. Subjects could stop or request a break at any time and breaks were enforced 

after each 100 trials. Prior to beginning the experiment, subjects performed 3-10 trials using 

normal vision to familiarise themselves with the task. The primary stopping condition was 240 

trials in total and at least 50 trials in each condition. In a debriefing session following the 

experiment, subjects were asked to describe any strategies they had used in the task.  

7.2.7. Data Analysis 

The primary measure of performance on the task was the pointing error, which characterised 

hand-eye coordination. Pointing error was measured in degrees of visual arc between the centre 

of the circular target and the location touched by the subject. This enabled direct comparisons 

between the gaze angle, target, and touch in a common head-centred coordinate system 

relative to the natural gaze origin (Figure 7.3). The gaze angle at the time that the subject 

touched the screen is referred to as the “response gaze”. 

Task performance, measured in terms of pointing error and response time, was compared 

between simulator conditions using two-way ANOVAs with subject and condition as factors. We 

then examined the relationship between response gaze and pointing error in terms of 

magnitude and directionality to determine whether eccentric gaze was correlated with poor 

performance in the gaze-compensated and uncompensated conditions. Finally, the distribution 

of eye positions recorded during the experiment was examined to quantify the typical range of 

eye movements during the localisation task.  
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The centre-fixed condition was used as a control for any systematic biases in pointing error, 

since phosphenes were stationary and eye position was not expected to affect pointing error in 

this condition. Two sources of bias were considered: 

1) Gaze offset bias: Any offset between the natural gaze origin and the centre of the 

headset display, which was mapped to the centre of the camera image, introduced a 

constant displacement between the percept (as seen by the subject) and the target. The 

gaze offset bias existed only in the centre-fixed and gaze-compensated conditions, 

because in the uncompensated condition the centre of the camera image was mapped 

to the fovea rather than to any particular area of the headset display.  

2) Open-loop pointing bias: arises from the lack of visual feedback with which to guide the 

pointing motion,204 as well as from the spatial separation between the image sensor and 

the headset display. This bias is likely to be present equally in all three conditions as it is 

intrinsic to the individual subject and to the physical dimensions of the simulator 

apparatus.  

Assuming a 1:1 correlation between gaze offset and pointing error, the gaze offset bias is equal 

to the visual arc between the natural gaze origin and the display centre. This value was 

subtracted from the recorded touch location for each trial in the centre-fixed and gaze-

compensated conditions only. The remaining systematic bias in the centre-fixed condition is 

attributed to open-loop pointing bias and was subtracted from the recorded touch locations in 

all conditions. All pointing errors presented have been treated in this way unless otherwise 

stated. 

7.3. Results 
All subjects were able to complete the task, and each subject performed between 57 and 89 

trials under each condition. Figure 7.4 shows an example result from a single trial for subject S6 

in the uncompensated condition.  

 

Figure 7.4: Results from a single trial for subject S6 
in the uncompensated condition. The input image 
region-of-interest is sampled from a central 
location while the phosphene display appears at 
the gaze location. The location of the 5 degree 
target (dark blue circle), the location touched by 
the subject (black plus symbol), the gaze location 
(magenta star), and the location of the percept 
representing the target (transparent blue circle) 
are all expressed in degrees of visual arc in the 
head-centred coordinate system. The pointing 
error (red arrow) is measured between the target 
location and the touch location. Note the percept 
of the target has moved in parity with the subject’s 
gaze resulting in a pointing error in the direction of 
the percept despite the camera being pointed 
towards target. 
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7.3.1. Systematic bias in pointing error 

Figure 7.5 demonstrates systematic bias in pointing error for subject S3 in the centre-fixed 

condition, showing the separate contributions of gaze offset bias and open loop pointing bias. 

Among the cohort, gaze offset magnitudes ranged 3.3-15.9° degrees, open-loop pointing bias 

magnitudes ranged 9.6-14.7° degrees, and total bias magnitudes ranged 4.9-17.6°. 

7.3.2. Performance Measures 

The data for pointing error across conditions and subjects were heteroscedastic and had non-

normally distributed residuals. For analysis of pointing error we performed a rank transform in 

conjunction with Welch’s ANOVA, which does not assume homoscedasticity and is insensitive 

to non-normality for large sample sizes.205 A separate Welch’s ANOVA was performed for each 

subject using a Bonferroni-adjusted alpha level (α=0.05/7, or 0.007) and the Games-Howell 

procedure for multiple comparisons. For six out of seven subjects, pointing error magnitude 

(Figure 7.6) was significantly greater in the uncompensated condition than the gaze-

compensated and centre-fixed conditions (S1 p<0.05; S2, S3, S5, S6, S7 p<0.001). No significant 

difference was detected between the gaze-compensated and centre-fixed conditions for any 

subject except S6, for whom the centre-fixed condition resulted in a larger pointing error 

(p<0.003).  

The mean pointing error across all subjects after correcting for systematic bias was 6.60.2° in 

the gaze-compensated condition, 6.70.2° in the centre-fixed condition, comparable to 5.01.6° 

for simulated ultra-low vision subjects reported by Endo et al (2016).204 Mean pointing error in 

the uncompensated condition across all subjects was 12.10.3°. A previous study in simulated 

prosthetic vision reported higher mean pointing error for gaze-compensated and 

uncompensated viewing, possibly because they had not corrected for bias in pointing (Hozumi 

et al. IOVS 2016; ARVO E-Abstract 1958).201 

 

Figure 7.5: Systematic bias in pointing error for subject S3 in the centre-fixed condition. (Left): touch locations relative 
to the target location (black crosses, with centroid indicated by the black plus symbol) are biased downward and 
rightward of the target. The bias is composed of gaze-offset bias (red arrow), caused by the misalignment between 
the fixed phosphene array and the gaze origin, and open-loop pointing bias (green arrow). (Right): Pointing error for 
the same subject with bias subtracted.  
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Response times varied from 0.85-109.05 seconds. There was a significant effect of condition on 

response time for subject S1 only (Separate Welch’s ANOVAs on ranks for each subject with 

Bonferroni correction and Games-Howell’s multiple comparisons procedure); S1 had 

significantly shorter response times in the centre-fixed condition than in the gaze-compensated 

(p<0.001) and uncompensated (p<0.001) conditions. Welch’s ANOVA was selected because the 

data were heteroscedastic and has non-normally distributed.  

7.3.3. Eccentric Gaze as a Confounding Factor 

Our second hypothesis stated that the larger pointing error in the uncompensated condition 

was specifically attributed to non-central gaze. We investigated this by testing correlation 

between pointing error and response gaze for the gaze-compensated and uncompensated 

conditions using least-squares linear regression analysis (Figure 7.7). Data from all subjects were 

analysed collectively. The azimuth and elevation were analysed separately to preserve both the 

magnitude and directionality of the pointing error vector. Although the residuals were found to 

be non-normally distributed in all four cases, linear regression is robust against non-normality, 

particularly with large sample sizes. 

In the uncompensated condition, there was a moderate correlation between gaze and pointing 

error in both dimensions (Figure 7.7A, azimuth: R2=0.47, slope=0.79, p<0.001; Figure 7.7B, 

elevation: R2=0.51, slope=0.67, p<0.001), with the pointing error smallest when gaze was 

central and largest when gaze was eccentric. In the gaze-compensated condition, there was a 

statistically significant but extremely weak correlation between the response gaze azimuth and 

pointing error azimuth (Figure 7.7C, azimuth: R2=0.01, slope=0.08 p<0.05), and no significant 

correlation in the elevation dimension (Figure 7.7D, elevation: R2=0.00, slope=0.01, p=0.72). 

 

Figure 7.6: Mean pointing error magnitude in each condition for each subject. Error bars show standard deviations, 
asterisks denote a significant difference between two conditions (single asterisk: p<0.05; double asterisk: p<0.01; triple 
asterisk: p<0.001), and the dashed line indicates the radius of the target. Pointing error was significantly greater in 
the uncompensated condition than in the gaze-compensated and centre-fixed conditions for six out of seven subjects. 
A significant difference between the gaze-compensated and centre-fixed conditions was observed only for S6. 
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As a secondary measure, the correlation between the vector angles of response gaze and 

pointing error was tested using circular correlation analysis as described by Jammalamadaka et 

al (2001)206 and implemented in the CircStat toolbox for Matlab.207 This method purely examines 

directional information, discarding magnitude. All error-free trials (i.e. touch point within target 

boundary, 2.5° from target centre) were excluded. A significant correlation between the 

directionalities of gaze and pointing error was observed in the uncompensated condition 

(Jammalamadaka’s r=0.58, p<0.001) but not the gaze-compensated condition (r=-0.00, p=0.93). 

7.3.4. Scanning Strategies 

After completing the task, four subjects, S1, S2, S4, and S5, reported that they primarily used 

head-scanning while attempting to keep their eyes fixed centrally. For S1, S2, and S4 this was 

because they had noticed that the percept was moving in response to their eye movements, 

while S5 could not articulate a reason. S3, S6, and S7 reported using head and eye scanning in 

conjunction. The distribution of response gazes in the uncompensated condition is plotted for 

each subject in Figure 7.8. Each point represents the gaze at the time of response for a single 

trial, and the variability of the distribution is characterised by the mean distance from the 

centroid, V. Greater variability was correlated with greater difference in average pointing error 

between the centre-fixed and uncompensated conditions (R2=0.64). 

 

Figure 7.7: Pointing error against response gaze for the uncompensated condition (top row) and the gaze-
compensated condition (bottom row). The azimuth dimension (left column) is analysed separately from the elevation 
dimension (right column). Data are aggregated across all subjects. Solid black lines indicate significant linear trends 
(p<0.05), and dashed black lines indicate insignificant trends.  
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Figure 7.8: Greater variability in uncompensated response gaze is correlated with larger reduction in mean pointing 
error when comparing the centre-fixed condition to the uncompensated condition. Panels S1-S7 show the gaze position 
at time of response for trials in the uncompensated condition for each subject, with the centroids denoted by red plus 
symbols. The variability of the distribution (red circle) is characterised by V, the mean distance from the centroid. 
Bottom right: Difference in mean pointing error between the centre-fixed and uncompensated conditions versus the 
response gaze variability in the uncompensated condition for each subject.  
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7.3.5. Range of Eye Movements Required During Gaze Compensation 

A gamma function was fitted to the distribution of eye position magnitudes for all eye position 

recordings made during trials in the gaze-compensated condition. Data from all subjects was 

analysed collectively. Based on the CDF of the fitted distribution, ninety five percent of the 

measured eye positions were within 24.44° of the natural gaze origin. 

7.4. Discussion 
The present study tested the effectiveness of gaze compensation in improving hand-eye 

coordination in a target localisation task under simulated prosthetic vision. Gaze compensation 

significantly reduced pointing error in six of the seven subjects when compared to the 

uncompensated condition. Further, pointing error in the gaze-compensated condition was 

similar or better for all subjects when compared to that in the centre-fixed condition in which 

phosphenes did not move. The gaze at the response time was found to be predictive of the 

direction of pointing error, and more eccentric gaze was predictive of higher magnitude pointing 

error. These results strongly suggest that non-central gaze impeded coordination in the 

uncompensated condition by misrepresenting the location of the target and biasing pointing 

direction towards the gaze point.  

Four of the seven subjects reported that they primarily relied on head scanning and attempted 

to confine their gaze to the central region. This strategy is the same as the standard instruction 

given to Argus II recipients to minimise the incidence of camera-gaze misalignments. 

Interestingly, the subject with the least variability in response gaze (S4, Figure 7.8) was the same 

subject for whom the pointing error did not depend on the condition tested. This can be 

attributed to a floor effect; eye movements were suppressed sufficiently well that any negative 

effect of gaze on coordination was beneath the noise floor. The remaining six subjects were less 

successful in suppressing eye movement and all benefited from gaze compensation. Further, 

greater variability in response gaze was correlated with greater reduction in pointing error in 

the gaze-compensated condition compared to the uncompensated condition. This result 

highlights the importance of suppressing eye movements in prosthetic vision; however, it is 

notable that the majority of subjects were unsuccessful in supressing eye movement. This 

observation is in agreement with the existing literature, which reports that even experienced 

retinal implant recipients have difficulty supressing eye movement.142,208 In contrast, gaze 

compensation provided coordination comparable to the centre-fixed condition for all subjects 

with no training or suppression of eye movement required. The findings provide motivation for 

the integration of eye trackers into visual prosthesis devices for gaze compensation. 

7.4.1. Response Time 

McIntosh (2015) reported that subjects were faster at a visual search task when gaze 

compensation was used,146 while Sabbah et al (2014) reported that patients implanted with the 

Argus II often made a series of time-consuming compensatory head and neck movements to 

resolve camera-gaze misalignments before reaching for an object.142 In contrast, the present 

study showed significantly decreased response times in the gaze-compensated condition for 

only one of seven subjects. Two aspects of the experiment design may have contributed to this. 

First, subjects were not briefed on the simulator conditions or told which condition was active 

at any time. Second, there was no visual or tactile feedback with which the subject could gauge 
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their pointing accuracy. Thus the subjects had no opportunity to develop compensatory 

techniques for any specific condition. 

7.4.2. Gaze Correlated with Pointing Error 

Previous studies have revealed that a relationship between eye movement and pointing error 

exists,98,142 but to our knowledge the present study is the first time that relationship has been 

quantified. Interestingly, the linear correlations that were observed between gaze and pointing 

error in the uncompensated condition had gradients less than one (Figure 7.7). In other words, 

pointing error was on average less eccentric than gaze, even though the percept was displaced 

by an amount equal to the gaze angle. This is in agreement with Endo et al (2016), who reported 

that “low vision subjects tended to touch more toward the central side of the target”.204 

7.4.3. Limitations of Simulated Prosthetic Vision 

The prosthetic vision simulation paradigm used in this study was idealised compared to present 

visual prostheses. In particular, the simulated phosphenes were uniform in shape and layout, 

unlike the phosphenes elicited by stimulation of the retina which are known to be irregular in 

size, shape, and layout.9 It is therefore likely that the resolution of the simulated prosthetic 

vision was higher than that of present devices. However, the optotypes used in the task were 

relatively large and simple, and subjects were not required to resolve any particular detail of the 

optotype, only to detect its presence and location. We should also consider that practised 

implantees might possess a certain level of intuition in interpreting phosphenated vision that 

was not available to the normal-sighted subjects in this study, and that additional confounding 

factors (such as irregular phosphenes) might have obscured the result while being only 

tangential to the hypothesis. The results are consistent with findings in actual prosthesis 

recipients (Caspi et al. IOVS 2017; ARVO E-Abstract 4192)149 and simulated prosthetic vision 

(Hozumi et al. IOVS 2016; ARVO E-Abstract 1958),201 and we therefore find it unlikely that the 

uniform phosphenes of the simulator imparted any significant advantage. The findings of this 

simulation study are also likely to extend to future high resolution devices. 

7.4.4. Implementation of Gaze Compensation in Visual Prostheses 

Selecting the correct region of the image to display to the patient requires accurate calibration 

of the eye tracker and consideration of the surgical placement of the electrode array, which may 

be eccentric from the fovea. Typical fixation target eye tracker calibration routines are 

inaccessible to visual prosthesis patients, who lack foveation, so unconventional calibration 

techniques are necessary. Caspi et al (2017)98 demonstrated a calibration routine for retinal 

implants whereby patients repeatedly placed a visual marker at arm’s length to indicate the 

location of a percept. The authors solved for the calibration coefficients and the retinotopic 

placement of the electrodes by assuming a 1:1 correlation between gaze displacement and the 

eccentricity of the marked location.  

The notion that pointing tasks can be a useful tool for eye tracker calibration is supported by the 

linear relationship between gaze and pointing error presented in this study; however, pointing 

error was on average smaller than gaze eccentricity (Figure 7.7, uncompensated condition: 

gradients < 1). It follows that a calibration dependent upon patients pointing to a percept may 

underestimate gaze angles. Other biases in pointing direction may also affect the calibration, 

such as the downward and lateral bias in open-loop pointing that exists in normal vision204 and 
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in artificial vision.142 The role of pointing in calibration could be minimised by instead requiring 

patients to move their eyes so as to align the percept with a tactile target, though the accuracy 

of such eye movements and the ease with which they can be executed has, to our knowledge, 

not been addressed in the literature. Passive calibration procedures that determine the 

geometry of the eye without requiring cooperation from the patient may also be useful.209 

A second consideration for the clinical implementation of gaze compensation is that the range 

of measurement of the eye tracker should sufficiently encompass the normal range of 

movement of the eye. Gaze was found to be within 24.44° of the natural gaze origin 95% of the 

time during gaze-compensated viewing. Therefore, a range of measurement of ±25° would be a 

reasonable minimum specification for an eye tracker for retinal implants. This is within the 

specifications of modern video based eye trackers.210 Kanda et al have demonstrated tracking 

the rotation of the eye by measuring stimulus artefact through electrodes implanted in the 

canthus, but did not report the range of measurement of their system (Kanda et al. IOVS 2017; 

ARVO E-Abstract 4188).211 It should be noted that eye movements are known to be partly driven 

by visual stimulus,14,212 and patients with RP are known to exhibit different oculomotor 

behaviour in certain tasks when compared to normal sighted subjects.155,157,158 Therefore, in 

practice the range of eye movement of a visual prosthesis recipient may differ from that 

observed here. It may also be possible that horizontal range of measurement is more valuable 

than vertical range of measurement in realistic scenarios in which horizontally arranged visual 

information and horizontally moving objects are prevalent. Other considerations that may be 

important are the increased weight, power consumption, and processing latency that eye 

tracking apparatus would add to a visual prosthesis.  

7.4.5. Conclusion 

In conclusion, gaze compensation was effective in improving hand-eye coordination in a target 

localisation task. Eccentric gaze was found to be correlated with poor coordination under 

prosthetic vision simulation that modelled retinally stabilised phosphenes. The results 

emphasise the potential for eye trackers to improve patient outcomes in prosthetic  vision. 
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Chapter 8.  A preliminary investigation of gaze 

compensation in a 44-channel 

suprachoroidal retinal prosthesis 

Purpose: The preceding chapter demonstrated a confounding effect of eye movement on 

pointing accuracy and a benefit of eye tracker feedback (gaze compensation) in a target 

localisation task using simulated prosthetic vision. Two recently published studies have 

demonstrated a similar effect in epiretinal implant users. This pilot study aimed to extend those 

findings to subjects implanted with our 44-channel suprachoroidal retinal implant. 

Methods: Four participants (P1-4) implanted with a 44-channel suprachoroidal retinal implant 

performed a target localisation task. A 10° square white target was presented at random 

locations on a 42” touchscreen, and participants were required to find it touch it with their index 

finger. Eye position of the implanted eye was tracked throughout the experiment. Pointing 

precision – defined as the spread of touch locations relative to the target after subtracting the 

mean – was compared between three conditions: System On (no eye tracker feedback), System 

Off, and Gaze Compensation. System On and System Off data was collected over several sessions 

between 17 and 96 weeks post-device-activation. Gaze Compensation data was collected in a 

single session for P2, P3, and P4, and is not available for P1. The correlation between pointing 

error and eye position was tested for eye position sampled at the touch time onset of electrical 

stimulation, and a third time-point selected for each patient based on the observed head 

scanning behaviours.  

Results: Pointing precision was significantly improved (reduced) for System On versus System 

Off in all four participants (p<0.001), indicating the device was useful for localisation. Contrary 

to expectations, the correlation between pointing error and eye position was not statistically 

significant and extremely weak for all four participants (least-squares linear regression, highest 

R2=0.18) regardless of the time-point at which the eye position was sampled. Gaze 

Compensation did not lead to improved performance in any of the participants. Significant 

methodological differences were identified between this study and the existing literature that 

may explain this result.  

Chapter 8  
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Conclusion: In this preliminary investigation, eye position was not correlated with pointing error, 

which was unexpected based on previous reports from an epiretinal implant. Several 

methodological issues were identified and further investigation is required to properly 

determine a possible effect of eye position on localisation in the suprachoroidal retinal 

prosthesis. 

8.1. Introduction 
The study presented in Chapter 7 investigated the effects of eye-camera misalignments in 

simulated prosthetic vision in a target localisation task. It was found that eye position was 

correlated with pointing error, with more eccentric eye positions associated with worse 

accuracy. Using eye tracker feedback to update the sampling region of the head mounted 

camera (“Gaze compensation”) was shown to improve performance on the task by eliminating 

the misalignment between eye position and camera angle. Following the publication of the 

study in Chapter 7, similar findings were twice reported in Argus II recipients179,213, and a 

separate study in Argus II recipients provided further evidence for the relationship between eye 

movement and percept movement.98  

This chapter describes a preliminary study in which we took a first step towards extending the 

findings of Chapter 7 (and similar studies in Argus II recipients) to subjects implanted with a 44-

channel suprachoroidal retinal prosthesis. Using similar analyses to Chapter 7, we investigate 

the relationship between pointing error and eye position at the time of pointing. However, we 

also investigate the effect of eye position at other points during the task, as a recent phosphene 

mapping study in Argus II recipients demonstrated that eye position at stimulus onset, rather 

than at the time of pointing, was more important in determining the percept location in that 

particular task.98 Additionally, an implementation of gaze compensation was tested and its effect 

on performance in the target localisation task was studied. 

8.2. Methods 

8.2.1. Participants 

Four participants (P1-4) with end-stage retinitis pigmentosa took part in the study. The 

participants were each unilaterally implanted with a 44-channel suprachoroidal retinal implant 

(described in Section 3.1.2) in the eye with least residual vision (P1, P2, P4: right eye; P3: left 

eye) as part of a longitudinal clinical trial (NCT01603576). Device ‘switch-on’ and lab-based 

training began approximately eight weeks after post-operative recovery. The participants 

performed a target localisation task as part of a suite of lab- and home-based assessments at 

17, 20, 32, 44, 56, 68, 80, and 92 weeks post switch-on. Data is not available for P1 beyond week 

56, or for P3 and P4 beyond week 68. In addition to these regular outcome measures, P2, P3, 

and P4 also participated in an additional session to test the effect of eye tracker feedback on 

performance on the task (P2: week 17; P3: week 16; P4: week 15).  

8.2.2. Target localisation task 

Square white targets (width 10°) were presented against a black background on a 42” 

touchscreen monitor viewed at a distance of approximately 45cm. In each trial a single target 

appeared at a random location on the monitor, confined to a central square region measuring 
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19” diagonally, accompanied by an auditory tone at presentation onset. The participant was 

required to search for the target and attempt to touch it with their finger. A second auditory 

tone signalled the successful detection of the participant’s finger on the touchscreen, ending the 

trial. No other feedback was given. Eye and head movement were monitored throughout the 

task. 

Participants performed the task with the retinal implant in normal operation (‘System On’ 

condition), with stimulation disabled (‘System Off’ condition), and in a third condition in which 

the spatial information of the stimulation was scrambled (’Scrambled condition’, described in 

previous work154). The Scrambled condition was excluded from all analyses as it is not relevant 

to the present study. In each session 3 blocks of 8 trials were completed in each of the three 

conditions on a balanced-random schedule. P2, P3, and P4 also participated in an additional 

session comparing System On performance to a fourth condition in which eye tracker feedback 

was used to adjust the camera field-of-view in real time (’Gaze compensation’ condition). The 

participants were instructed that there would sometimes be no phosphene input (System Off 

condition), but were not alerted to the inclusion of the Gaze Compensation condition. 

Several practice runs of the task were executed at the beginning of each session in order to 

optimise the camera alignment, as previous studies have demonstrated that camera 

misalignment can introduce bias in localisation tasks.123 If any systematic bias in the indicated 

versus actual target location was observed then the sampling region within the camera field of 

view was adjusted to minimise the observed bias. Data collected during this process was not 

included in any analyses.  

Pointing error, the distance between the centre of the target and the point touched by the 

participant, was expressed in degrees of visual arc using the measured position of the head 

relative to the monitor at the moment the subject touched the screen. Camera misalignment 

can introduce pointing error bias,17,98,123,179 therefore to enable comparison between different 

sessions and video processing strategies the mean pointing error was subtracted from all 

pointing error measures within each session and condition. The primary measure of 

performance on the task was the pointing precision – the mean vector magnitude of each 

pointing error measure after subtracting the session mean. 

8.2.3. Eye and head tracking 

Eye position was monitored using a head-mounted video-oculography system (Arrington 

Research, AZ, USA). As it was not possible for blind subjects to perform the calibration routine 

(see section 3.2) the system was configured to output the raw uncalibrated position of the pupil 

within the camera image at 60Hz, with (0, 0) representing the bottom left corner and (1, 1) 

representing the top-right corner of the image. However, a calibrated eye position 

measurement was necessary for gaze compensation, therefore, in one session per participant a 

proprioceptive calibration technique was employed. The visual calibration targets were replaced 

by tactile markers, which the subject attempted to foveate using their sense of proprioception. 

As this procedure was time-consuming, the calibration procedure was only carried out when 

gaze compensation was to be used. To account for possible differences in the position of the 

eye-facing cameras between sessions the pupil-in-image position was normalised by subtracting 

the median pupil position during the session. If the eye-facing camera position was knocked or 
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adjusted during a session then the data before and after the adjustment were treated 

separately. Head position and bearing relative to the monitor was measured at 20Hz using a 

magnetic motion tracker (Ascension Technology Corporation, VT, USA). 

8.2.4. Gaze compensation 

Gaze compensation was implemented by translating a sampling region around the scene-

camera image in parity with the recorded angular eye position. This approach was only used 

during the single session per participant in which the proprioceptive calibration was attempted. 

The width of the scene camera field-of-view was 70° and the width of the sampling region was 

determined by the surgical positioning of the array and the projection on the retina of the 

subject’s electrode configuration (e.g. Figure 3.3). Prior to commencing the task the sampling 

region within the scene camera field-of-view was aligned with the participant’s estimated 

natural gaze origin by asking them to touch a tactile marker with their finger and fixate on their 

finger-tip with their eyes in a central position. The sampling region was then shifted so that the 

most foveal electrodes were aligned with the location of the finger within the camera image.  

8.3. Results 

8.3.1. Task performance 

Touch locations relative to target locations per trial are presented for System On and System Off 

for each subject in Figure 8.1A-D, with the radius of the enclosing circles indicating the radius of 

pointing precision. Circles with centres offset from the origin signify systematic bias in pointing 

error due to camera alignment or open loop pointing error (no visual feedback of hand position 

during pointing). For example, in the System On condition P2 consistently pointed left of the 

target. Pointing locations for P4 System Off are strongly biased downward and rightward 

because this participant simply pointed to the lower right corner of the screen whenever he 

assumed there was no phosphene input.  

Figure 8.1E compares pointing precision between System Off and System On for each 

participant. All four subjects had significantly more precise pointing in System On versus System 

Off (Kruskal-Wallis with Dunn’s test for multiple comparisons, p<0.001). Mean pointing precision 

for P3 and P4 in System On was only slightly greater than the target radius of 5°. Figure 8.2 

presents a similar analysis comparing System On and Gaze Compensation for the single 

additional session for P2-P4. For P2, pointing was significantly less precise in Gaze Compensation 

versus System On (Kruskal-Wallis with Dunn’s method for multiple comparisons, p=0.005). For 

P3 and P4 there was no significant difference in pointing precision between System On and Gaze 

Compensation. There was no significant difference in response time between System On and 

Gaze Compensation for any subjects (Kruskal-Wallis with Dunn’s test for multiple comparisons). 
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Figure 8.1: Comparison of pointing error in System Off (red) vs. System On (blue) in the target localisation task. Data 
was pooled across all sessions. (A-D): touch location relative to target centre for each participant. Dots represent raw 
pointing measurements (prior to subtraction of mean). Large circles are centred on the mean pointing error and have 
radii equal to the pointing precision. (E): Mean pointing precision (±s.e.m) in System Off and System On per subject. 
The dashed line at 5° indicates half the width of the target. Pointing precision smaller than 5° would indicate that the 
subject touched within the target on average (after subtracting bias). Pointing was significantly more precise in System 
On compared to System Off for all subjects (Kruskal-Wallis with Dunn’s test for multiple comparisons, p<0.001). 
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8.3.2.  Eye and head scanning strategies 

In order to identify head scanning strategies, rotational head velocity (the change in azimuthal 

and elevational head bearing) over the course of each trial was calculated. Average rotational 

head velocity over all trials is plotted against time (relative to the time that the participant 

touched the display) for each participant in Figure 8.3. Systematic patterns of head movement 

behaviour were observed in all four participants. Generally, average rotational head velocity was 

constant until the final seconds of the trial, at which point average velocity began to decrease 

(‘knee point’ determined by a broken-stick fit and indicated by black dashed line). Figure 8.3 also 

displays a histogram of the time of the first stimulation in the trial for each participant. If there 

were multiple periods of stimulation during the trial (delineated by a gap of more than 500ms 

between consecutive pulses) then only the final period of stimulation was considered so as to 

exclude any errant stimulation that was not related to the target. In P3 and P4, the knee-point 

at which average rotational head velocity began to decrease is within 200ms of the most 

commonly occurring stimulation onset time.  We took this ‘knee point’ to be synonymous with 

‘target detection’, meaning that the participant had recognised the presence of the target and 

was terminating their search strategy prior to pointing. 

  

 

Figure 8.2: Comparison of pointing error in System On (blue) vs. Gaze Compensation (purple) in the target localisation 
task during a single session for each of P2, P3, and P4. (A-C): touch location relative to target centre for each 
participant. Dots represent raw pointing error measurements (prior to subtraction of mean). Large circles are centred 
on the mean pointing error and have radius equal to the pointing precision. (D): Comparison of pointing precision in 
System On versus Gaze Compensation for each subject. The dashed line at 5° signifies half the width of the target. 
Pointing precision smaller than 5° would indicate that the subject touched within the target on average (after 
subtracting bias). For P2 pointing precision was significantly less precise in Gaze Compensation versus System On 
(Kruskal-Wallis with Dunn’s method for multiple comparisons, p=0.005). For P3 and P4 there was no significant 
difference in pointing precision between System On and Gaze Compensation. 
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All pupil positions recorded during trials in the Device On and Gaze Compensation conditions 

are shown for each participant in Figure 8.4. The solid line defines the confidence ellipse 

containing 95% of eye position samples. The area of the ellipse, specified in each panel, 

measures the variability in eye position for each condition, with a larger ellipse area indicating 

more variable pupil position, i.e. more eye movement. Variability in pupil position was similar 

(<20% difference) between System On and Gaze Compensation for P2, P3, and P4. 

To determine whether the participants favoured foveal electrodes for localisation, the number 

of stimulation pulses delivered to each electrode was plotted against the electrode eccentricity 

relative to the fovea (Figure 8.5). In the System On condition, for all three participants the 

electrodes closest to the fovea received the highest proportion of stimulation pulses, and 

electrodes in the periphery received relatively few stimulation pulses. This indicates the 

 

Figure 8.3: (A, B, E, F) Mean rotational head velocity (±s.d.) relative to the touch time for each participant. Only the six 
seconds immediately prior to the touch are plotted. For all four participants average rotational head velocity was 
constant throughout the trial until target detection (black dashed line, determined by a broken-stick fit). After target 
detection, average head velocity began to decrease. (C, D, G, H) Histograms showing the distribution of the time of 
onset of stimulation relative to the touch time for each participant.  
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participants favoured the foveal phosphenes for localisation. This behaviour was also observed 

in Gaze Compensation for P3 and P4. In the case of P2, stimulation in the Gaze Compensation 

condition was evenly distributed across the entire electrode array, suggesting the absence of a 

foveation behaviour for this participant.  

 

 

Figure 8.4: Pupil position samples in all trials during a single session for each participant for the System On and Gaze 
Compensation conditions. Black ellipses define the confidence ellipse enclosing 95% of recorded eye positions. The 
variability in eye position is quantified by the area of the ellipse, stated in the lower left corner of each panel. 

 

Figure 8.5: Number of stimulation pulses delivered to each electrode in the System On (blue) and Gaze Compensation 
(purple) conditions, normalised relative to the electrode that received the most stimulation overall. The horizontal axis 
shows the eccentricity of the electrode relative to the fovea. Solid lines indicate linear fits calculated by least-squares 
linear regression. 
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8.3.3.  Effect of eye position on pointing error 

The eye positions at four time-points during the trial were identified as potentially being 

influential in localisation of the target:  

 the touch time (t=0) 

 Target detection, defined by the knee point in the plot of average rotational head 

velocity (Figure 8.3, P1: t=-3.10s; P2: t=--3.15s; P3: t=-1.30s; P4: t=-1.00s) 

 the onset of electrical stimulation in the trial (excluding stimulation unrelated to the 

target, as described above)  

The correlation between pointing error and eye position at each of these four time-points was 

tested for each participant using least-squares linear regression. A Bonferroni correction factor 

of 6 (α=0.0083) was used to determine the significance of the correlation to account for two 

directions (horizontal and vertical) and three time-points tested per subject. The correlation was 

weak regardless of when the eye position was sampled. For eye position at the touch time 

(Figure 8.6, top two rows) the correlation was statistically significant in five out of eight cases 

and the highest R2 value was only 0.14 (for P4, horizontal).  The results were similar when the 

eye position at other time-points was considered. The strongest correlation observed was for 

the eye position at the time of target detection (Figure 8.6, bottom two rows) for P3 with 

R2=0.18.  

8.4. Discussion 
That eye movement causes phosphene movement is well established in the literature. This 

phenomenon has been demonstrated behaviourally in retinal and cortical implants49,98,142 and 

can be explained by current models of the oculomotor and spatial updating systems.13 

Additionally, previously reports have demonstrated that eye movement can lead to localisation 

errors in simulated prosthetic vision and in retinal implant recipients, and that gaze 

compensation can improve localisation.17,146,179,213 However, in this pilot study eye movement 

had no significant effect on localisation and Gaze Compensation therefore did not improve 

performance in the task. For two participants there was no significant difference in pointing 

precision between System On and Gaze Compensation, while a third participant performed 

significantly worse with Gaze Compensation. This unexpected result can be attributed to the 

subject’s localisation strategies and to important methodological differences between this pilot 

study and previously published works. 

The absence of an effect of eye position suggests that the subjects had developed strategies to 

compensate for phosphene movement. This is supported by the excellent performance of P3 

and P4 in System On (pointing precision only marginally greater than the target radius of 5°). A 

‘knee-point’ in  rotational head velocity was observed for all four participants, delineating an 

initial period of higher velocity head movement from a subsequent period of lower velocity head 

movements occurring in the several seconds prior to the touch time. The knee point 

approximately coincided with the onset of electrical stimulation, suggesting a ‘searching’ phase 

of coarse head movements to detect the general location of the target, followed by a 

‘localisation’ phase of fine head movement to more precisely localise the target. It is possible 

that during this ‘localisation’ phase the subjects consciously ignored the location of the percept 
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in their visual field and instead pointed to an imagined projection of the camera axis. Argus II 

users may be less likely to develop this strategy because eccentric eye positions cause the 

wireless power link to decouple, and that system provides an auditory beep to cue the subject 

to return their gaze to centre.179 This constrain on eye movement in the Argus II device is a 

profoundly different scenario to the unrestricted eye movement in this pilot study.  

 

Figure 8.6: Pointing error versus pupil position at the moment the subject touched the screen in each trial (top two 
rows) and at the target detection time, defined as the ‘knee-point’ at which average head velocity began to decrease 
(bottom two rows). Horizontal pointing error is plotted against horizontal pupil position, and vertical pointing error is 
plotted against vertical pupil position. A linear fit (least-squares regression) is shown for each dataset along with p 
and R2 values for the model. A Bonferroni-corrected alpha level of 0.025 is used to determine significance because two 
correlations are calculated per subject per time-point. Solid lines indicate fits that were statistically significant and 
dashed lines indicate fits that were not statistically significant. 
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Another major difference between this pilot study and other similar studies is that here the 

subjects were naïve to the Gaze Compensation condition, anticipating only System On and 

System Off. When Argus II users were instructed which condition to expect they adapted their 

strategies accordingly – all subjects tested made less head movement and more eye movement 

when gaze compensation was enabled.179 No such change in eye movement was observed in the 

present study (Figure 8.4). Gaze compensation may even have interfered with established 

strategies. For example, if the subject assumed a static sampling region (System On condition) 

and used a projection of the camera axis for localisation, as hypothesised earlier, then 

unexpectedly shifting the sampling region could cause less accurate localisation. This could 

explain P2’s worse performance in the Gaze Compensation condition. In the System On 

condition P2 favoured the foveal electrodes, which produce the most spatially distinct 

phosphenes. However, when gaze compensation was introduced, electrode activity was equally 

distributed over the electrode array (Figure 8.5). It is possible this subject had difficulty aligning 

the foveal electrodes with the stimulus because they did not anticipate that their eye movement 

could affect the sampling region. In order to more fairly assess the effect of gaze compensation 

on localisation, participants should be told which condition to expect so that they may adopt an 

appropriate strategy.   

An additional contribution to the lack of a Gaze Compensation effect is likely to have been the 

low fidelity of the proprioceptive eye tracker calibration, as no calibration validation could be 

performed. Incorrect mapping of pupil movement to camera sampling-region movement could 

cause Gaze Compensation to instead have a confounding effect on pointing error. A possible 

ceiling effect was also identified – two subjects had excellent performance with System On 

pointing precision only marginally greater than the target radius, indicating they touched within 

or very near the target on average. Any possible benefit of gaze compensation might become 

more apparent if the task were made more difficult, for example by reducing the target size or 

introducing time limits and cognitive loading.  

That retinal implant users can learn compensatory strategies to achieve accurate localisation 

without gaze compensation is encouraging for present-day camera-based visual prostheses. 

However, gaze compensation may provide benefits beyond simply improving perceptual 

localisation. As eye movement is a more naturalistic behaviour for visual search than head 

scanning, users are likely to require much less localisation training with gaze compensation; 

experienced Argus II users had similar or better localisation ability with Gaze Compensation 

compared to System On despite having never been exposed to Gaze Compensation 

previously.179,213 Other potential benefits of controlling the visual field using eye movement 

include reduced percept fading,145 improved visual acuity through effective eye scanning 

techniques (so-called ‘hyper-acuity’),56 and enabling any preserved oculomotor reflexes to 

redirect the visual field naturalistically (see Chapter 5 and Chapter 6). 

8.4.1. Conclusion 

In this pilot study, eye movement did not cause localisation errors in the target localisation task, 

probably because the subjects had developed strategies to compensate for the phosphene 

movement induced by eye movement. Gaze compensation did not deliver the expected 

improvement in localisation accuracy, however, significant methodological problems were 

identified, and further investigation is required to conclusively determine any effect of gaze 
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compensation on localisation in the suprachoroidal retinal implant. Future studies will require 

robust eye tracker calibration or self-calibrating eye trackers suitable for use with non-sighted 

participants,214 a more difficult task to avoid a possible ceiling effect on localisation ability, and 

the participants should be advised when gaze compensation is to be used so they may adapt 

their strategy accordingly. 
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Chapter 9.  General Discussion  

The studies presented in the preceding chapters investigated oculomotor behaviour in 

prosthetic vision. Chapter 4 investigated the relative contributions of eye and head movement 

to overall gaze behaviour in retinitis pigmentosa and constitutes a characterisation of the target 

patient population for retinal implants. A high degree of variation was observed between 

individuals, but, on average, retinitis pigmentosa was associated with a restricted range of eye 

movement and a corresponding greater dependence on head movement compared to healthy 

sighted individuals. The strength of this effect was correlated with the degree of peripheral 

visual field loss. Chapter 5 and Chapter 6 describe analyses of eye movements made in response 

to static and moving stimuli in recipients of a suprachoroidal retinal implant. The results 

demonstrated that the subjects were capable of retinotopic discrimination, and they made 

systematic eye movements in response to the stimuli despite instructions that eye movement 

was not an effective way to perform a visual search with their prosthesis. Some of the observed 

eye movements appeared naturalistic and suggest preserved oculomotor response, however, 

with current camera-based systems they were not an effective way to redirect the field of view.  

Having demonstrated that naturalistic eye movement is preserved in prosthetic vision, and 

suppression of this eye movement is difficult, the thesis then investigated the effect of eye 

movement on hand-eye coordination. The study presented in Chapter 7 used simulated 

prosthetic vision to demonstrate that eye movement can lead to localisation errors and that 

gaze compensation using eye tracker feedback is effective in reducing these errors. Chapter 8 

presented a pilot study in which we attempted to extend these findings to a suprachoroidal 

retinal implant but found no effect of eye movement on hand-eye coordination, possibly 

because the subjects had developed strategies to compensate for phosphene movement. 

However, some methodological issues were identified. Similar studies in Argus II epiretinal 

implant recipients have reported a correlation between eye movement and pointing error, and 

accordingly a positive benefit of gaze compensation. Considering the existing literature and the 

limitations of the study in Chapter 8, further investigation to determine the effect of gaze 

compensation on hand-eye coordination in the suprachoroidal implant is recommended. 

Regardless of whether accurate localisation is possible without gaze compensation, I argue that 

gaze compensation could offer other benefits such as reduced rehabilitation time, reduced 

percept fading, and the naturalistic integration of eye movement into prosthetic vision.  

Chapter 9  
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9.1. Altered oculomotor behaviour in RP 
The study presented in Chapter 4 found abnormal oculomotor behaviour in participants with 

retinitis pigmentosa compared to normal sighted controls. The retinitis pigmentosa group had a 

habitually smaller range of eye movement compared to the control group, and the size of this 

effect was correlated with the degree of visual field loss. We speculated that this effect arose 

from a lack of salient stimuli in the peripheral visual field due to peripheral visual field loss, 

disrupting “bottom-up” saccade generation. However, a wide degree of variation in behaviour 

was observed, with some retinitis pigmentosa individuals having a wide range of habitual eye 

movement.  

As end-stage retinitis pigmentosa is currently the predominant indication for visual prostheses, 

it is likely that the atypical gaze behaviour observed would also be present in visual prostheses 

recipients, particularly if implants begin to be prescribed earlier in vision loss. It is also notable 

that the suspected mechanism behind the altered gaze behaviour, namely reduced visual field 

disrupting bottom-up saccade generation, is also expected to be present in prosthetic vision 

(regardless of the specific blindness indication) as all present-day visual prostheses provide only 

a very limited visual field extent. Increasing the visual field coverage might promote more 

naturalistic oculomotor behaviour in visual prostheses.  

Presently, in camera-based visual prostheses, users are instructed to suppress eye movement 

and maintain central fixation in order to mitigate the effect of camera-gaze misalignment. In this 

instance a habitually constrained range of eye movement would be beneficial, but in eye 

tracking-enabled visual prostheses there would be no reason to suppress eye movement. 

Moreover, maintaining central fixation is difficult during ambulation. Some evidence suggests 

that specific training to encourage conscious exploratory eye movement can be beneficial for 

navigation in retinitis pigmentosa,173 and similar benefits might be realised in visual prosthesis 

users.  Head movements are less efficient and less responsive than eye movements, hence 

oculomotor planning in foveate mammals acts to minimise unnecessary head 

movement.167,177,215 For this reason it is desirable to promote eye scanning over head scanning 

where possible. 

9.2. Eye movements in response to phosphene activity 
In Chapter 5 we found that retinal implant recipients made eye movements in response to static 

stimuli. The direction and magnitude of the eye movements varied systematically depending on 

the particular stimulus delivered, whereas no systematic eye movements were observed during 

periods of no electrode activity, indicating that the observed eye movements were stimulus 

related. Based on the data we could not determine whether these were reflexive or volitional 

eye movements, however, there was some indication that larger eye movements were 

correlated with better performance. This could be explained by larger eye movements occurring 

when the percept was clearer or more localised. 

In Chapter 6 similar behaviour was observed in response to moving stimuli – significant eye 

movements occurred, and the direction of the movements varied with the direction of stimulus 

movement. Notably, smooth pursuit movements in the direction of the stimulus motion were 

observed in two subjects. This was interpreted as an indication that direction-selective circuits 
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in the primary visual cortex were being usefully engaged, suggesting that the experience of 

motion was possibly more naturalistic than had been expected. Optokinetic nystagmus (OKN) 

was not conclusively identified during presentation of a moving grating stimulus, however, the 

extent to which OKN should be expected for retinally stabilised stimuli is not clear. Nevertheless, 

it was considered unlikely that retinal direction-selective circuits, which are important in the 

generation of OKN (as opposed to cortical direction-selective circuits, which are important to 

the generation of smooth pursuit), would function normally with the suprachoroidal retinal 

implant. Stimulation from suprachoroidal electrodes indiscriminately stimulates many cell types 

across all layers of the retina. The likely effect is that direction selective-ganglion cells encoding 

opposing directions of motion would be simultaneously and indiscriminately activated, resulting 

in an incoherent output. Note that this would not necessarily affect other types of eye 

movements with different neural origins. 

Oculomotor behaviour is modulated by bottom-up and top-down flows of information. Bottom-

up information comprises cues relating to visual saliency and motion, encoded in the output of 

retinal ganglion cells, while top-down information relates to contextual and goal oriented factors 

originating in many different brain areas.14 In this way the visual system achieves a balance 

between reflexive and cognitive guidance of gaze. It is conceivable that retinal or optic nerve 

implants would stimulate retinal ganglion cells in such a way as to elicit bottom up eye 

movement (with the aforementioned exception of OKN), and this might have contributed to the 

stimulus-related eye movements observed in Chapter 5 and Chapter 6. This, in theory, permits 

an interaction between bottom-up and top-down streams in a similar manner to normal vision. 

This is supported by the finding that Alpha IMS recipients reported ‘qualitatively normal’ 

oculomotor behaviour, including fixational micro-saccades, and eye movements that reflected 

the location and size of stimuli.145 Thalamic and cortical implants presumably cannot exploit the 

normal bottom-up pathways to the same degree because some eye movement commands 

originate in the retina and the electrical stimulation occurs later in the visual pathway. In this 

case we might expect the generation of bottom-up eye movements to be disrupted and top-

down information to play a relatively greater role in oculomotor planning. 

Against expectations, eye movement was not associated with diminished performance in the 

spatial localisation (Chapter 5) or motion discrimination (Chapter 6) tasks. In fact, certain 

systematic eye movements were associated with correct identification of the stimuli. These are 

presumed to be reflexive movements made in response to visual stimuli, as would be expected 

in normal vision. This is a promising indication for the naturalistic integration of artificially 

evoked percepts into the visual system, but the primary  purpose of these eye movements, 

namely fixation and image stabilisation, cannot be fulfilled without gaze compensation. 

9.3. The case for eye tracking in visual prostheses 
Chapter 7 showed that gaze compensation can improve localisation in simulated prosthetic 

vision. This was followed by a pilot study in Chapter 8 attempting to extend these findings to 

retinal implant recipients. Unfortunately, methodological problems were identified and further 

study will be required to properly establish any possible benefit of gaze compensation for 

localisation in the suprachoroidal retinal prosthesis. However, one notable outcome of the study 

was that some subjects were very proficient at localisation without gaze compensation, and eye 
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movement did not appear to have any effect on this. Since it is well established that eye 

movement causes phosphene movement,49,98,142 this result indicates that these subjects had 

developed strategies to cope with this phosphene movement, for example by ignoring percept 

location within the visual field and instead pointing along the camera axis. Although such 

strategies could be effective, they presumably require a certain degree of training, 

familiarisation, and cognitive engagement. Two studies have shown experienced Argus II users 

achieved similar or better localisation accuracy when gaze compensation was enabled, despite 

having no prior experience with gaze compensation.179,213 This suggests that gaze compensation 

reduces the time and effort for a subject to become proficient at localisation by enabling more 

naturalistic interpretation of artificial percepts. 

Other less invasive visual aids can enable useful localisation. For example, experienced users of 

the Brain Port sensory substitution device can localise light sources by interpreting electrical 

stimulation of the tongue.216 One of the primary advantages of visual prostheses compared to 

sensory substitution devices is that they interface directly with the visual system, exploiting 

existing structures specifically tuned for visual tasks such as localisation, detection of motion, 

and visual search. For both visual prostheses and sensory substitution devices, localisation with 

respect to a fixed camera can only be as accurate as the subject’s estimation of the camera 

bearing. Gaze compensation would enable localisation with respect to the visual field, exploiting 

the existing capacity of the visual system for this task to provide a naturalistic and intuitive 

interaction with the technology. 

Aside from perceptual localisation, gaze compensation could provide other benefits such as 

more efficient visual search, naturalistic control of visual attention and fixation, and reduced 

percept fading. Chapter 5 and Chapter 6 showed that some normal oculomotor reflexes are 

preserved in prosthetic vision – subjects made eye movements towards static stimuli appearing 

in the peripheral visual field and made smooth pursuit eye movements that followed moving 

stimuli. Similarly, subjects implanted with the photovoltaic Alpha IMS made eye movements that 

accurately reflected the location and shape of the stimuli presented, providing evidence that 

naturalistic control of visual attention is possible in visual prostheses when eye movement 

control is enabled.145 While head scanning could be used to compensate for these functionalities 

to some extent in camera-based visual prostheses, this requires training and familiarisation, and 

is unlikely to be as efficient or effective as naturalistic eye movement control. For example, in 

Chapter 6 S1 used head scanning to maintain fixation on the moving bar stimulus but this was 

not viable for fast-moving (30°/s) stimuli, whereas smooth pursuit eye movements were 

observed for all stimulus speeds. 

Gaze compensation may also help to reduce the fading of percepts evoked by electrical 

stimulation. In healthy vision, percepts that are stabilised with respect to the retina fade into 

invisibility after only a few seconds due to neural adaption to an unchanging stimulus.217 Small 

ocular drifts and micro-saccades that occur constantly, even during fixation, act to counter this 

by ensuring constant motion of the image across the retina.218,219 In camera-based visual 

prostheses eye movement does not cause any change in the input image, leading to rapidly 

fading percepts.220 Alpha IMS recipients have been observed making fixational eye movements 

that are ‘qualitatively similar’ to those made by healthy controls, and these eye movements 
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were associated with more persistent percepts.145 Gaze compensation might enable similar 

behaviour in camera-based visual prostheses, reducing the severity of phosphene fading. 

Recent years have seen a number of photovoltaic retinal implants emerge that incorporate an 

implanted image sensor that captures ambient light that naturally enters the eye.75,79,221,222 

However, the photovoltaic approach is not feasible for suprachoroidal retinal implants because 

the intervening retinal layers attenuate incidental light, nor is it suitable for visual prostheses 

that target the optic nerve, thalamus, or visual cortex, because incidental light will not reach the 

implant. For these devices an external image sensor of some kind is necessary. Although the 

research in this thesis was primarily concerned with retinal implants, most of the findings are 

also relevant to other types of visual prosthesis, and the implementation and benefits of gaze 

compensation are likely to be similar. Cortical implants in particular have been the subject of 

growing attention due to their relatively wide range of indications.112,116 If photovoltaic retinal 

implants eventually displace conventional camera-based devices, then gaze compensation may 

come to be primarily applied in cortical implants. 

Anecdotally, the subjects implanted with the Bionic Vision Technologies suprachoroidal retinal 

implant do not seem particularly concerned about, or routinely aware of, the effects of eye 

movement on their perception. A similar lack of spatial awareness was reported in Argus II users 

whereby the study cohort were unable to recognise or adapt to camera misalignments over a 

12 month period.123 The authors argued that the vision provided by present devices was too 

poor for any meaningful visual feedback with which to recognise camera misalignment, let alone 

rectify or compensate for it, as without form vision users cannot recognise objects or even their 

own hands. For example, if a user finds that an object is not where they had perceived it to be 

they might assume that they had actually been looking at something else entirely, or that the 

percept was not anything meaningful. However, if future visual prostheses confer a quality of 

vision sufficient for recognition of objects and one’s own body, and appreciation of the spatial 

structure of a scene, then camera-gaze misalignments would be readily apparent to the user 

and eye movement might even cause the dizzying experience of motion across the entire visual 

field.123,223  

9.4. Implementation of eye tracking in visual prostheses 
Eye tracking has been used in research laboratories for decades, but only recently has any 

attempt been made to produce eye tracking for consumer applications. Among the few 

examples are eye trackers for virtual reality gaming, consumer research224,225, and monitoring 

driver distraction in freight trucks.226 The requirements and constraints vary depending on the 

specific application. In Chapter 8 a video oculography system was used in a proof-of-concept 

study for gaze compensation in simulated prosthetic vision. However, a considerable 

development effort would be required before this concept could be integrated into a visual 

prosthesis for unsupervised use in daily life. Considerations such as portability, power usage, 

measurement accuracy and precision, ease of calibration (particularly in non-sighted users), and 

latency of updating the camera input, will be important in this process.  

Video oculography is currently the most widespread form of eye tracking. The eye is illuminated 

with infrared light and an eye-facing camera monitors the location of the pupil and the glints of 
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the IR light sources on the cornea. The system may be placed on a benchtop or head 

mounted.227,228 Conventionally, calibration of these systems requires the user to fixate on a 

series of predefined targets, a procedure which is not accessible to blind users. However, 

modern calibration-less devices use stereo cameras, multiple light sources, and models of eye 

curvature to determine gaze angle without manual calibration.214 Video oculography carries with 

it a relatively high computational and power footprint and is susceptible to interference in 

uncontrolled lighting conditions. The use of blackout lenses or even a fully enclosed system may 

improve the tracking robustness.  

Scleral search coil eye tracking was widely used before advances in computing and video 

processing enabled the less-invasive method of video oculography.210,229 In this method, a small 

search coil contained within a contact lens is placed on the eye. Two or three large external coils 

generate orthogonal frequency-encoded magnetic fields, and the current induced in the search 

coil is measured via two wires that exit the contact lens. The angle of the eye is determined by 

frequency domain analysis of the measured current. Eye angle is measured in real-world 

coordinates, so typically head movement is restricted.230,231 However, a recent proof-of-concept 

study successfully demonstrated a miniaturised head-mounted scleral search coil system for eye 

tracking in virtual reality, allowing free head rotation and measurement of gaze angle in head-

centred coordinates.232 Such a system could conceivably be mounted on a pair of spectacles. 

The primary disadvantage of scleral search coils in visual prostheses is that the recording cable 

connecting to the search coil is prone to breaking and causes irritation of the eye and is therefore 

unlikely to be tolerated for extended use on a daily basis. 

Double magnetic induction offers the possibility of less invasive scleral search by eliminating the 

recording wire and instead placing a second set of recording coils near the eye. The currents 

induced in the search coil in turn induce secondary currents in the external recording coils, and 

these secondary currents are measured. Double magnetic induction suffers from a weak signal 

to noise ratio compared to conventional scleral search but would be much more tolerable for 

regular prolonged use.233–235 More recently a resonant scleral search coil has been proposed as 

a method to improve signal-to-noise ratio in double magnetic induction. In this method the 

contact lens contains multiple coils resonant at different frequencies. The external transmitting 

coils are pulsed periodically and the induced resonant currents in the search coils are sustained 

between pulses. The secondary currents induced in the recording coils can then be measured 

without interference from the primary coils.230,236 

Alternatively, the concept of scleral search could be reversed. The primary coil could be 

implanted within the eye, perhaps on the same substrate as the stimulating electrodes, and 

driven by the implanted stimulator. This signal could then be detected by external receiver coils. 

This would eliminate the need for a contact lens at the expense of added componentry on the 

implant. A similar effect might be achieved using an implanted permanent magnet and external 

magnetic field sensors,237 or by measuring stimulation artefact with electrodes external to the 

eye.211 

It remains to be seen which method will prove to be the most effective for eye trackers in visual 

prostheses. Regardless of the specific implementation, the basic requirements are the same: 
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 Portability: the added size and weight of the eye tracking instrumentation should not 

make the externally worn components overly encumbering or uncomfortable during 

extended use.  

 Power footprint: battery life should not impede normal usage of the system. No 

published data exist for typical usage patterns, but a minimum requirement of three 

hours of continuous use on a single charge would seem reasonable. 

 Robustness under a range of lighting conditions, e.g. indoors and outdoors. 

 Measurement precision: ideally, eye position measurements should be precise enough 

that any error is imperceptible to the user, however, precision beyond the spatial 

resolution of vision is unlikely to have any additional benefit. Therefore, measurement 

resolution near the theoretical minimum angle of resolution is desirable. Some 

examples of approximate minimum angle of resolution for existing devices, calculated 

from the electrode pitch, are Argus II: 2°, Alpha AMS: 0.25°, BVT suprachoroidal: 4°. 

 Measurement range: the normal horizontal oculomotor range is approximately ±45°238. 

However, very eccentric eye positions are unlikely to occur often or for any extended 

period. In Chapter 4, average customary oculomotor range (COMR) for the RP group was 

57.1±4.2°, indicating that eye position remained within this range 90% of the time. 

Therefore, accurate measurement across the entire range of possible eye movement 

may not be necessary. No published data regarding COMR in users of any visual 

prosthesis are available. 

 Temporal resolution: High sampling rates enable more sophisticated noise reduction, 

artefact removal, and prediction of future eye position. The stimulation rate is usually 

limited in visual prostheses to prevent percept fading.220 For example, 10-50 pps (pulses 

per second) for the BVT 2nd generation suprachoroidal retinal implant, and 2-20 pps for 

the Argus II epiretinal implant.56 This limits the frequency at which a change in the video 

input can affect the subject’s perception, diminishing the utility of high frequency eye 

position sampling. However, cortical implants may have higher stimulation rate 

requirements to retinal implants, necessitating a higher eye tracker sampling rate. For 

example, Beauchamp 2020 demonstrated a dynamic stimulation paradigm using 200 

pps stimulation that would require a much higher update rate of eye position. In either 

case, lower eye tracker sampling rates would reduce the computational overhead of eye 

tracking but may compromise the benefit of gaze compensation. 

 Processor: The eye position signal must be processed in real-time by a mobile processor 

integrated into the prosthesis. This was achieved using a field-programmable gate array 

in a recent study Argus II.239 

 Calibration: the eye tracking apparatus should not require calibration by the user. One-

off or periodic calibration by a clinician might be acceptable. 

 Scene camera field of view: should accommodate region of interest (ROI) movement 

across the entire range of measurable eye movement. 

9.5. Final conclusion 
Visual prostheses are still an emerging technology, but clinical results over the last ten years 

have been promising. Some of the present generation of devices have in general proven to be 

stable and well tolerated for many years and provide meaningful assistance to users in certain 
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activities of daily living. However, the quality of vision is still very poor, patient outcomes can be 

variable, and some safety and stability concerns persist. Interpreting artificial vision can be a 

highly unintuitive and cognitive task. In present-day camera-based visual prostheses the camera 

does not move in response to eye movement, causing percept locations to become dissociated 

from the real world. Shifting the camera in parity with eye movement, termed ‘gaze 

compensation’, has been proposed as a method to solve this.  

The research presented in the thesis explored oculomotor behaviour in prosthetic vision. Retinal 

implant recipients were found to make naturalistic eye movements in response to artificial 

percepts, indicating preserved oculomotor capacity. Eye movement was found to cause 

localisation errors in simulated prosthetic vision but not in experienced retinal implant users, 

suggesting the retinal implant users had learned strategies to compensate for phosphene 

movement. The thesis demonstrates that gaze compensation would facilitate more naturalistic 

interaction with the technology by enabling naturalistic control of the field of view using 

preserved oculomotor capacity, and reducing the requirement to learn compensatory strategies 

for localisation. As developments in the field improve spatial resolution, localisation errors are 

likely to become more apparent to the user, adding further motivation for eye tracker feedback. 

Visual prostheses featuring integrated eye tracking do not currently exist but are anticipated in 

the near future. 
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