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Foreword

These are fascinating times for efforts toward restoring vision in individuals
who are severely impaired or blind from retinal disease or injury. There is a
long history of efforts to create prostheses for the sensory system. Hearing
was the first to receive concerted attention. Of course, many hearing impaired
individuals benefit from hearing aids which amplify sound and assist millions
who are hearing impaired, particularly from presbycusis of hearing loss with
age. But for individuals with essentially total absence of hearing, often on a
congenital basis from genetic disease, simply amplifying the sound is
insufficient, and one must stimulate the cochlea directly with electrodes.
Efforts to design a cochlear implant were underway by the 1950s. The
auditory system has the advantage that the sensory organ of the ear is readily
accessible and that hair cells are laid out in linear one-dimensional order in
the cochlea, from low to progressively higher tones. Simply snaking a
continuous thread of many electrodes alongside the hair cells allows for
stimulating residual cellular function in an orderly and tonally topographic
fashion, and this was being done by 1964.

Work on developing a visual prosthesis was being considered in the
1980s. The task for vision is more complex, as stimulating the visual system
requires transmitting two-dimensional spatial information, beginning with the
retina. The retina is encased within the back of the eye, and access is possible
but difficult. I recall that in 1984, during my ophthalmology fellowship at
UCSEF, vision scientists in the San Francisco Bay area gathered to review
lessons learned from the auditory prosthesis and to consider the feasibility of
developing a prosthesis for the visual system. Vision requires viewing a
scene in two-dimensions, and the density of information is far greater than
required for one-dimensional sound. The consensus at the time was a visual
prosthesis based on stimulating the retina was too difficult to envision
proceeding. Thus, it is gratifying now in 2016, that two visual retinal-based
prostheses devices have actually been developed and are available
commercially.

The technical challenges for a visual prosthesis are daunting. The
majority of blinding conditions involve death of the photoreceptor cells that
normally respond directly to light. These photoreceptors are the first stage of
the visual process, and they send the visual signals progressively through the



retina beginning with the bipolar cells, and then on to the ganglion cells
which send their output through the optic nerve to visual centers in the brain.
The death of photoreceptor cells obviously limits vision, as losing all
photoreceptor cells consigns one to blindness. Hence, the early quest in the
retina was to provide a substitute system to transduce light into electrical
impulses and communicate this to the remaining bipolar cells. Such work was
underway in the 1990s but proceeded slowly.

Two cellular targets were considered in the retina by different groups.
One was the obvious replacement of the missing photoreceptor cells, to
stimulate the retinal bipolar cells. Conceptually this could be accomplished
by untethered photovoltaic photocells, but ultimately these were found to
generate electrical impulses insufficient to activate bipolar cells. The solution
required a passive electrode array, energized through a wire harness
connected outside the eye. The second target was the ganglion cells which lie
at the surface of the retina in orderly fashion in a two-dimensional
topography of vision. Stimulating ganglion cells at the far periphery of the
retina gives a visual sensation in one’s peripheral vision, whereas stimulating
ganglion cells in the macula near the center of the retina will generate a visual
percept directly ahead in the line of sight.

However, technical challenges are immediately evident from considering
the biology of neural visual processing in the retina. The millions of
photoreceptor cells each correspond to individual discreet pixels of vision
that recapitulate the visual scene. Signal processing through the successive
layers of retinal neurons progressively extract visual information, and the
initial, discreet pixilated vision of photoreceptors is systematically analyzed
by an elaborate neural network in the retina, beginning with the bipolar cells.
By the time the visual scene is communicated to ganglion cells at the retinal
surface, the information has been recoded into abstract features of intensity,
contrast and movement across the visual space from right to left, or top to
bottom.

With these neural challenges, it is nothing short of remarkable that two
visual prosthesis devices have passed through US and European regulatory
approvals and have reached the marketplace and are available for patients.
These devices are colloquially termed “retinal implants for artificial vision.”
Both consist of a two-dimensional array of electrodes to stimulate the
remaining retinal cells electrically. One group produced the Tiibingen MPDA
Project Alpha IMS device that is implanted underneath the retina at the



retinal location of the original photoreceptor cells that are lost from disease.
This sub-retinal implant has 1500 microelectrodes that contact the retinal
bipolar cells, to replace the photoreceptors lost in macular degeneration.
Alpha-IMS obtained CE marking in 2013. A second device, the Argus II
implant, is a two-dimensional array of 64 electrodes that sits on the surface of
the retina, adjacent to the ganglion cells. This was approved for commercial
use in Europe in 2012 and in the United States in 2013.

This book explores a range of topics pertinent to moving the field
forward. Among these is a consideration of extra-retinal locations to
stimulate the visual system, such as at the visual cortex or the optic nerve.
The history of stimulating the visual cortex goes back to the 1980’s with the
first cortical implant based on work of William Dobelle. There has been
modest success with this approach, including work by Richard Norman, and
his reflections on this approach are quite useful. This approach uses a matrix
of spike electrodes positioned on the brain surface to penetrate into the visual
cortex and stimulate cells to generate a complex visual percept. Alternately,
stimulating more proximally in the visual pathway is possible by a cuff
electrode around the optic nerve which is the ensemble of axons projecting
from the retinal ganglion cell to the lateral geniculate nucleus. An optic
nerve-based stimulating prosthesis must deal with the unique spatial
arrangement of the axons to engage the topography of vision. If successful,
one might expect this to yield an abstract visual percept resembling that from
stimulating ganglion cells directly at the retinal surface.

For patients a very practical question remains as to what degree of spatial
resolution can be obtained by these approaches. Reading vision requires high
spatial resolution to achieve the 6/6 acuity that is the hallmark of excellent
natural vision enjoyed by the majority of people. There is general agreement
that restoring 6/6 acuity is beyond what can be obtained by an electrical
visual prosthesis. Other approaches to stimulating the neurons chemically are
being developed. In theory this may give tighter spatial localization and
higher resolution. But even then, ultimately the spatial resolution at the level
of the retina will be limited by retinal disorganization consequent to disease
pathology, as collateral cellular damage from disease compromises the visual
neural processing network. It has been known for some time that for retinitis
pigmentosa, end-stage disease causes disarray even of retinal neurons not
directly involved, and the remaining cells sustain damage that ultimately
limits the quality of “vision” that could be obtained. Consequently, the topic



of assessing the vision of individuals after receiving these prosthetic vision
devices is important to consider.

In sum, the technical and biological context to developing retinal and
visual neural prostheses is presents a complex challenge. And the topic is
critically important to assist individuals with advanced and even end-stage
vision loss. One readily finds that the topics are interconnected in complex
ways and warrant dedicated study by a variety of disciplines, including
scientists, engineers, physicians and sensory psychologists, to envision how
best to proceed. That puts us back to the opening statement - that these are
fascinating times to work in the arena of restoring sight to vision-limited
individuals.

Paul A. Sieving
April 14, 2016




Preface

The socioeconomic impact of blindness is an increasing worldwide problem
and every attempt to reduce it is to be welcomed. During the last decades the
scientific approaches to restore lost vision in blind patients either by gene and
stem cell therapy or by technology development are continuously growing.

Artificial Vision is an exciting and rapidly developing field in both
ophthalmology and basic science. The technology has been published in
highly specialised scientific journals as well as in the lay press. The latter,
however, has often overemphasised single experimental results which can
mislead the non-specialist.

My goal as editor was therefore to put together a comprehensive
collection of all the leading groups worldwide working on Artificial Vision,
by authoring their own work in single chapters. This should give an updated
overview on the different approaches currently discussed. The book begins
with four introductory contributions on the difficulties in comparing and
interpreting functional results in the area of very low vision and the principal
prospects and limitations of spatial resolution with artificial tools. This is
followed by eight chapters by workers who stimulate the surface or the
pigment epithelial side of the retina and five further chapters by experts who
work on stimulating the optic nerve, the lateral geniculate body and the
superficial layers of the visual cortex.

I do hope this book will be helpful for our colleagues who are working in
the wider field of ophthalmology so that they may knowledgeably inform
their patients who are often desperate to hear of these exciting medical
breakthroughs.

Veit Peter Gabel
Munich, Bavaria, Germany
April, 2nd 2016
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Abstract

One of the challenging aspects of visual prosthesis clinical trials is the
assessment and reporting of efficacy. In this relatively early phase of
development, visual prosthesis devices are not able to provide high-resolution
visual acuity, and hence standard vision tests such as logMAR acuity charts
are not sufficient to measure post-intervention improvements in vision. This
has led to the development of a number of functional vision assessments,
such as tests of orientation and mobility and activities of daily living, which
aim to show the “real-world” benefit of the devices. These challenges face all
research groups and companies who are developing vision restoration
interventions (including stem cells, gene therapy and optogenetics), and
sharing of techniques and knowledge between the groups can only further our
quest to provide patient benefit. As such, an International Taskforce was
developed in 2014 to generate consensus on the methods of testing and
reporting outcomes in vision restoration trials, and has become known as the
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Harmonization of Outcomes and Vision Endpoints in Vision Restoration
Trials (HOVER) Taskforce. This chapter outlines the structure and aims of
the Taskforce, and provides an update of the progress to date. In addition, a
summary of the patient characteristics that are desirable for a visual
prosthesis candidate are provided for the practicing ophthalmologist.

Keywords HOVER Taskforce — Consensus — Outcome measures — Clinical
trials

Key Points

e At the present time, there are no internationally-accepted gold
standards for the assessment and reporting of patient outcomes in
vision restoration clinical trials.

e An international group, the Harmonization of Outcomes and Vision
Endpoints in Vision Restoration Trials (HOVER) Taskforce, is
currently working to generate consensus in this area.

e There are a number of clinical characteristics that practicing
ophthalmologists should assess for when considering referral of a
patient for vision restoration clinical trials or treatments.

Developing an International Consensus on the
Measurement and Reporting of Patient Outcomes: The
Harmonization of Outcomes and Vision Endpoints in
Vision Restoration Trials (HOVER) Taskforce

As is evident from the contributions to this book, the field of vision
restoration is rapidly progressing. Treatment options such as stem cells, gene
therapy and optogenetics, which were once considered science fiction, are
now becoming real options for the future treatment of people with blindness.
But of all the vision restoration techniques, visual prosthetic devices (or
“bionic eyes”) are the most advanced and have yielded the best visual
outcomes to date for people with profound vision loss. There have been over
ten chronic human clinical trials of these devices, with implants placed in



various locations in the brain, the optic nerve and retina. These trials have
shown that the devices are generally safe to implant and can, in the better
cases, produce improvements in visual function for patients who are
otherwise severely vision impaired [1-6]. However, to date these devices
have provided vision with relatively low spatial resolution, which confounds
attempts to convincingly demonstrate improvements in vision and functional
vision.

Assessment of low vision has historically been recognized as demanding,
with variability in test results and patient fatigue increasing with lower levels
of vision [7]. These factors conspire with other confounding factors, like
improved motivation and performance that can occur when patients know an
assistive device is being used, given their heightened expectations of benefit.
For these and other reasons, it can be challenging to convincingly prove the
benefits of vision restoration interventions.

These challenges have long been recognized by the field, both in
publications [8—11] and through conference discussions [12]. Guidelines for
the measurement of patient outcomes were published by the Food and Drugs
Administration (FDA) in 2009, and updated in 2013 [13], and outlined a
number of considerations, including methodological standards. This FDA
document also detailed the two main areas of outcome assessment that it
considered necessary for the report of visual prosthesis outcomes; visual
function (acuity, spatial mapping of phosphenes and form vision
assessments) and functional vision (orientation and mobility, activities of
daily living and patient reported outcomes).

In more recent years, there has been a call for international cooperation
and a higher level of discussion from the researchers themselves, which
ultimately led to the formation of the Harmonization of Outcomes and Vision
Endpoints in Vision Restoration Trials (HOVER) International Taskforce,
founded by Joseph Rizzo (Boston, USA) and Lauren Ayton (Melbourne,
Australia) in 2014 [14]. This Taskforce was formed to engage a wide swathe
of experts in the fields of vision restoration, low vision, and clinical trial
outcomes to work toward developing an international consensus on preferred
methods to measure and to report patient outcomes in vision restoration
clinical trials, whether of prosthetic devices or any other form of intervention.
For several reasons, improving consistency in methodology and reporting
will become even more important as the number of vision restoration
treatments increases.



To date, over 100 eminent researchers and clinicians have joined the
HOVER Taskforce and have been cooperating to develop consensus on areas
ranging from visual acuity testing to methods of performing electrical
stimulation studies. The Taskforce is overseen by a guidance committee
formed of representatives of research groups who have completed clinical
trials, experts in each of the fields of stem cells, gene therapy and
optogenetics, and a representative of the Food and Drug Administration
(FDA) who is an expert on regulatory issues. This guidance committee
provides counsel and support to the working groups with the aim of
producing a set of consensus documents that will be relevant to all forms of
vision restoration technologies. The Taskforce is supported by Detroit
Institute of Ophthalmology, with the director, Dr Philip Hessburg, providing
executive oversight for the work.

The most important aspect of the HOVER Taskforce is its philosophy of
inclusiveness and openness. The committee is aware and sensitive to the fact
that there are notable differences among the various approaches to prosthetic
intervention. As such, there was no intent to seek detailed specification of
methods that would be appropriate for all groups. Rather, this Taskforce was
motivated by the goal of improving transparency by developing guidelines to
obtain more consistent measures of visual function and more consistent
means of reporting results. The guidelines generated by the HOVER
Taskforce will reflect the knowledge and experience of a broad, international
cohort of researchers, which should provide benefit for all emerging forms of
visual restoration trials for decades to come. The Taskforce intends to
continuously seek input from its constituency, which will likely lead to
modifications to its recommendations as new information and experience is
acquired. The Taskforce seeks to distribute the collective wisdom of many
experts, not to control but rather to guide future work in this field. Draft
guidelines from each of the working groups are being collated and will be
published in the near future.

Another aim of the HOVER Taskforce is to provide patients, the low
vision community and clinicians with accurate and up-to-date information
about the status of vision restoration research. To this end, we have designed
a website to provide this interface between the medical researchers and the
patient community, at www.artificialvision.org.

The progress of the HOVER Taskforce has been inspirational, with
international experts from all backgrounds working together for a common
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good. This work will only serve to strengthen the field and advance the
development of treatment options for our visually-impaired patients whom
we are proud to serve.

Advice to the Practicing Ophthalmologist: How to Test
and Advise Patients Interested in Restoration Therapies

at Present

With the significant general public interest in vision restoration therapies, it is
inevitable that many ophthalmologists will be approached by potential
candidates. As evident above, there is still controversy on the most
appropriate outcome measures for defining efficacy in vision restoration
trials, but it is easier to define a candidate’s suitability based on three main
aspects:

1. Level of residual vision

At the present time, vision restoration interventions are only suitable
for people with extremely poor levels of vision. Most trials of visual
prostheses have included participants with vision of bare light perception
or less, with a few including those who are able to identify hand
movements. Candidates for a vision prosthesis must have this low vision
in both eyes. At present, candidates must also have a history of prior
useful form vision, as this is indicative of posterior visual pathway
integrity (which may be compromised in cases of congenital blindness).

2. Cause of vision loss

As detailed in this book, the type of vision loss is a key factor when
deciding on which visual prosthesis is the most suitable for a patient.
Retinal prostheses, which are the only commercially available prosthesis
at this time, are suitable for people with retinal degenerative diseases
such as retinitis pigmentosa or choroideremia. In 2015, the first clinical
trials were commenced in patients with complete vision loss from
geographic atrophy from age-related macular degeneration, but at this
time this is not a regulatory- approved indication for the devices. There
are no approved cortical prostheses on the market, but clinical trials are
anticipated to commence in the coming years. It is believed that a cortical




prosthesis could be an option for people who have lost their sight from
other diseases, including glaucoma, diabetic retinopathy and trauma.

3. Patient motivation and expectations

Possibly one of the most important factors to consider when deciding
if a patient would be a good candidate for a visual prosthesis is their own
expectations and motivations. At the present time, the improvements in
vision that such devices afford is still modest, and so it is vital that
patients are aware of the limitations of the technology. In most trials to
date, there have been significant variations in patient performance with
prostheses, and hence it is not possible to guarantee an improvement in
vision to someone who undergoes the treatment. The best candidates for
visual prostheses are those who understand these limitations, and who
have reasonable and fair expectations.

The best way to be sure of a patient’s suitability for a visual prosthesis is
to contact the research group or medical device supplier directly. They can
then provide practitioners with up-to-date information and advice. A map
showing the active visual prosthesis groups in 2015 is shown below (Fig.
1.1), and up to date information can be located online. To date, the three
regulatory approved and commercially available retinal prostheses are:
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Fig. 1.1 Currently active visual prosthesis groups, January 2016 (Map by Joe Rizzo & Lauren Ayton
Updated 3 January 2016. Produced in collaboration with the Detroit Institute of Ophthalmology, a
division of the Department of Ophthalmology, of the Henry Ford Health System)

(a) The Argus II retinal implant by Second Sight Medical Products, USA
(CE mark and FDA approval); http://www.secondsight.com/

(b) The Alpha IMS retinal implant by Retina Implant AG, Germany (CE
mark approval); http://www.retina-implant.de/en

(c) The Iris 150 retinal implant by Pixium Vision, France (CE mark
approval); http://www.pixium-vision.com/en
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Abstract

“Functional Assessment” refers to tests that capture a person’s ability to use
vision to perform everyday tasks. These include assessments ranging from
basic psychophysical tests of light perception and discrimination to
performance-based tests such as reading a newspaper or navigating through
an obstacle course. Like all types of clinical tests, functional assessments
must use methods that are adequately standardised, but not so rigorously
standardised that they lose their relevance to everyday life. Functional
assessment can be time-consuming and much effort has gone into making
these assessments efficient through the use of intelligent, adaptive testing and
scoring algorithms. As for other types of clinical tests, functional assessments
must be shown to be reliable, valid, and responsive. The chapter concludes
with an overview of currently available functional tests and evaluates their
standardisation, reliability and validity, where such data are available.

Keywords Visual function — Reading — Mobility — Navigation — Reliability
— Validity — Bayesian adaptive algorithms

Key Points
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e Functional assessment must strike a balance between standardisation,
to insure that the tests are reproducible across sites, and natural
conditions, to insure that the tests reflect performance in real-world
conditions.

e Functional assessment typically does not inform us about the
mechanisms or aetiology of disease, but it does tell us about the
impact of disease and the safety and effectiveness of its treatment

e Forced-choice testing procedures should be used whenever possible
to reduce the influence of criterion effects

e Adaptive test procedures significantly reduce test time

Introduction

In the field of artificial or prosthetic vision, “functional assessment” refers to
any of a variety of tests that capture a person’s ability to use vision to
perform everyday tasks. Functional assessment stands in contrast to structural
assessment, such as measurements of retinal thickness made with the OCT.
Functional assessment also differs from tests designed to assess eye health
such as intraocular pressure. But what about such common tests as visual
acuity which are used to predict reading performance, to assess photoreceptor
density, and to monitor refractive error? Indeed, many eye tests can have
functional, structural, and eye health uses, but in this chapter we will focus
our attention on the functional application. Functional assessment is
important for the evaluation of treatments applied across the entire range of
visual abilities, from patients looking to achieve “super-normal” vision with
wavefront LASIK to blind participants hoping for restoration of visual
function through gene or stem cell therapies. But as most of the candidates
for visual prostheses must have vision worse than counting fingers upon entry
into the study, we will limit our discussion to what has been termed “ultra-
low vision” (ULV)

Patient reported outcome measures (questionnaires) play an important
role in functional assessment, but we will not be discussing them in this
chapter. We will also limit our discussion to applications within the field of
artificial or prosthetic vision, bypassing much interesting work with sensory
substitution such as vibrio- tactile displays and text-to-speech.



Functional assessment runs the gamut from basic psychophysical tests of
light perception and discrimination to performance based tests such as
reading a newspaper or navigating through an obstacle course. Functional
assessment is used as an outcome measure to assess safety and efficacy of
prosthetic devices, and to develop training or rehabilitation plans to improve
the use of such devices.

Standardisation

To be useful, especially for multi-centre investigations, functional vision tests
need to be carefully standardized. That much is obvious. But it is less obvious
that functional tests can be over standardized. Take reading tests. There are
many types of tests that are designed to measure reading speed. These include
tests based on random words that are matched only for length and word
frequency, to sentence based tests that have carefully controlled syntax word
length word frequency and syntax [1].

It is argued that the random word reading tests are linked more closely to
purely visual factors whereas the controlled sentence tests are strongly
influenced by cognitive factors. But which is better related to every day
reading? That question has not been addressed for most reading tests, but in
our study of the impact of visual impairment on function and quality of life in
the elderly [2], we compared a standardized laboratory reading test to reading
under natural conditions in the home. The laboratory reading test used short
paragraphs of meaningful, continuous text that was constrained only by grade
level and presented on a computer monitor at a fixed luminance and contrast.
The home reading test used a selection of text from the local newspaper, read
directly from the newsprint and illuminated however the participant wished.
Nevertheless, the correlation between the two tests was high (p = 0.86)
indicating that the laboratory test predicted everyday reading performance.
We will return to this issue later when discussing some of the specific tests
used in recent clinical trials.

Forced Choice Testing

Tests of visual function are often faulted for being “subjective”, compared to
“objective” tests like ERGs. Without delving into the complex philosophical
issue of how to distinguish between the objective and subjective, there is one



principle of psychophysical testing that can reduce the subjectivity of visual
assessment — forced-choice testing [3]. A forced-choice test requires the
participant to choose among two or more alternatives, only one of which is
the correct answer. A forced-choice letter acuity test requires the participant
to name each letter on the chart until he reaches a pre-determined stopping
criterion, such as 4 errors in a row of 5 letters. To understand the importance
of forced-choice testing, consider the following example: Two people are
taking a visual acuity test that does not use forced-choice. Instead, each
individual reads down the chart until they don’t think they can see any more
letters, then stops. Participant 1 is doesn’t like to make mistakes so they don’t
venture a response unless they are sure it’s correct. Participant 2 is bold and
carefree and will happily guess as long as they can see something. Participant
1 stops responding after letter 45 (end of line 9 having made no mistakes up
to this point. Participant 2 starts making occasional errors on line 8 but still
gets most of the letters right on the next 3 lines. not until line 12 do they
reach the limit and miss all 5 letters. Participant 1 has a score of 45 letters;
participant 2’s score is 63, a difference of 18 letters or .36 logMAR (more
than 3% lines). But if forced-choice testing had been used, participant 1
would have had to continue responding until they made enough errors on a
line to reach the stopping rule. Participant 1 would have undoubtedly gotten a
few more letters correct (our experience suggests a minimum of 5 letters or 1
line, but possibly 2 or 3 lines more). The large difference in acuity turns out
to be a difference in criterion, at least in part. Criterion shifts occur with age,
onset of disease, and with treatment. One can well imagine that a patient
receiving a new experimental therapy, such as a retinal implant, may try
harder, guess more willingly, in other words, shift their criterion. Without
forced-choice testing it is difficult to distinguish changes in visual function
from changes in motivation.

Forced-choice testing should not be confused with “yes-no” procedures
where the participant is shown a test target and responds, “yes, I saw it” or
“no, I didn’t see it”. Although the participant may be forced to make a choice,
these procedures are not criterion free. Our timid Participant 1 above will still
score lower than bold Participant 2 because of differences in criteria, instead
of, or in addition to differences in vision.

Efficient Testing Algorithms and Scoring Methods



Clinical trials often require a large number of tests. Therefore it is extremely
important that the psychophysical measurements use an efficient algorithm
for stimulus selection and scoring. There has been a great deal of work on
efficient algorithms that go by names such as QUEST, PEST, and BEST
PEST [4]. All of these algorithms are adaptive. This means that the choice of
stimulus intensity is based on the results of previous trials. If the participant
responds incorrectly on a given trial, then the next trial is likely to present a
stimulus at higher intensity, or one that is easier to see. These procedures use
maximum likelihood estimating techniques to determine the stimulus
intensity that will yield the most information. The efficiency of the algorithm
is determined by how much information we have about the subject’s current
threshold estimate and by how well we model the underlying psychometric
function. Whereas traditional methods of psychophysical testing frequently
required 100 or more trials per estimate, modern algorithms usually need
only 25 or 30 trials per point.

It has been elegantly shown [5] that scoring methods with small step sizes
produce more reliable measurements than methods that use large steps. For
example, when grading cataract severity, grading scales that allow the use of
decimal number are more reliable than methods based on integer grades only.
Similarly, tests that give partial credit for partially correct answers are more
reliable than those that do not. Letter charts are a good example. If partial
credit is given for each correctly named letter then the results are more
reliable than if the test were scored line by line. The greatest waste of
information occurs when a well-designed test with a nearly continuous scale
is converted to pass/fail.

Psychometric Properties of Functional Vision Tests

Functional vision tests, like all clinical assessments, need to be reliable and
valid. Validity is typically based on measures of association between the test
in question and other indicators of functional ability. But in addition to the
usual construct, content, and criterion-related validity, these tests must have
ecological validity. This term, popularised by Gibson, refers to the link
between the laboratory measurement and the participant’s performance of
similar real-world tasks. A well-constructed mobility task may be
administered under carefully standardised lighting conditions on a clean, dry,
level surface, but to be ecologically valid it should predict performance in the



real world.

Bland and Altman have written popular and easy to understand guides for
assessing test reliability [6]. They eschew methods based on correlation
coefficients preferring instead methods based on the analysis of differences
between scores at test and retest.

Less well understood, but equally important, functional vision tests need
to be responsive, that is, they need to be sensitive to change and indicate
improvement when it really occurs. Closely linked to responsiveness is the
concept of a “Minimally Important Difference” (MID), the MID specifies the
smallest change in a test score that is still sufficient to make a difference to
the participant. For example, if a clinical trial is testing a new drug therapy
for advanced AMD and the primary outcome measure is a change in ETDRS
visual acuity, how large a change should be required? Investigators
frequently focus on the effect size needed to demonstrate statistical
significance, which depends on the size of the sample. With a very large
sample, statistically significant results may be obtained with a tiny change in
outcome measure, such as a 1-letter improvement in our acuity example. But
is a 1-letter change in acuity noticeable to the patient; does it really make a
difference? Probably not.

How do we determine an MID? This topic has been extensively studied
and there are excellent reviews of the alternative methods [7, 8]. In brief,
there are two types of methods for determining MID, “distributional” and
“anchor-based.” The former are based on the distribution of results obtained
in a study, the most common being % the standard deviation of the scores.
The latter are anchored to an external measurement, frequently the patients’
responses to a questionnaire. For example, to determine the MID for a visual
acuity test, patients’ acuities are measured at baseline and follow up. At
follow up they are also asked whether their vision has got a little better, a lot
better, stayed the same, got a little worse or a lot worse since the baseline
exam. The visual acuity change associated with those reporting minimal
improvement or decline is the MID. Interestingly, MIDs based on the 2 SD
rule are often similar to anchor-based MIDs.

Basic Visual Function Tests
Light Perception



A popular strategy for designing a functional assessment is to take a
hierarchical approach, beginning with the simplest and most basic visual
abilities — light detection and localisation — and moving up through more
complex vision tasks — motion detection, and resolution (acuity) before
moving on to everyday visual activities such as navigation and object
recognition. Several simple test batteries have been developed to monitor
basic visual ability. The Basic Assessment of Light and Motion (BaLM) is a
group of four tests that assess light perception, localisation, motion, and
resolution [9]. All of the tests are presented with a light projector at very high
luminance (5100 cd/m?) and contrast (>99 %). The use of such high
luminance raises the issue of whether the tests are valid; whether they predict
performance under natural conditions. In addition, all of the components of
the BaLLM battery are described as “forced choice” However the light
perception test uses a standard yes/no procedure that is not forced-choice and
not independent of the participant’s criterion.

One might ask how such a basic task as light perception could be related
to functional vision. Geruschat explains how localisation of a single light
source can be used by a person with ULV to orient and navigate more
efficiently than if totally blind, and how this rudimentary visual information
can be used during rehabilitation for other types of visually-guided behaviour
[10].

Spatial Resolution

The BaLM test battery was used to evaluate efficacy of the Alpha IMS
subretinal implant, and a similar group of tests (localisation, motion, and
orientation) was used to evaluate the Second Sight Argus II epiretinal
implant. Following these very basic tests of visual function, we proceed to
tests of resolution ability (grating or letter acuity). Conventional wisdom
suggests that acuity cannot be measured reliably for vision of count fingers or
worse. However Bach has demonstrated with the FRaCT letter acuity test that
by simply increasing letter size and decreasing viewing distance it is possible
to reliably assess visual acuity down to the level of count fingers and hand
motion.

Grating acuity is an alternative to letter acuity that can easily be modified
for ULV. Grating acuity should be closely related to letter acuity, however
this relationship does break down with certain eye disorders, such as



amblyopia and macular degeneration where letter acuity is generally worse
than grating acuity for appropriately matched sizes (especially when there are
multiple letters shown on a single trial). The Basic Grating Acuity test
(BaGA) [11] which can test grating sizes ranging from 0.1 to 3.3 cpd
(corresponding to Snellen equivalents of 6/1800-6/50) was used in the alpha-
IMS trial and a similar test was used by Second Sight.

Bailey et al. [12] takes a different approach to the assessment of low level
visual function. His Berkeley Rudimentary Vision Test (BRVT) uses a
combination of tumbling E, gratings, and white and black patches to arrive at
a single measure of visual function when acuity is too poor to be measured
with conventional eye charts. Although he describes an algorithm for
combining these disparate types of data into a single measure, he provides no
evidence that the algorithm is valid or reliable.

Activities of Daily Living
Object Recognition

Once it has been established that a retinal implant can support basic visual
processing, such as light perception and localisation, the assessment of
functional vision turns to everyday visual tasks like reading and recognising
faces and objects. While there are several validated, reliable tests for such
activities, these are not suitable for people with ULV and correspondingly
poor spatial and temporal resolution. New tests have been designed for this
purpose, but, disappointingly, each group of investigators has developed their
own tests rather than agreeing on a set of common tasks and shared
methodology. Beginning with object recognition, the Alpha-IMS group used
a black table surface as a backdrop for geometric shapes, dining objects (such
as cups and cutlery), individual large letters, and clock hands to test object
localisation and identification [13]. All of the objects are uniformly white.
That feature severely limits the validity of the test. It is questionable whether
the object recognition test is generalizable to objects in the real world;
whether it is ecologically valid. Moreover, the letter recognition test allows
patients up to 2 min of viewing time. In some of the videos of patients
performing the letter recognition task, they appear to be tracing out the letters
with head movements, which converts letter recognition into a proprioceptive
rather than visual task.



Picture Recognition

We took a different approach when we developed a picture recognition test
for Intelligent Medical Implants [14] 100 images of everyday urban scenes
were photographed with a digital camera. Each scene had an object of interest
(e.g. doorway, staircase, obstacle on the walking path) on the left or right
side. 60 subjects with normal vision viewed the pictures through a virtual
reality headset. The pictures were rendered on a 7 x 7 grid of Gaussian
shaped pixels to simulate vision as it might be experienced with a retinal
implant. Subjects indicated whether the object of interest was on the left or
right side. All 100 pictures were shown twice in random order. The median
score was 85 % correct. We found that a practice session with trial-by-trial
feedback was necessary to prevent subjects from adopting a strategy that lead
to worse than chance performance. Rasch analysis [15] was used to select 50
pictures that ranged in difficulty along a single underlying dimension.
Although the simulation experiment was useful, the results will need to be
compared to those who would be eligible or are enrolled in a retinal
prosthesis study.

Dagnelie’s group [16] took a similar approach to face recognition, using
simulated phosphene vision to test whether subjects could match a partially
averted face to one of four reference faces viewed straight on. Subjects
achieved high accuracy for high contrast images and learned to recognise low
contrast faces. Accuracy was heavily influenced by details of the simulation,
such as pixel density, separation, and dropout rate.

Navigation Ability

Good vision is not required to navigate safely, and efficiently. With the help
of experienced orientation and mobility instructor, people with ultra low or
no vision can learn to travel independently. Nevertheless, most travellers do
rely on vision and navigation ability is a widely used outcome measure for
judging the efficacy retinal prostheses. Geruschat and colleagues [17] created
a mobility course for the artificial silicon retina (ASR) that included an 18-m
long straight hallway seeded with foam obstacles. Eight subjects with RP
were tested before and after implantation of the ASR device. Four of the
subjects had reduced navigational ability after implantation (either reduced
walking speed or increased number of contacts) and the other four showed no
difference. This study showed that navigation ability did not necessarily



improve with artificial vision.

Two navigation tasks have been used for evaluation of the Argus II [18].
One required patients to find a white door embedded in a black wall (or the
opposite polarity) from across the room. The other requires patients to follow
a white line on the black floor. Both tests were scored as a pass if the patient
was touching the door or white line at the end of the trial; and as a fail
otherwise. After implantation, patients were more likely to succeed with the
system on for both tasks.

As mentioned previously, the pass — fail scoring method produces less
reliable scores and discards valuable information that could have been
retained by using a continuous measure such as distance from the door or
deviation from the white line. More importantly, as was the case for the
Alpha-IMS object recognition task, the exclusive use of black and white
stimuli severely reduces the ecological validity of the navigation task.

An example of another navigational task that tried to balance
standardization with ecological validity is the maze used in the clinical trial
of gene therapy for Leber’s congenital amaurosis [19]. The maze was
constructed at the UCL Pedestrian Accessibility and Movement Environment
Laboratory (PAMELA). PAMELA is a simulated outdoor sidewalk
environment with a paved surface and street lamps overhead. The platform
was configured as three mobility tasks: 10 m straight walk through an open
doorway; 13 m serpentine course through a simple maze with eight barriers;
and 10 m straight walk along a path with simulated curb stones. Light levels
were chosen to replicate a range of illumination levels from indoor office
light (240 lux) to nighttime residential street lighting (4 lux), and the colour
of the barriers was matched to common clothing materials. Barriers in the
maze were randomly positioned for each trial. Time to traverse the maze and
the numbers of mobility errors (contacts with the walls or barriers and lapses
in orientation) were recorded. Mobility errors appear to be the more sensitive
measure and were used for the main analysis. The data indicated that half the
subjects (6 of 12) showed improved mobility at night 6 months after
treatment, but that the benefits diminished by 12 months.

This example demonstrates that a real world task can be standardized
while preserving important features that contribute to ecological validity. The
problem with the PAMELA maze is that the facilities and equipment required
to create the test are expensive and not portable, making them less suitable
for multi-centre clinical trials. A paper by Nau et al. [20] describes an



obstacle course designed for patients with ULV that is described as
“portable” and relatively inexpensive to build. The materials cost about
$5000, but that doesn’t include labour and the course requires installation of
lights and painting walls, so it would hardly be considered portable.

Multimodal Sensory Integration

Working our way up the hierarchy from very basic visual processing to
complex everyday visual tasks, we can go a step further and consider the
integration of vision with other sensory modalities. Reports of individuals
who have vision restored late in life after many years of blindness do not
paint an optimistic picture. After the initial fascination with visual sensations,
some report that visual stimulation acts as a source of noise; not information.
It is as if the visual precepts are never integrated with sensory information
from hearing, proprioception, etc. There are some very simple tests of hand
eye coordination that address the integration of vision with proprioception
and tactile sense. These include a square localization task used with Argus II
[21]. A white square, 6 cm on a side, is displayed in a random location on a
computer touch screen. The participant is instructed to locate and touch the
centre of the screen with their finger. The vast majority of implanted patients
touch closer to the centre when the device is on. In the Alpha-IMS version of
the test [22], the patient is instructed to touch handheld chess piece to the
centre of a box outlined by a large white square. No data are provided.

It is also possible to test for more complex forms of sensory integration
using techniques that were designed primarily for studying visual
development in children. Garcia and colleagues [23] tested five patients
implanted with the Argus II on a vision — touch task, (judging the size of a
ball) a vision — hearing task (judging latency of a beep and flash), and a
vision — self motion task (navigation). None of the participants showed any
improvement with addition visual information on the size or navigation tasks;
two showed a gain in speed judgements.

Looking at the navigation task more closely, the participants were asked
to perform two tasks. The first was path reproduction. The participant was led
along a path that begins at about the 10 o’clock point on an imaginary circle
and ended at about 2:30, after taking one turn. The participant was then led
back to the beginning and asked to reproduce the two-leg path. A single floor
lamp acted as a visual landmark for the task. The second task was path



completion. From the 10 o’clock point, the participant was led to the 2:30
point and told to walk back to the beginning (10 o’clock). Performance was
compared with the system on and off. It was also compared to performance
of controls with normal vision who viewed the path through goggles that
simulated vision with the Argus II.

Patients complete the tasks as accurately without the floor lamp as with it.
Two patients showed as much improvement with the system on as did
controls when using the simulated Argus II the remaining patients were less
accurate with the system on than with it off. The authors conclude that
prosthetic vision “may not provide sufficiently reliable visual information to
improve the precision of patients on tasks for they have learnt to rely on non-
visual senses.”

Conclusions

Functional assessment is an integral part of the evaluation of new and
improved artificial vision devices. It is not sufficient to demonstrate that
patients see phosphenes or that they enjoy the visual phenomena that these
devices provide. We need reliable, quantifiable evidence that the devices
improve visual function enough to make a difference to patients’ lives. Each
prosthetic vision company uses slightly different functional outcome
measures, which is unfortunate, as it increases the burden to demonstrate that
the assessment tools are valid, reliable, and responsive.

Functional outcomes are generally considered in a hierarchical fashion,
beginning with simple light detection and localisation and ascending through
acuity, contrast, and motion to performance-based tasks of everyday living.
Basic tests of visual function have generally undergone more testing and
evaluation than higher-level tasks. However, more work is needed on
reliability and especially MID, the smallest difference that makes a
difference, even for basic tasks. Many of the higher order functional tasks
suffer from a lack of ecological validity — the laboratory functional
assessment is not likely to predict performance in the real world. This
problem arises primarily because the tests use illumination levels that are too
high or are composed of uniform black and white components. Presumably
they are not designed to incorporate features of the world outside the lab but
so that they can be passed by patient who have implants

Performance-based functional outcomes, such as those reviewed here,



should be considered in conjunction with patient-reported outcomes (PROs,
or questionnaire), Not only are the methods for developing reliable and valid
PROs more mature, they provide important information from the patients’
perspective. We have found the PROs and performance-based measures often
agree but even when they don’t, the discrepancy can be informative as well
[24].
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Abstract

Patient-reported outcome measures have gained an important role in clinical
trials, especially for novel treatments where the patient’s opinion on quality
of life and functional outcomes is valued highly. This chapter discusses the
development and calibration of such instruments and emphasizes the need to
further develop instruments that are sensitive to measurement and changes of
very limited vision levels, such as those afforded by today’s visual
prostheses.

Keywords Patient reported outcome — Self-report — Questionnaire — Visual
prosthesis — Rasch analysis

Key Points

e Visual Functioning Questionnaires can play an important role in
understanding how patients are using their prosthetic vision

e Rasch analysis allows systematic and quantitative interpretation of
VEQ data
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e Most VFQs are not designed to assess low vision levels provided by
current retinal implants, and none have been validated for use in
prosthesis patients

¢ The IVI-VLV and ULV-VFQ have the potential to provide
quantitative measures of prosthetic visual performance

Introduction

Patient-Reported Outcomes (PRO) are used with increasing regularity as an
important outcome measure of clinical trials, especially those where objective
outcomes show limited impact, and where the patient’s quality of life and
ability to function independently are important criteria for success, and even
for regulatory decisions. Originally the term PRO encompassed all reports by
the patient regarding effects of a clinical intervention, but more recently it has
been applied primarily to data collected with standardized questionnaires,
typically using rating scales to capture the impact of vision loss or a change
in well-being or vision use. This chapter provides a brief overview of the
different types of questionnaires (also called instruments) currently in use,
their suitability for retinal prosthesis wearers as a target population, and the
need for further developments in this area.

Vision-related PRO instruments typically explore one or both of the
following aspects of vision loss: quality of life (QoL) or visual ability. In the
former type, patients are asked to rate how severely certain aspects of their
life — e.g., work, shopping, social life — have been affected by visual
impairment, on a scale that may read: “not at all, a little, moderately,
severely, completely.” The latter type, usually referred to as a visual function
questionnaire (VFQ) asks respondents to rate the difficulty of visual
activities, on a scale such as “easy, somewhat difficult, very difficult,
impossible;” since not all activities are relevant to every respondent, there
usually is an option “don’t do this for reasons unrelated to vision.” Such
items are left out of the analysis, and an average or total score can be
computed by assigning numerical values or “raw scores” to the categories; in
the examples above, the QoL instrument would be scored as “0” to “4,” and
the VFQ as “0” to “3.”

In both types of survey, although the categories used by all respondents
are the same, their meaning may differ. Some respondents will qualify



activities as “impossible” even though they could perform them with effort,
whereas others would just qualify such effort as “moderately difficult.” This
limits our ability to compare responses from different patients, a problem that
does not arise when comparing responses from the same patient over time:
Judgments such as “moderately difficult” by a particular individual are likely
to retain their meaning, even if the person’s vision status has changed: The
internal metric used by the person in answering the question is still the effort
it takes to perform the activity.

PRO instruments are used in different ways: to assess the respondent
against a norm — e.g., the inclusion criterion for a clinical trial —, against
others — e.g., to determine who has the greatest need for treatment —, or
against the same person at a different time — e.g., to assess the effect of
treatment. For a treatment effect, responses by the same person before and
after treatment are compared, so comparing raw scores may tell us whether
the treatment was effective. Even this is questionable, though, since we do
not know how variable the person’s answers are, unless we’ve determined
this by administering the instrument more than once prior to treatment. For
this reason, even within the same person, we should use a quantitative (or
“psychometric”) approach to analyzing PRO data. When comparing one
person’s responses against those of others, or against a norm, a psychometric
approach is the only valid one.

Basic Psychometric Concepts; Rasch Analysis

Scales such as “easy, somewhat difficult, very difficult, impossible” are
ordinal, since they rank a quality (in this case effort), whereas a scale from 0
to 3 is cardinal: it not only ranks the categories, but assigns values to them.
When administering a test or a questionnaire we are ranking the ability of the
persons against the difficulty of the items. The purpose of a psychometric
analysis is to transform ranking data into (cardinal) measures, but this
requires certain assumptions about the underlying structure of the data, the
so-called latent trait we are measuring. In the case of a VFQ the latent trait
would be visual ability (from the person’s perspective) or visual difficulty
(from the item’s perspective).

One generally accepted framework for such a transformation is called
Item Response Theory, which has found widespread application in test
development. A more general approach, formulated by the Danish



mathematician Georg Rasch, has led the development of what is now broadly
referred to as Rasch analysis [1]. Conceptually, it is based on the assumption
that an item rated as more difficult than another by one respondent will also
be rated more difficult by other respondents, and that conversely a person
more able than another in performing one item (i.e., rating that item as less
difficult than the other person) will also be more able in performing all other
items. Thus the persons can be ranked in ability, and the items in difficulty,
on the basis of the complete set of judgments.

In reality, judgments will not be perfectly consistent: Questionnaire items
may be interpreted somewhat differently by different persons. Also, certain
assumptions about the variability of the persons and items (which can be
thought of as “noise” in the measurement) are required to create a
mathematical set of equations that provides the best fitting estimates. The
most commonly used Rasch model, formulated by Andrich, has been
implemented in a computer program called Winsteps. This software not only
provides estimates of the person and item measures, but also confidence
intervals on the estimates and information on the quality of the fit, i.e., the
extent to which each item fits the model. Winsteps also provides information
about the score distributions, and whether there is a meaningful distinction
between response categories such as “very difficult” and “extremely
difficult.” This information is especially helpful during the development of a
new questionnaire.

Precision of Item and Person Measure Estimates

The precision of estimates obtained through Rasch analysis depends on the
number of responses contributing to them: The more questions a respondent
answers, the more precise will be the estimate of the person measure; and the
more respondents answer any given question, the more precise will be the
estimate of the item measure. However, this is true only if the person abilities
and item difficulties contributing to the estimates are broadly distributed: If
every item has the same difficulty, they will all elicit the same response, from
any respondent, and the estimates of their person measures will remain
imprecise. Thus, a well-designed instrument will span a broad range of item
difficulties, and to calibrate its items a large set of respondents with a broad
range of abilities will be required. It is also important that the ranges of the
person and item measures match: An item that is scored “easy” or



“impossible” by every respondent has no discriminating power and thus does
not contribute to the estimates. Similarly we can’t obtain a precise person
measure for someone whose vision is too good (every item is rated “easy”) or
too poor (every item is rated “impossible”).

Winsteps software is easily available and well documented, allowing any
researcher to analyze questionnaire rating data. Thus it is no wonder that
Rasch analysis has become the standard for the analysis of questionnaire data
in the scientific literature. Another advantage of such a generally accepted
framework is that data from most currently used QoL and VFQ instruments
have been analyzed retroactively, and that the properties of those instruments
are now well known. Moreover, once the items of these existing
questionnaires have been calibrated, the item measures and the weight of
each response category can be considered fixed, and calculating the person
measure for any new patient answering the questionnaire becomes as simple
as entering the responses into a spreadsheet that will instantly calculate the
person measure.

Subscales, Visual Domains, Visual Aspects

The items in traditional PRO instruments are often grouped into subscales
thought to be informative about the respondent’s ability in different areas of
daily life. As an example, the NEI-VFQ [2, 3] combines the responses to
groups of items to calculate separate scores for general, near, and distance
vision; day and night driving; and glare; but also for ocular pain, vision
expectations, general health, mental health, and social function. The ratings
for most items contribute to more than one subscale, so it is not surprising
that subscale scores are highly correlated for most respondents. Note also that
the NEI-VFQ, and therefore its subscales, cover both QoL and visual ability.
The use of subscales can certainly be informative for clinical application of
PRO instruments, but the interdependence of subscales limits their use for
research purposes, as it would be inappropriate to use more than one subscale
as an outcome measure. Well-designed PRO instruments therefore tend to
avoid the use of subscales.

While the use of subscales has been limited to clinical studies, research in
the area of visual impairment and low vision rehabilitation has widely
accepted the assignment of activities to four separate visual domains: reading
(more broadly defined as detail vision), visual information gathering, visually



guided mobility, and visually guided activities (often called eye-hand
coordination). The advantage of using these domains in rehabilitation is that
they are easily translated into training activities and assessments; moreover, it
is relatively straightforward to create questionnaire items assessing the
patient’s ability in these four domains. This use of visual domains can be
found in more recent questionnaires developed using psychometric tools,
such as the VALV VFQ-48 [4] and the three impact of visual impairment
(IVI) [5-7] instruments.

A third approach to classifying human vision is in terms of subjectively
experienced visual aspects of the scene such as contrast, illumination (natural
and man-made), familiarity, size/distance, movement, color, depth, etc. These
visual aspects may not be of particular importance to normally sighted
individuals, but as vision becomes more severely compromised and
individuals can no longer appreciate complex visual scenes, they report that
their visual perception relies on the presence of these elementary visual
qualities. This was one of the principal findings in a focus group study
involving patients with profound vision loss who were asked to report in
which daily activities they still had benefit from their minimal remaining
vision; the focus group study was the first phase in the development of the
prosthetic low vision rehabilitation (PLoVR) curriculum funded by a grant
from the National Eye Institute. Surprisingly some 750 different activities
were reported by the 46 members of 7 groups, and for every single activity a
specific visual aspect, most often contrast or illumination, was reported to be
the determining factor allowing these individuals to perform that activity [8].

None of the classifications above results in independent vision measures
(or factors) when analyzing the properties of PRO instruments, but they are
useful as conceptual frameworks when thinking about prosthetic vision, and
how to analyze patients’ self-reports.

Application to Prosthetic Vision

Over the last 25 years the number of PRO instruments developed for vision
assessment has reached several dozen, and that just covers those available in
English. Some instruments were developed for specific disorders, such as
cataract [9] or hemianopia [10], while others were designed for specific
populations such as children [6, 10—13] or military veterans [4, 14, 15].
Prosthetic vision is still in its infancy and can best be described as



“moving shadows,” according to the descriptions provided by recipients of
the Argus II [16], Alpha IMS [17], and suprachoroidal retinal implants in
Australia [18] and Japan [19]. This poses a particular challenge in the context
of PRO instruments, since most items in existing VFQs are aimed at vision
that includes shape recognition, i.e., vision that is no worse than “count
fingers.” Prosthetic vision, in its present form, allows most users to recognize
crude shapes [20, 21], but they only do so with great effort, and most of their
visual activities fall in the range of movement detection, light localization, of
light detection. This imposes a new requirement on PRO instruments used in
this population: Most or all of the items in such an instrument should address
very basic visual perceptions, such as seeing a person walk past, locating
crosswalk lines or a building across the street, or noticing whether room
lights are on.

As it turns out, retinal implant users are not the only individuals with
extremely poor vision. As mentioned above we gathered 46 individuals with
“ultra-low vision” (ULV), defined as vision insufficient to recognize shapes
other than through extensive scanning. Most of them had enjoyed better
vision earlier in life, but had lost most of that vision due to a variety of
disorders. Most of them also reported still using their remaining vision, and
had benefited from low vision rehabilitation. Thus, we concluded that
individuals with ULV, not just those with visual prostheses, could benefit
from the existence of a dedicated PRO instrument. Another potential target
group is formed by those with ULV (or completely blind) who may soon
become participants in early clinical trials of stem cell and gene therapy
approaches, as well as prosthetic devices stimulating higher visual pathways,
especially the visual cortex.

One validated and calibrated PRO instrument, the IVI-VLV [7], contains
items that can capture vision at the level of movement detection and light
localization, although most of its items require shape recognition. This
instrument is also geared towards exploring the impact of vision loss, i.e., a
combination of QoL and visual ability. To our knowledge, the only VFQ
specifically designed for, and calibrated in, individuals with ULV is the
ULV-VEFQ [22]. It currently exists in 150-, 50-, and 23-item versions; there
also is an interactive version, using a Bayesian adaptive approach to estimate
a ULV person’s visual ability, which can obtain a reliable estimate with
fewer than 20 items [23]. The ULV-VFQ will require continued calibration
studies in target populations with prosthetic and other types of restored



vision, and it is only available in English at this time. Nonetheless, it is an
important step forward in the use of PRO instruments for the assessment of
visual ability among visual prosthesis recipients.
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Abstract

Our sense of vision permanently captures, transmits and interprets enormous
amounts of visual information. The amount of visual information that can be
transmitted to the brain by the means of visual prosthesis will be severely
limited and thus also limit the rehabilitation prospects of such devices. While
several parameters contribute to the information content of visual stimuli, this
chapter concentrates essentially on spatial resolution.

The first part of the chapter is dedicated to discuss the results of
simulation studies of prosthetic vision on normal subjects. These studies
aimed to respond to the question of how much visual information should be
transmitted to the brain to rehabilitate patients. The amount of visual
information, necessary to accomplish daily living tasks (such as reading, eye-
hand coordination or whole body mobility) is task-dependent and not only
image resolution itself, but also other parameters such as the size of the
effective visual field seem to be important.

In the second part of the chapter we tried to discuss to which extent the
information made available by the stimulation device is lost or degraded
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before reaching the brain. The experience with actual retinal implants shows
us that only part of the information provided by the device finds its way to
the central nervous system and that this information loss can be highly
variable from patient to patient: the spatial resolution provided by the devices
corresponds rarely to the spatial resolution perceived by the patients.

Keywords Visual prosthesis — Artificial vision — Simulation studies —
Spatial resolution — Visual psychophysics — Retinal stimulation — Clinical
trials

Key Points

e Spatial resolution is clearly an important issue in the context of visual
prostheses; it describes the amount of information that can be
transmitted by the device.

e Simulation studies are a useful tool to determine what spatial
resolution should be targeted by such devices: about 500
retinotopically distributed phospenes would be enough in many
everyday situations.

¢ Only part of the information, made available by the stimulation
device, reaches the brain; this information loss at the electrode-nerve
interface is highly variable from patient to patient.

e At present, commercially available visual prostheses should be
considered as vision aids for blind patients, complementary to
traditional vision aids.

Visual prostheses are devices that aim to replace a non-functioning part in the
visual pathway by directly stimulating the remaining and still functioning
neural tissue mostly using electrical currents (for a review see e.g., [1-6]).
Other devices designed to rehabilitate blindness use alternative sensory
modalities like hearing or touch to transmit visual information [7, 8]. A
common aspect of all these devices is that certain technical constraints can
severely limit the quantity of visual information that can be captured and
transmitted. Obviously, the final amount of visual information that can be
transmitted to the brain will fundamentally limit the rehabilitation prospects
of the device.



From a technical point of view, the information content of a visual
stimulus can be characterized by several parameters: spatial resolution
(number of pixels/dots in an image), hue and brightness information (number
of hue and brightness levels that can be represented by each of these pixels),
and visual field (size of the visual scene covered by the image). This chapter
essentially focuses on how spatial resolution, commonly expressed by visual
acuity in daily ophthalmologic practice, impacts on performance with visual
prosthesis.

The first part of the chapter is dedicated to discuss the results of
simulations of prosthetic (artificial) vision on normal subjects. This strategy
has been used by several research groups to explore potential benefits of
neural prostheses, in particular cochlear implants (see e.g., [9]) and visual
prostheses (see e.g., [10] for a review). The advantages of this strategy are
that the effect of a single parameter can be measured without confounding its
influence with that of others and that it is easy to repeat experiments on a
single subject [11]. Furthermore, it is non-invasive and independent of the
availability of patients with visual prostheses.

The second part of the chapter discusses the effect of information loss at
the electrode-nerve interface. In other words, we will try to discuss to which
extent the information made available by the stimulation device is lost or
degraded before reaching the brain. The experience with actual retinal
implant wearers shows us that only part of the information provided by the
device finds its way to the central nervous system and that this information
loss can be highly variable from patient to patient: the spatial resolution
provided by the devices corresponds rarely to the spatial resolution perceived
by the patients (perceived dots or phosphenes).

Please note that this chapter does not aim to give a global and complete
review on the subject of spatial resolution. It is essentially based on our own
research work and our experience with patients of the Argus II feasibility
study (http://clinicaltrials.gov/show/NCT00407602).

Which Spatial Resolution Should Be Targeted by

Visual Prosthesis?

Simulations that mimic the artificial vision provided by visual prostheses
have to take into account the main technical constraints of these devices,
namely that they would only stimulate a fixed and spatially limited location
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of the visual field and that the number of stimulation contacts (or stimulating
electrodes) is limited (resulting in reduced spatial resolution).

We simulated such viewing conditions by projecting a low resolution
(pixelized) image within a limited-size viewing window presented either on a
computer screen for reading (Fig. 4.1a) or on a smaller screen attached in
front of a portable simulator for tasks involving eye-hand coordination and
whole body mobility (Fig. 4.1b). A fast video based eye-tracking system was
used to stabilize these (dynamic) stimuli on a fixed area of the retina.

Fig. 4.1 The experimental setup used to simulate the artificial vision provided by an “ideal” retinal
implant. (a) The stationary setup: the subject was asked to read aloud pixelized text pages. Only a
portion of the text was visible inside a restricted low resolution viewing window. The subject had to use
her own eye movements to navigate through the page of text on the computer screen. (b) The mobile



setup: a camera and a screen were attached to the headband of the eye-tracking system for capturing
and presenting the stimuli. A bite-bar was used to stabilize the whole mobile setup on the subject’s
head. A piece of black cloth covered the entire head-mounted setup so that the subject was only able to
view the environment through the small, low-resolution viewing window presented on the screen. All
experiments were conducted in monocular viewing

Our psychophysical experiments were designed to determine a “cut-off”
or threshold value for performance below which a given task becomes
difficult and finally impossible to be executed. It is precisely this “cut-off”
value that determines the minimum information (e.g., in terms of spatial
resolution) required to achieve important daily living tasks.

Reading

Our experiments on full-page text reading [12] demonstrated that about 500
distinct phosphenes’, retinotopically distributed” on a 10° x 7° central visual
field could restore significant reading abilities to blind patients (i.e., reading
accuracy >95 % and reading rates of 60—71 words/min that improved to 72—
122 words/min after some training). In such viewing conditions, displaying at
a glance approximately four to six letters and two lines of text [12, 13], a
single lower case letter of the visualized text would have to cover about 2° of
the entire 10° x 7° visual field. This corresponds to an effective resolution of
4 pix/char (or about 300 pix/deg? for common news-paper text reading).

Cha et al. [14] found similar reading rates when using perphorated masks
with a head-mounted display and head-scanning (100 word/min with a 25 X
25 dot mask). Dagnelie et al. [15] showed that accurate paragraph text
reading (>90 % reading accuracy) could be achieved with a 16 x 16 dot
matrix with 30 % phosphene dropout, at reading rates of about 30 words/min.

Reading rates of 50—100 words/min are certainly lower than normal
(about 250 words/min [13]) and quite similar to those achieved with Braille
reading [16]. Nevertheless, it would be of high interest for visual prosthesis
patients to be able to read commonly available printed material, even if this
takes four times longer than for normally sighted people.

Visuo-motor Coordination

Our experiments on eye-hand coordination included two simple pointing and
manipulation tasks [17]. For the LED pointing task, subjects were facing a
panel composed of an array of 6 x 4 light-emitting diodes (LEDs). Subjects



had to point as precisely as possible on each one of the LEDs that lighted up
randomly on the panel. For the chips manipulating task, subjects were facing
a 5 X 4 random template of square chips, each representing one of 20
different black figures drawn on white background (Fig. 4.2a). Scores
(pointing precision and correct placements) as well as rapidity were recorded
for both tasks. Various effective field of view sizes and image resolutions
were tested (Fig. 4.2b). Small effective fields of view increased visual search
times, while large effective fields of view limited pointing precision or form
recognition. A good compromise between effective field of view and image
resolution was found at an effective field of view of 17° x 12° and an image
resolution of about 500 pixels which corresponds to a spatial resolution of
about 2.5 pixels/deg? (Fig. 4.2¢).
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Fornos et al. [17])

It is difficult to compare this result with those of other studies, because
experimental conditions were not identical. Humayun et al. [18] and Hayes et



al. [19] used a head-mounted display and pixelizing software to simulate
artificial vision (without stabilized retinal projection). Almost all of their
subjects were able to pour candies from one cup to another using a grid of 16
x 16 pixels. Under the same conditions, subjects were able to cut a black
square drawn on a white paper sheet with approximately 50 % accuracy.
Another study [20] attempted to evaluate the issue of retinal stabilization on a
checker placing task using a 10 x 6 array of Gaussian shaped pixels.
However, the parameter of spatial resolution was not considered in this study.
More recently, Srivastava et al. [21] reported that their eye-hand coordination
task (placing black checkers on the white fields of a checker board) could be
done using a viewing condition with 325 phosphene dots.

Whole Body Mobility

Whole body mobility is important in daily living. We explored this category
of tasks in various environments, representative of different every-day
situations.

First, a well-known indoor environment, a laboratory course with six
known but randomly placed obstacles was used (Fig. 4.3a, [22]).
Performance was measured as the total time to complete the course and the
number of errors per course. For this task, a good compromise between
effective field of view and image resolution was found at 33° x 23° and a
relatively low image resolution of about 200 pixels, which corresponds to a
spatial resolution of about 0.25 pixels/deg? (Fig. 4.3b).
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Second, an indoor maze with 52 randomly placed poles (‘random forest’)
on a 16 x 8 m? surface was used as a model of a much less predictable



environment (Fig. 4.4a, [23]).
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Performance was measured as the total time required to complete the
course and the number of errors per course. Error counts remained quite
stable even for low image resolutions (for the conditions where the effective
field of view was not too large). However, time per run began to increase at
image resolutions of 500 pixels. A viewing window with 500 pixels and
representing an effective field of view of 33° x 23° appeared to be the best
compromise for this task. This corresponds to a spatial resolution of about 0.7



pixels/deg? (Fig. 4.4b).

Finally, a completely unpredictable and visually complex environment
was tested in the ‘road crossing’ task [23]. Subjects were confronted to the
real situation of a medium traffic one way road and had to estimate at which
moment they could cross the street (without actually crossing it for obvious
safety reasons). Subjective danger was evaluated using a questionnaire.
Subjects had to indicate the ‘difficulty’ of the task, the ‘safety’ of their
crossing and the ‘reliance on hearing’ to accomplish the task. The traffic
situation at the moment of the crossing decision was taken in account as a
more objective parameter. Both, the ‘difficulty’ and the ‘security’ estimates
for the task got steadily worse when reducing stimulus resolution (for all
tested effective fields of view). Subjects mainly relayed on hearing to
complement insufficient visual information. Only a few dangerous situations
were detected among several hundreds of attempts. Surprisingly, these were
observed at relatively high stimulus resolutions when subjects inappropriately
trusted their vision.

The results for these three mobility tasks show that mobility in
unpredictable complex (and dynamic) environments needs more visual
information than mobility in highly predicable static environments. About
500 distinct phosphenes, retinotopically distributed on a 10° x 7° central
retinal area seem to transmit enough visual information to accomplish most
mobility tasks that do not include hazardous situations. Much higher stimulus
resolutions are needed to rely on vision for avoiding danger in complex
visual environments.

The results of other studies on mobility using simulated artificial vision
are again difficult to compare because of differences in experimental
conditions and scopes/issues. Cha et al. [24] found with their simplified
simulation that a 25 x 25 array of pixels distributed within the foveal visual
area could provide useful visually guided mobility in environments not
requiring a high degree of pattern recognition.? Dagnelie et al. [25] explored
simulated artificial vision in a real indoor maze (suite of offices) and found
that inexperienced subjects required 16 x 16 dots for adequate performance,
while experienced subjects reached similar levels with 10 x 6 dots.* Wang et
al. [26] explored mobility with simulated prosthetic vision in a virtual ten
room maze using a gaze-locked 10 x 6 matrix of Gaussian shaped pixels and
found a 40 % performance decrease for a 30 % phosopene dropout.



Synthesis

The simulation studies reported above can be summarized as follows: A
visual prosthesis being able to produce about 500 distinct and retinotopically
distributed phosphenes could be useful in many daily life situations. The
effective visual field that would have to be covered by these devices is task
dependent (very small for reading and large for mobility). Such variation of
the effective field of view could be realized by using optical or digital zooms
for the image capturing devices of the prosthesis. Table 4.1 summarizes
corresponding numbers.

Table 4.1 Approximate (minimal) spatial resolution proposed to reach ‘useful’ vision for several daily
living tasks

Task Image resolution Effective Spatial
[n° of field of resolution
phosophenes] view
Reading of standard news-papers and small object ~500 1.6° x 1.1°(~300
recognition pixels /deg2
Visuo-motor coordination (eye-hand coordination) ~500 17° % 12° [~2.5
pixels/deg2
Mobility in well-known predictable environments (e.g., |~200 33° x 23° |~0.25
at home) pixels/deg2
Mobility in relatively simple but unpredictable >500 33° x 23° |~0.7
environment (e.g., unknown flat, park, etc.) pixels /deg2
Mobility in complex unpredictable and potentially >2000 (even with high resolution stimuli,
dangerous environments (e.g., traffic roads, airport hall, |these tasks are difficult to perform)
mall, etc.)

It is interesting to mention that other parameters than image or spatial
resolution limited performance in our simulation experiments. Due to the
particular viewing conditions (using a small viewing window and monocular
viewing), fastest speed performances in simulated prosthetic vision were
three to seven times lower than those for normal viewing conditions. This
was probably due to the limited visual span and difficult page navigation for
reading and to the missing peripheral and stereoscopic vision for visuo-motor
coordination and mobility tasks.

Our experiments [12, 17, 22] as well as the studies by other authors (e.g.,
[21, 25]) demonstrate that subjects generally improve their performance with
time, thus training is an important factor in simulated prosthetic vision and




the experience with retinal implant patients confirms the importance of
rehabilitation training.

From Theory to Reality

The above suggested spatial resolutions for ‘useful’ prosthetic vision indicate
which effective image resolutions should be targeted by visual prostheses.
Retinal implants that use incorporated photodiodes to transform light directly
in-situ into electric stimuli already reach high electrode densities (e.g., the
1500 electrode Alpha IMS sub-retinal implant from Retina Implant AG). This
is not yet the case for prostheses that receive the visual information from an
external camera (e.g., the 60 electrode Argus II epi-retinal implant from
Second Sight Medical Products Inc.) because these are technically more
challenging to realize. Devices with external stimulus processing present,
however, other advantages, such as the much larger possibilities to vary
stimulus parameters.

It is thus also interesting to study the best possible performances that
could be reached with existing low resolution devices. Several of the above
mentioned simulation studies were conducted with 10 x 6 dot stimuli to
simulate the commercially available Argus II system [20, 25, 26]. Our group
also explored reading with a simulated 60 channel implant using the
simulation techniques described above [27]. Reading performances (reading
accuracies and reading rates) were recorded as a function of spatial resolution
in pixels/character (Fig. 4.5a). Best reading rates were achieved at about 4.5
pix/char (confirming the results of previous studies in terms of spatial
resolution [12, 15]). At the end of the study and under such ‘optimum’
viewing conditions (4.5 pix/char), subjects achieved almost perfect reading
accuracy and mean reading rates of 21-40 words/min (Fig. 4.5b). These
reading rates were considerably lower than those obtained with 500 dot
stimuli, because of the much lower information content of the viewing
window (covering a visual span of 1-2 characters instead of 4—6 characters
and just one line instead of two). This resulted in more difficulties for page
navigation and a lesser ability to use context information.
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Fig. 4.5 Reading performance with a simulated 60 channel implant (gaze stabilized horizontal 10 x 6
pixel viewing window) on four subjects. (a) Mean performance as a function of spatial resolution in
pixels/character. (b) Individual mean performances at the end of the experiment using the “optimum”
spatial resolution (4.5 pix/char) (Modified from Perez Fornos et al. [27])

It is important to mention that the above reported simulation studies
establish a theoretical upper limit of performance, assuming that all
information provided by the device effectively reaches the brain.
Unfortunately, this is rarely the case. Some autors (such as [14] or [26]) have
tried to incorporate information loss at the electrode-nerve interface (e.g.,
phosphene dropout or reduced contrast discrimination) into their studies, but
it is extremely difficult to simulate such information loss realistically.

Effectively, many of the patients participating in the Argus II feasibility
study were able to recognize single letters, some of them short words [28],
and the best two patients were even able to read short 4-word sentences with
maximum reading rates of 5 and 2 words/min [29]. These reading rates are,



however, far below the above cited theoretical limit of about 30 words/min.
The same would certainly also apply for most of the other tests conducted
during the clinical trial, if they would have been compared to theoretical
upper limits experienced by simulating the same tasks. This means that a
considerable part of the visual information provided by the stimulating device
did not reach the brain.

This finding is further supported by the observation that increased spatial
resolution (i.e., a higher number of electrodes) provided by the stimulating
device does not seem to fundamentally improve the performances of the
implanted patients. The high density Alpha IMS device seems to have quite
similar outcomes [30—32] than the Argus II system [28, 29, 33, 34].> This
means that, at the present state of the art, it is probably not useful to target
visual performance improvements by simply increasing the number of
stimulation electrodes in a visual prosthesis. First the electrode nerve
interface has to be extensively studied and new and better stimulation
strategies have to be developed to optimize information transfer from the
prosthesis to the upper visual centers and limit information loss at this site..

Besides relatively low performance compared to the expectations based
on simulation studies, the clinical trials with retinal prostheses also revealed
big individual performance differences between subjects [28, 30—34]. Visual
performances with these devices go from bare light detection to the capability
to read words. One of the reasons for such high inter-subject variability is
that for some subjects, only a limited number of electrodes effectively evoked
visual sensations at electrical current levels within security limits.” This could
be due to a sub-optimal contact between the stimulation electrodes and the
retina. Another reason can probably be found in the variability of the
pathophysiology of retinal degenerations amongst patients (see e.g., [41]).

Some research groups propose to compensate the lack of information
content in low resolution stimuli by using real-time image
treatment/enhancement (see e.g., [42—46]). Such image processing algorithms
can be useful in certain circumstances, they can however not really
compensate for missing image information (spatial resolution).

Not only loss of spatial resolution deteriorates prosthetic vision. The
temporal properties of the visual perception are also of high importance.
Percepts should not only be sharp and well localized, they should also last
long enough for the brain to reconstruct meaningful images. Ideally
phosphenes should appear as soon as stimulation is activated, evoke a stable



percept as long as the stimulation lasts, and then disappear instantly when the
stimulation is turned off. A recent study on nine patients participating at the
Argus II clinical trial revealed important inter-subject variability for the
temporal properties of electrically evoked phosphenes [47]. Figure 4.6
illustrates the time course of visual perception evoked by a 10s constant
amplitude stimulus. The patient for whom the time course of the percept
resembled most to the time course of stimulation (P6 in Fig. 4.6) is also the
one who performed best in the clinical trial.
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Fig. 4.6 Dynamics of visual perception upon electric stimulation of the retina. Average self-reported
responses (red) versus time to a 10s duration stimulus (at 20 Hz — grey) for nine patients (Modified
from Perez Fornos et al. [47])

It has been suggested that the dynamic or “fading” behavior of percepts
might be due to the stabilization of the stimulation pattern on the retina [30].
In other words, the lack of eye movements allowing to constantly “refresh”



the electrical image provided to the retina by the implant would result in
neural adaptation leading to some kind of Troxler’s “filling-in” [48, 49]. Our
results do not allow confirming or rejecting this hypothesis. The observed
differences across subjects are, however, difficult to explain in the sole
perspective of central neural adaptation.

Conclusion and Final Thoughts

Spatial resolution is definitely a big issue in the context of visual prostheses.
Simulation studies can determine what ‘ideal’ spatial resolution these devices
should be able to provide to the patient to achieve a certain level of
performance. Being able to fabricate visual prosthesis that can effectively
evoke about 500 retinotopically distributed phospenes would be a major step
forward towards a visual prosthesis that would be useful in the majority of
everyday situations and that would thus significantly improve quality of life.
For complete autonomy, a spatial resolution of several 1000 spots distributed
over a large visual field would be necessary. Commercially available retinal
implants are not yet able to satisfy such high expectations: Performance of
implanted patients remains relatively low and there is extremely high
variability between patients.

Are state of the art, commercially available devices are really useful for
their wearers? In a functional low-vision observer rated assessment, 65 % of
the participating Argus II patients (N = 23) reported a positive or mild
positive effect 3 years after implantation [34]. This does not really tell much
about the utility of the device in daily living which can probably best be
estimated by analyzing the effective time the devices are used by the patients
(on their own). For the Argus II retinal implant, the patients of the clinical
trial can be distributed in three groups: one third used the device less than 90
min/week, another third up to 4.8 h/week and the last third up to 18.9 h/week
(weekly mean values — personal communication from Second Sight Medical
Products Inc.). This suggests that about one third of these users really benefit
from the device.

We believe that actually commercially available visual prostheses should
be considered as vision aids for blind patients, complementary to traditional
vision aids such as the guiding dog, the white cane, Braille reading,
technological aids such as voice-over programs in computers or mobile
phones, etc. A particular attention has to be given to the screening methods,



so that candidates having the best rehabilitation prospects can be
appropriately identified. Once implanted, an adapted training with low vision
specialists seems mandatory to maximize benefits for the users. It would be
contra-productive to raise unrealistic expectations among blind patients.

It is imperative to increase research efforts in the field. Interesting work is
done to better understand why the communication of high resolution stimuli
to the visual system is so difficult, and how to improve the electrode-nerve
interface of visual prostheses. Hopefully, next generation devices will benefit
from these efforts and will be able to communicate more effectively with the
brain.
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Footnotes

1 Distinct percepts of light produced by stimulating the visual system by other means than light.

2 Perceived phosphenes are distributed in a way that they can be easily interpreted by the visual system
— they spatially represent the original image.

3 Their experimental setup is closest to our ‘random forest’ setup (Fig. 4.4).

4 These authors use a highly simplified (predictable) environment probably closest to our ‘indoor
course’ (Fig. 4.3).
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5 A recent paper [35] tried to compare functional performance of the two devices.
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vivo setups or computer models [e.g., 36—40].
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The smaller the stimulating electrode surface (and consequently the higher the spatial resolution of
the device), the lower are the currents that can be used to stimulate while respecting such security
limits. The latter also depend on electrode material.
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Abstract

The Argus® II epiretinal prosthesis was the first retinal implant to receive
commercial approval in Europe and in the United States. To date, it is the
most widely used prosthesis worldwide with over 100 implanted patients in
several countries, including the United States, United Kingdom, France,
Germany, Switzerland, Mexico and Saudi Arabia. The device is used as a
treatment for patients with profound vision loss due to end-stage
photoreceptor degenerative diseases.

Argus II works by electrical stimulation of the inner retina, retinal
ganglion cells and/or bipolar cells that remain partially functional in these
patients. The system is an epiretinal prosthesis, meaning that the
microelectrode array is surgically implanted on the retinal surface nearest to
the nerve fiber layer. Video signals are acquired by a glasses-mounted video
camera and transformed into electrical pulses that are finally transmitted via
the microelectrode array to the inner retina. The device is capable of eliciting
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visual perception in a reliable and controllable fashion through video
processing and manipulation of stimulation parameters.

Argus II and its predecessor, Argus I, were the first devices tested in
humans to pass safety and efficacy assessments. This chapter will summarize
the history of device development, initial preclinical studies and results from
clinical trials. It will also discuss several future advances needed to improve
the device in order to provide a more informative visual perception to blind
patients.

Keywords Argus® II — Argus I — Second Sight — Epiretinal implant —
Epiretinal prosthesis — Retinal tack

Key Points

e The Argus® II epiretinal prosthesis was the first retinal implant to
receive commercial approval in Europe and in the United States, and,
to date, it is the most widely used visual prosthesis worldwide

e Argus II works by electrical stimulation of the inner retina, retinal
ganglion cells and/or bipolar cells that remain partially functional in
patients with end-stage outer retinal degeneration. Video signals are
acquired by a glasses-mounted microcamera and transformed into
electrical pulses that are finally transmitted via a 60-electrode
microarray to the inner retina.

e The device is capable of eliciting phosphenes in a reliable and
controllable fashion through video processing and manipulation of
stimulation parameters.

e Human studies conducted so far have demonstrated the long-term
safety of chronic stimulation with Argus® II and the potential
benefits provided by the device as a visual aid for patients blinded by
outer retinal degeneration.

Principal Idea

The Argus® II epiretinal prosthesis (Second Sight Medical Products, Inc.,
Sylmar, CA, USA) was the first retinal implant to receive commercial



approval from the Conformité Européenne (CE Mark) in 2011 and from the
United States Food and Drug Administration (FDA) in 2013. To date, it is the
most widely used visual prosthesis worldwide, with over 100 implanted
patients in several countries, including the United States, United Kingdom,
France, Germany, Switzerland, Mexico and Saudi Arabia [1, 2].

The device is used as a treatment for patients with profound vision loss
due to end-stage photoreceptor degenerative diseases [1, 2]. Although
pharmacologic agents, stem cell-based and gene therapies have been
proposed for the treatment of retinal degeneration, these methods are under
development and, therefore, not yet commercially available and not all
patients can benefit from them [3-5]. Retinal degenerative diseases, in
general, start in the outer retina leaving inner retinal layers undisturbed until
very late stages. In fact, post-mortem studies have shown that nearly 80 % of
inner nuclear layer cells and approximately 30 % of retinal ganglion cells
(RGC) are spared in patients blinded by various forms of Retinitis
Pigmentosa (RP) [6, 7]. Additionally, a similar study of patients with
advanced neovascular aged-related macular degeneration (AMD) also
showed that 93 % of RGCs were spared [8]. Given that the inner retinal
elements are relatively spared in the majority of retinal degenerations, the
stimulation of inner retinal neurons has been tested and proven to be a
feasible method to bypass the loss of photoreceptors and provide the
perception of light [9-13].

Argus® II works by direct electrical stimulation of the inner retina, RGCs
and/or bipolar cells that remain partially functional in these patients. The
system is an epiretinal prosthesis, meaning that the microelectrode array is
surgically implanted on the retinal surface nearest to the nerve fiber layer
(Fig. 5.1). Video signals are acquired by a glasses-mounted video camera and
transformed into electrical pulses by a set of custom electronics that are both
externally and internally implanted, linked wirelessly, and finally transmitted
via the microelectrode array to the RGC and inner retina. Signals elicited
from the retinal cells are sent via the optic nerve to the visual cortex, eliciting
basic visual percepts called phosphenes. In summary, the device replaces the
function (visual phototransduction) of degenerated photoreceptors in a
rudimentary fashion, using the remaining natural visual pathway to induce
visual responses [14].



Fig. 5.1 Fundus photograph of an Argus® II retinal implant placed epiretinally over the macular
region, within the retinal vessel arcades. Arrows indicate the microarray and the retinal tack (Reprinted
with permission from Second Sight Medical Products, Inc)

The device is capable of eliciting phosphenes in a reliable and
controllable fashion through video processing and manipulation of
stimulating parameters. Patterns of stimulation in general reflect the
surrounding visual scenes. Since the implanted patients have a restricted
visual field of 20°, they tend to use a head scanning technique as a way of
using the camera to survey an area of interest, identifying the position and the
shape of an object. Studies have shown that subjects implanted with Argus®
IT system were able to perform practical tasks with better results than using
their residual vision [1, 14].

Argus® II and its predecessor, Argus I, were the first devices tested in
humans to pass safety and efficacy assessments. This chapter will summarize
the history of device development and results from clinical trials. It will also
discuss several future advances needed to improve the device in order to
provide a more informative visual perception to blind patients.



Indication

Argus® II is designed for patients that present a combination of advanced
outer retinal degeneration with relative inner retinal preservation. The device
requires a significant number of viable RGCs to transmit electrical stimuli to
the visual cortex in order to generate phosphene perception [1].

RP is the most common hereditary retinal dystrophy that shows the above
characteristics. In fact, RP encompasses a wide range of more than 100
genetic disorders with variable molecular defects that ultimately leads to
progressive visual loss due to the degeneration of rod photoreceptors. RP
affects approximately 1 in 4,000 live births and more than one million
patients worldwide [15]. Clinical manifestations may start at different ages,
with patients presenting initial symptoms from early infancy up to adulthood.
Initially, patients usually experience peripheral visual impairment in low light
conditions, since rods are initially affected, and as the disease progresses the
cone photoreceptor cells are also affected, and visual acuity declines. Visual
loss can be profound, with 0.5 % of patients achieving no light perception
while 25 % have worse than 20/200 vision in both eyes [15, 16].

In addition to RP, diseases of the retinal pigment epithelium and choroid
can first affect photoreceptors and leave inner retina uncompromised.
Choroideremia is an example of a choroidal vascular disease that leads to
photoreceptor loss and blindness [17]. Patients with extensive geographic
atrophy from dry AMD may also benefit from this technology and a clinical
trial has been recently initiated to study the feasibility and potential benefits
for this disease (ClinicalTrials.gov Identifier: NCT02227498).

Argus® II prosthesis is not applicable for the restoration of vision in
patients who have lost their vision due to damaged RGCs and axons, which is
caused by diseases such as glaucoma and optic nerve trauma. Devices that
stimulate more proximal visual relay centers in thalamus (lateral geniculate
body) and visual cortex may be better options for such patients.

Technical Description

The Argus® II retinal prosthesis consists of an implantable device and an
external part. The latter includes a video microcamera mounted on a pair of
glasses, a portable computer named the video processing unit (VPU) and a
communication coil that is built into the side arm of the glasses. The coil is



responsible for wireless communication through radio frequency (RF)
telemetry and induction of power to the internal device. The microcamera
captures video and sends it to the VPU, which digitizes the image in real time
into electrical pulses, then applies image-processing filters which generate a
series of commands that are transmitted via the communication coil on the
glasses (Fig. 5.2) [1, 18].

External coil Microcamera

Fig. 5.2 Photograph of the Argus® II retinal prosthesis system showing the glasses-mounted
microcamera, the external (inductive) coil and the video processing unit (VPU) (Reprinted with
permission from Second Sight Medical Products, Inc.)

The implantable part consists of a second matching coil that receives
power and data from the external coil and an internal circuit that converts the
commands encoded in the RF signals, sets stimulator output based on these
commands, and applies stimulus output (electrical pulses) to the intraocular
array. The circuit is sealed in a hermetic casing that is sutured on the scleral
surface and connected to the internal microelectrode array via a cable through
a 5 mm sclerotomy. All electronic components are attached to an encircling
band (scleral buckle) which fits inside the orbit (Fig. 5.3). The epiretinal
array includes 60 circular electrodes that are 200 pm in diameter and
arranged in a 6 x 10 grid. The array is positioned on the macular area with
one retinal tack (Fig. 5.1) [18-20]. The array measures 5.5 mm in width and
6 mm in length and spans approximately 20° in a diagonal visual angle, each
microelectrode covers an area equivalent to hundreds of photoreceptors. In



order to match the field of view, the image captured by the camera is cropped
and down sampled to 60 pixels [1, 18, 20-22].

Encircling band

Microarray

. i
Electronics case Coil

Fig. 5.3 Photograph of the implanted portion of Argus II prosthesis system showing the electrode
microarray (6 % 10 electrodes), encircling band, electronics hermetic case and the internal (receiver)
coil (Reprinted with permission from Second Sight Medical Products, Inc)

Argus® II is compatible with magnetic resonance imaging (MRI) up to 3-
Tesla field strength, not including the external components (glasses and
VPU) that must be removed during the scans. Implanted patients have been
safely tested with MRI scans at 1.5 and 3-Tesla without any associated
complications, change in implant position or subjective symptoms. The
device, however, produces an image artifact of approximately 50 mm X 50
mm in size that obscures orbital structures. Specific instructions for MRI are
provided with the Argus II patient manual and these should be followed
carefully [23-25].

Surgical Methods

Argus® II can be implanted using common vitreoretinal surgical techniques
in a procedure similar to a pars plana vitrectomy with an encircling buckle
that takes approximately 2 to 3 h [1, 18, 19].

The procedure starts with a 360° limbal conjunctival peritomy, isolation
of the rectus muscles, placement of the encircling band (containing the
electronic package) under the muscles and fixed with episcleral sutures and a



Watzke® sleeve (Labtician Ophthalmics, Inc., Oakville, Ontario, Canada).
The episcleral inductive coil is placed under the lateral rectus muscle while
the protective enclosure that contains the electronic circuit is positioned in the
superotemporal quadrant [1, 18].

Vitrectomy is then conducted diligently with a posterior vitreous
detachment, followed by a 5 mm incision created at 3.5 mm posterior to the
limbus for the insertion of the microelectrode array and the cable. The scleral
incision is sutured watertight and the array is placed and fixed on the macular
region using a single custom retinal tack (Fig. 5.1) (Second Sight Medical
Products, Inc., Sylmar, CA, USA). The extraocular portion of the cable is
fixed with a scleral suture and the sclerotomies are closed at the end of the
procedure. An allograft scleral patch (Tutoplast; IOP, Inc., Costa Mesa, CA,
USA) or an alternative material (polytetrafluoroethylene patch or autologous
aponeurosis graft) is sutured over the electronic package to reduce the risk of
conjunctival irritation and erosion. Finally, tenon’s capsule and conjunctiva
are sutured [18]. A prophylactic intravitreal injection of antibiotics is
performed at the end of the procedure [1, 18].

Full Clinical Study

Device Development History

It was known for almost a century that electrical stimulation of the visual
cortex could elicit the perception of light spots known as phosphenes. In
1956, Australian inventor and radio engineer Graham Tassicker patented a
method of implanting a light-sensitive selenium photodiode under the retina
to restore light sensation; but this was never translated to a viable device that
could provide visual perception to blind patients [14]. Potts and Inoue
showed that stimulation of the globe with a corneal electrode could elicit
visual signals in patients with RP [26]. Thus, the principle of functional
electrical stimulation of the visual pathways was well established by the early
1970s. Since then, different approaches for retinal stimulation have been
proposed and initially tested in animal models with the objective of
ultimately restoring visual function in blind patients [14, 27].

Animal studies related to the development of Argus I and Argus® II were
conducted by Humayun et al. in the early 1990s. The authors first performed
electrical stimulation experiments on dissected bullfrogs’ retinas, followed by



rabbits with normal retinas and those with outer retinal function abolished by
intravenous injection of sodium iodate [28]. These studies demonstrated that
platinum electrodes were able to induce electrical evoked potentials through
focal retinal electrical stimulation, which elicited phosphenes that were
confined to the area of stimulation [28].

A few years later, initial experiments were conducted in humans to study
the feasibility of epiretinal stimulation. A group of 5 blind volunteers with
bare or no light perception were acutely implanted and tested under local
anesthesia. A handheld probe with 2 or more electrodes of different sizes and
shapes, was introduced via pars plana to the vitreous cavity and electrical
pulses were applied to the macular region. All 5 blind volunteers perceived
phosphenes consistent with the application of electrical pulses. They
described visual responses of different characteristics, such as shape, size and
brightness. One subject was able to distinguish phosphenes with 1.75° center-
to-center distance, achieving a theoretical visual acuity of 4/200. They also
showed a probable retinotopic localization of retinal responses, an important
concept that would then lead to simultaneous stimulation of multiple retinal
points to form geometric patterns and pixelated vision [9, 10, 29].

A study with multi-electrode arrays was then conducted with 2 blind
patients possessing advanced RP, using electrodesina3 x3anda5 x 5
spatial arrangement. Different patterns of stimulation were tested and the
subjects were able to perceive corresponding shapes, such as a “box with an
empty center”, letter shapes (“H” and “U”), and vertical and horizontal lines
when a column or a row of electrodes were activated. These findings
corroborated the concept that a multi-electrode array and simultaneous
stimulation could be used to elicit forms and visual function in blind patients
[10].

Argus |

Argus I epiretinal prosthesis — developed by Second Sight Medical Products,
Inc. — was the first epiretinal device to be chronically tested in a clinical trial
between 2002 and 2006 (ClinicalTrials.gov Identifier NCT00279500). Safety
and efficacy were studied in six blind patients with end-stage RP. The device
consisted of 16 electrodes arranged in a 4 x 4 square array with alternating
diameters of either 250 or 500 pm, used to evaluate how electrode size
affected visual percepts [12, 30].

The Argus I electronics were based on cochlear implant technology, as



such the protective enclosure for the device was placed subcutaneously in the
temporal bone recess. A cable from the enclosure was tunneled along the
temporal bone to reach the periorbital space via a lateral canthotomy. The
retinal stimulating array was at the end of the cable. Because of this design,
the surgical procedure was similar to the approach used with the cochlear
implant and required the assistance of an otolaryngology/maxillofacial expert
to dissect the temporal region, which resulted in a longer surgical time. The
external coil would be held magnetically over the temporal bone, connecting
to the internal coil. Argus® II’s design, however, was modified so that the
hermetic casing was implanted inside the orbit, simplifying the procedure and
reducing surgical time [12].

At the end of the initial 33-month follow-up, no major adverse event was
reported, thus supporting the long-term safety of the device. Additionally,
electrode thresholds were evaluated within and across patients, showing that
many electrodes were able to elicit phosphenes using charge densities within
the safety limit [31]. Although there was variability across patients when
performing visually-guided tasks (e.g. target localization, object recognition
and direction of movement), the majority of tests presented better
performance with the device turned ON than OFF, showing encouraging
results. Subjects were able to locate and count high contrast objects,
distinguish the orientation of the letter “L.” on a computer screen, and identify
objects such as a plate, a cup and a knife with results better than chance. One
patient even managed to indicate the orientation of a high contrast square
wave gratings, distinguishing directions (horizontal, vertical, diagonals right
and left) better with the device enabled than disabled [12].

The study demonstrated the safety of long-term stimulation and supported
the crucial concept that blind subjects were able to use an epiretinal
prosthesis combined with patterned electrical stimulation to perform better in
visually-guided tasks. Recently, an Argus I subject was evaluated 10 years
after implantation and still had measurable perceptual thresholds. These
encouraging results motivated the development of the more advanced
Argus® II retinal implant [30].

Argus® 11

A phase II clinical trial began in 2006 to study the safety and utility of the
Argus® II System in providing visual function to blind subjects with severe
to profound outer retinal degeneration. Thirty subjects were enrolled in a



multicenter, single-arm, prospective and unmasked study (Clinicaltrials.gov,
Identifier number NCT00407602) that was sponsored by Second Sight
Medical Products, Inc., and conducted at 5 centers in the United States as
well as in Mexico, France, United Kingdom, Switzerland and France.
Inclusion and exclusion criteria for this study are listed in Table 5.1. Argus®
IT was implanted monocularly, typically in the eye with the worst vision [1].

Table 5.1 Inclusion and exclusion criteria for Argus® II System clinical trial

Inclusion criteria

Exclusion criteria

Confirmed diagnosis of retinitis pigmentosa
(all centers) or outer retinal degeneration
(France, U.K., Switzerland and Mexico)

Diseases or conditions that affect retinal function
(CRVO, diabetic retinopathy, history of retinal
detachment, trauma, infectious or inflammatory
retinal diseases)

Remaining visual acuity of bare light
perception (all centers) or 2.3 log MAR
(France, U.K., Switzerland and Mexico) or
worse in both eyes

Condition that prevents understanding or
communication (e.g. cognitive decline, psychiatric
disease, deafness or selective hearing loss)

History of useful vision in the worst-seeing
eye

Keratitis sicca and/or ocular conditions that
predisposes eye rubbing

Functional ganglion cells and optic nerve
determined by a measurable electrically
evoked response or documented light
perception

Intolerance to implant surgery or follow-up visits

Age: 25 (USA, Switzerland) or 18 (France,
U.K. and Mexico) years old

Optic nerve diseases, including history of glaucoma,
or confirmed damage to visual cortex

A complete list can be found at www.clinicaltrials.gov under trial registration

number NCT00407602

Patients

Surgeries were performed from 2007 to 2009 in 30 patients, of which 29
were diagnosed with RP, including one with Leber Congenital Amaurosis,
and one with Choroideremia. Vision acuity was bare light perception in both
eyes in 29 subjects, while one had no light perception in both eyes. At the
time of surgery, patient’s age ranged from 28 to 77 years (mean 57.5 + 9.9
years); 21 being males and nine being females. All patients completed a
follow-up of 3 years and each visit included complete eye examination,
intraocular pressure measurement, fundus photography, fluorescein
angiography and optical coherence tomography. Safety and visual function
were the primary endpoints of this study, while the secondary endpoints
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included stability, functionality and reliability of the device, orientation and
mobility tests, activities of daily living and quality of life [1].

Adverse Events

Device- or surgery-related adverse events were classified, whether or not they
required medical/surgical intervention or hospitalization to prevent
permanent injury, which was defined as a serious adverse event (SAE). After
3 years of implantation, the device showed an acceptable safety profile, with
11 patients (37 %) experiencing a total of 23 SAEs. Most of the SAEs (61 %)
occurred within the first 6 months after surgery and only 5 SAEs (22 %) after
month 12. Events were clustered within patients, with three patients (10 %)
accounted for over 55 % of SAEs after 3 years of implantation. Two patients
underwent an acute revision surgery (within 1 week after implantation) to re-
tack the microarray to the retinal surface, and one patient’s device was
removed at 1.2 years due to recurrent conjunctival erosions, choroidal
efusions associated with hypotony and retinal detachment that demanded
multiple repairs. The most common SAEs were hypotony, conjunctival
dehiscence or erosion and presumed endophthalmitis (culture negative) and
apart from the explanted patient, all cases were treatable with standard
ophthalmic approaches without loss of eyes (enucleation). There were three
cases of sterile endophthalmitis reported in the first group of 15 surgeries that
were treated and resolved with intravitreous injections of antibiotics
combined with topical and systemic antibiotics [1].

A protocol adjustment was made halfway through the trial to add a
prophylactic injection of intravitreal antibiotics after the surgery. After this
change, no other case of endophthalmitis was reported. Modifications on the
surgical technique and on the design of the device were also implemented,
leading to a significant reduction of SAEs [1]. A few years later, another
study by Rizzo et al. evaluated the safety outcome of six patients implanted
by the same surgeon and reported no case of SAE, corroborating the
importance of the refinement of surgical technique and the influence of
learning curve [2]. In this study, although one patient presented high
intraocular pressure postoperatively and another patient suffered from
choroidal detachment, both cases were successfully managed with topical
medication [2].



Functional Ouctomes

Visual Function

Considering that standard visual acuity tests, such as Snellen acuity/logMAR
or contrast sensitivity could not be assessed, in general, due to the insufficient
visual level provided by the prosthesis, visual function was measured by
computer-based tests especially developed for low vision. Patients were
objectively evaluated for basic visual skills, including target localization,
motion detection, navigation, form discrimination and recognition. Since it
was a single group study of a rare condition, each patient served as his/her
own control, and status and performance of the implanted eye prior to surgery
(residual vision) was used as a comparator [1].

In the target localization test called “square localization”, patients were
asked to locate and touch a white square that appeared randomly on a black
touchscreen monitor. The distance between the center of the square and the
patient’s response was measured in centimeters, recorded and averaged after
40 trials. Another test called “direction of motion” assessed the patient’s
ability to draw the path of a white line that moved across a black touchscreen
monitor. The difference between the patient’s response and the angle of the
white line was measured in degrees and averaged over 80 trials [1].

Visual acuity was evaluated using black and white gratings of various
widths that were displayed randomly for 5 s on a computer screen in four
orientations: horizontal, vertical, diagonal right and diagonal left. Each width
corresponded to a visual acuity, on a scale that ranged from 2.9 to 1.6
logMAR (20/15887-20/756 Snellen notation, respectively). This was a 4-
alternative forced-choice test, meaning that patients had to provide one of the
four above alternatives, even if they could not determine the orientation of
the gratings. In general, performance of these tasks increased when the device
was turned ON. The results (in percent correct) for specific tasks were as
follows: Square Localization (89.3 %, n = 28), Direction of Motion (55.6 %,
n = 27) and Grating Visual Acuity (33.3 %, n = 27), with mean visual acuity
of 2.5 logMAR [1].

Orientation and Mobilitity Tests

The orientation and mobility tests were aimed to evaluate patients’
performance in more real-world conditions, which included two indoor



experiments. First, a simulated door (2.1 high x 1 m wide) made of a black
cloth on a white wall was placed across a room and the patient was asked to
locate and walk toward it. The “Door Task” was repeated 12 times (six times
with the system ON and OFF) and the black cloth was either positioned 3 m
to the right or to the left from the center of the wall. At year 3, the overall
success of 28 patients in this test using the device was 54.2 £ 6.2 % versus
19.0 £ 4.3 % when the system was turned OFF. In the second test called
“Line Task”, a white line (15 cm wide X 6 m long) configured three different
paths on a black floor made of rubber interlocking tiles. Patients were asked
to walk over the path that could be a straight line or have a 90° turn to the
right or to the left. The mean percentage of success of 28 patients was 67.9 +
6.5 % with the system ON versus 14.3 + 3.8 % with the system OFF [1].

Activities of Daily Living

Patients were also evaluated using the system in their daily lives after they
had been trained to operate the device, approximately 1 month after
implantation. A visual rehabilitation expert conducted interviews with
patients and assessed their ability to carry out tasks of daily living such as
orientation and mobility around their homes and social interactions. The
impact of the system on the patients’ quality of life was rated positive, mild
positive, prior positive (positive effects in the past that were not present at the
time of evaluation), neutral and negative. The overall effect of the device was
rated positive or mild positive in 12 out of 15 subjects at year 1 (80 %) and
prior positive or neutral in three subjects. At year 3, 65.2 % rated as positive
and mild positive and 34.8 % as prior positive and neutral, from a total of 23
subjects [1].

In addition to the clinical trial, an increasing number of investigator
sponsored studies are being reported, which provide further information on
the capabilities and limitations of the Argus II. A group of 11 European
subjects participated in an experiment of shapes recognition. They were
asked to identify eight high contrast shapes (square, circle, triangle, rectangle,
pentagon, hexagon, cross of half circle) presented in white or gray against a
black background on a monitor. Each shape was shown in five different sizes
(XL =22.6,L=14.3,M =9, S =5.6, XS = 3.6 cm) and was either outlined
or solid. The mean percentage of success using the device ON was 32.8 +
15.7 % versus 12.5 + 6.7 % with the system OFF (p = 0.02) and chance rate
of 12.5 %. When outlined shapes were presented, the percentage of success



recognition was higher: 41.4 £ 17.7 % (system ON) versus 9.4 + 7.5 %
(system OFF). The study indicated better results when outlined shapes were
used, suggesting a possible influence of total illumination on the subjetcs’
performance [32].

Another study with 21 Argus® II patients investigated their ability to read
high contrast letters (41.27° in height) presented on a flat LCD screen. Three
groups of letters with increasing level of typographical complexity were
tested: group A with the simplest form of vertical and horizontal lines (E, F,
H, 1, J, L T, U); group B with oblique components at the full height of the
letter and minor variation on the circle (A, C, D, M, N, O, Q, V, W, Z); and
group C, with oblique or curved components at half of the height of the letter
(B, G, K, P, R, S, X, Y). Patients were able to correctly identify each letter
group with the following mean percentage of success using the system ON
versus OFF: group A, 72.3 £ 24.6 % versus 17.7 £ 12.9 %; group B, 55.0 £
27.4 % versus 11.8 £ 10.7 %; and group C, 51.7 + 28.9 % versus 15.3 £+ 7.4
% (p < 0.001 for all groups). A subgroup of 6 patients who performed well in
this first experiment, identifying at least 50 % of the letters of group A under
60 s, also participated in the identification of 2-, 3- and 4-letter words with
the device ON and OFF. Four of these patients were able to recognize 7 out
of 10 words (mean = 6.8 words) with the device ON and 0 out of 10 (mean =
0.3 words) when the device was turned OFF [33].

Additionally, Luo et al. conducted an experiment with a subset of seven
patients in the United Kingdom to investigate recognition of 8 daily life
objects that were presented in high contrast, i.e., white or metallic objects
against a black background in ambient room light. Patients were allowed 30 s
per trial to give a forced-choice answer, and each object was presented twice
in random order. Results once again showed a higher percentage of success
when patients were using the device, with a mean correct percentage of
recognition of 35.7 £ 14.6 % (system enabled) versus 12.5 + 7.2 % (system
disabled), and chance rate of 12.5 % [34, 35].

Human studies conducted so far have demonstrated the long-term safety
of chronic stimulation with Argus® II and the potential benefits provided by
the device as a visual aid for patients blinded by outer retina degeneration [1,
2, 32-35]. However, further studies are still required to better understand the
underlying factors related to pattern electrical stimulation and neural
interpretation at the cortical level, which may lead to device enhancements
and better visual outcomes.




Future Directions

Software development and image/signal processing represent one of the most
promising paths for improvement of Argus® II’s performance. The use of
different algorithms to interpret video signals and modulate patterned
stimulation has proven to enhance visual perception without making any
changes to the existing hardware. One example of this concept is the use of
maximized contrast on the edges of images to enhance object recognition and
improve orientation and mobility. This adjustment was shown to be
beneficial in initial patient tests and later was incorporated as an optional
feature in the device [36].

Another image processing software, proposed by Sahel et al. uses
magnification and minimization of the acquired image to enable a visual
acuity beyond the limit set by theoretical resolution of the implanted array.
Although the field of view covered by the array is about 20° diagonally, in
this experiment the image was reduced or magnified in a range from 0.4x to
16x using a remote hand-held controller. One Argus® II patient was able to
achieve an equivalent visual acuity of 20/200 when using 16x magnification
on the gratings visual acuity test, exceeding by far the best nominal acuity
achieved with the device, i.e. 20/1260. The same patient managed to read
letters of 2.3 cm in height from a notebook at 30 cm, using a magnification of
4x [37].

In another experiment, Stanga et al. applied a facial recognition algorithm
that resulted in a visual percept only when a human face was detected by the
processor. The facial region would be extracted from the rest of the visual
scene and presented by itself in a zoomed-out view. This feature enabled 5
Argus® II patients to locate faces 100 % of the time at 2—3 m distance in a
significantly shorter time when using the wider field of view [38].

Apart from software development, hardware improvements have also
been proposed for the next generation of epiretinal prosthesis in order to
provide a more genuine visual perception. To date, the number of electrodes
and the reduced visual field impose limitations to visual acuity and image
resolution. An increase in the area of stimulated retina with a larger number
of electrodes could potentially enhance visual function. Other approaches
involve adding peripheral electrodes to the main array and adjusting the
prosthesis curvature to the patient’s retina, considering that electrode-retina
distance has been demonstrated to be a critical factor related to perceptual



threshold [21].
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Abstract

So far there are no possibilities for restitution of vision abilities in people
blind from hereditary retinal degeneration except electronic visual implants.
Epiretinal and subretinal implants are already commercially available. Here
the subretinal implant Alpha IMS (Retina Implant AG, Reutlingen, Germany)
is presented, its technical construction, area of application, possible benefit
for blind patients as well as surgical procedures including replacement,
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results from a clinical study in 29 patients, and safety issues. Subretinal
implants are considered to have a number of advantages: the subretinal space
is immunoprivileged, therefore less prone to proliferative vitreoretinal
reactions; the fixation of the implant in between retina and choroid does not
require scleral tacks; a retinotopically correct relation between perceived spot
and retinal electrode is maintained in the visual field, thus shortening training
times; natural eye movement and gaze help to localize objects; microsaccades
are beneficial to avoid image fading; there are no devices attached to the face
as all stimulation electronics are within the body; and resolution with 1500
pixels is the highest so far achieved.

The Alpha-IMS implant has received a CE mark for commercial use in
Europe in 2013. Psychophysical testing and self-reported outcomes show
restoration of useful vision in approximately half of the patients. Subretinal
implantation surgery is safe. A new version (RETINA IMPLANT ALPHA
AMS) with 1600 pixel and considerably improved longevity has received CE
mark in March 2016 and providing centers have been recruited in several
European countries.

Keywords Artificial Vision — Retinal prosthesis — Subretinal implant —
Retina Implant Alpha IMS — Retinitis pigmentosa — Restoration of vision

Key Points

e The Retina Implant Alpha is the only light sensitive subretinal retinal
implant that has received commercial approval (presently limited to
Europe). It is suited for patients blind from retinitis pigmentosa and
allied diseases.

e The new version of the implant pixels with light amplifying
capabilities, positioned in the immuno-privileged space between
retina and choroid; thereby a stable contact is achieved between
electrodes and bipolar cells without additional mechanical measures.

e The position away from the epiretinal fibres allows to use the natural
image processing capabilities of the inner retina for retinotopically
correct perception in the visual field which results in a short training
period of only few weeks.

e As the image receiving chip moves with eye, gaze helps to localize




objects and maintain a steady image; patients can adjust brightness
and contrast of the perceived image.

e After implantation there are no additional technical items positioned
in the facial area (except regular glasses) which is cosmetically
attractive.

¢ Human studies in more than 50 patients have shown this implant
type’s safety and efficacy for regaining visual capabilities useful in
daily life.

o A new version (RETINA IMPLANT ALPHA AMS) of the device
with 1600 pixel and considerably improved longevity has received
CE mark in March 2016 and providing centers have been recruited in
several European countries.

Introduction: Principal Concept and Steps of

Development

In hereditary retinal diseases such as retinitis pigmentosa the loss of
photoreceptors leads progressively to blindness in the vast majority of the
cases. Still, despite some reorganization of retinal circuitry, inner retina
function is maintained for decades [1]. The principal idea of subretinal
approaches [2—4] therefore is, to replace the photoreceptor function by
technical light sensitive devices and to connect them to the inner retina to
stimulate bipolar cells with local electrical currents (Fig. 6.1). This allows to
utilize the inner retina’s enormous power of signal processing in order to
provide the brain with “natural signals” from the retina through ganglion cells
and their axons (Fig. 6.1c). Moreover, as the light sensitive “camera chip” i.e.
the subretinal array is implanted in the eye (Fig. 6.1b) and moves with the
eye so that microsaccades and gaze information can be used for image
refreshing and analysis [5]. Therefore there are several good reasons to put
the technical photosensors subretinally: the subretinal space is
immunoprivileged, thereby less prone to proliferative vitreoretinal reactions;
a stable contact to the neurons is easier to achieve if the implant is positioned
in between retina and choroid than in between the wobbling vitreous and the
inner limiting membrane, although subretinal surgical procedures may be



more challenging; a retinotopically correct relation between perceived spot
and retinal electrode is maintained in the visual field, difficult to achieve at
the epiretinal location of implants, close to fibres; natural eye movement and
gaze help to localize objects; microsaccades help to avoid image fading and
the fact that all parts, sensors, processing electronics, electrode arrays and
power and signal receiving units are within the body are cosmetically
attractive.
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Fig. 6.1 (a) Sketch illustrating the principle of the subretinal approach. Lefi: the image is projected
through the lens of the eye onto the subretinal implant. (b) The subretinal implant with its light
sensitive micro-photodiode array (bright yellow) is positioned in the retinal layer where photoreceptor
cells have been lost. (¢) The light-induced signals from the photodiodes (blue) are amplified point by
point by amplifiers (grey) and sent to the electrodes (black), which stimulate the bipolar cells of the
inner retina directly (green), resulting in neuronal processing of the signals by the retinal bipolar cells,
amacrine cells (red), and ganglion cells (white). Ganglion cells send the processed information via their



axons to the brain. In contrast, epiretinal stimulation does not use the inner retina processing by means
of the various synaptic connections but preprocesses the image in an external computer

With a grant from the Federal Ministry for Education and Research in
Germany in 1995 the SUBRET consortium started a 10 year preclinical
project to develop the first subretinal implant that mimics the amplification
and adaptation mechanisms of natural photoreceptors in a so called
multiphotodiode array (MPDA) with signal processing electronics; this is an
active implant, in contrast to passive implants that just take the solar energy
to stimulate retinal neurons, which turned out to provide to little energy per
pixel as to excite neurons under typical lightening conditions.

This grant allowed to study all the aspects of spatial and temporal
resolution in various animal models [6], do determine threshold and safety of
effective electrical stimulation [7], to test materal biostability and
biocompatibility [8], to develop surgical procedures (described below) and to
perform in vivo tests [9]. Finally — as will be lined out below — in 2005
clinical studies were initiated starting with a pilot study with transdermal wire
bound power supply to the implant in 11 patients [10]. After promising
results showing that even reading is possible a pivotal study was started in
2010 with Retina Implant Alpha IMS (Retina Implant AG, Reutlingen,
Germany) that had received CE certification in 2013. An overhauled version
with 1600 pixels (RETINA IMPLANT AMS) that has a considerably
increased life time was recently certified by the authority for use in Europe.

Technical Description

The Retina Implant Alpha IMS consists of a subretinal microchip on a
polyimide foil (Fig. 6.2a) and a cable for power supply and signal control,
ending in a receiver coil, housed together with electronic circuits in a small
subdermal box behind the ear, similar to technology used in cochlear
implants (Fig. 6.2b, c). A separate short cable connects the re