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Abstract

Background: Recent developments in vision restoration include visual prostheses designed to electrically stimulate artificial vision in those who have lost their sight. Major efforts in this area include multi-electrode arrays surgically implanted at various placement areas throughout the visual pathway. Visual prosthetic devices are named according to these placement areas (cortical, optic nerve, sub-retinal and epiretinal). These devices attempt to restore sight for retinal degenerative diseases such as Retinitis Pigmentosa (RP) and Age-related Macular Degeneration (AMD).

Aim: To summarise the emerging technologies in the development of artificial ocular devices.

Methods: The search methodology comprised seven databases for articles published between January 2000 and March 2017. Outcome data were analysed descriptively with results summarised in a Microsoft Excel database. Both quantitative and qualitative methodologies were used, and the main findings are discussed in a narrative format.

Results: Eighty-nine full-text articles were included in this systematic review.

Conclusion: The primary goal of these artificial devices is to provide functional vision in order to perform normal daily activities. Even though recent clinical trials in certain countries have shown advances in the development of various vision-restoring devices, they do not produce the same experience for the majority of patients and are unable to completely restore normal vision. The most common type of device according to its placement is the epiretinal device which is also the most successful device as determined in the majority of clinical trials.
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Introduction

According to the World Health Organization (WHO), more than 161 million individuals are visually impaired; of these, 124 million have low vision and 37 million of them are blind worldwide.1 Visual impairment consists of low vision and blindness.2 Low vision is defined as visual acuity less than 6/18 but equal to or better than 3/60 in the better eye with the best possible correction, and blindness is defined as visual acuity less than 3/60 or a corresponding visual field of less than 10 degrees from the point of fixation in the better eye with the best possible correction.2 Visual impairment and the number of blind-patient cases are increasing owing to age-related causes as well as chronic diseases such as uncontrolled diabetes.1 Thus, blindness related to ageing and both ocular and systemic disease will continue to increase unless major efforts and innovative technologies are developed in order to overcome this issue.

In the normal visual pathway, light transmitted from an object travels through the transparent media of the eye to eventually form an image on the light-sensitive area known as the retina.3 Sight becomes impaired when this sensitive area is damaged owing to ocular injury or disease which may eventually result in the loss of functional vision. Retinitis Pigmentosa (RP) and Age-related Macular Degeneration (AMD) are retinal diseases that affect the photoreceptors of the retina.4 Photoreceptors are specialised cells that convert light into electrical impulses which are later understood as images in the brain. Approximately, 1.5 million individuals are affected with RP, making it the leading cause of inherited blindness.5 There is no effective cure for RP or AMD, making low vision rehabilitation invaluable to affected individuals.6 Since 1755, efforts have been made to electrically stimulate artificial vision.7 In recent years, various research groups have begun successfully implanting artificial prostheses to aid individuals with visual loss. Artificial retinal prostheses are designed to produce visual perception in order to remove the limitations that prevent affected individuals from performing normal daily tasks such as reading, the ability to recognise faces and to negotiate unfamiliar spaces.8 However, artificial visual prostheses cannot replace the complexity of the mammalian visual pathway. Their goal is not to produce vision in all of its details but to rather provide visual perception useful to perform daily tasks.8 This approach to aid visual loss may offer hope to individuals in that electrical stimuli might be able to bypass damaged neural tissue of the visual pathway and generate visual perception where none would otherwise exist.8

Advances in artificial hearing devices such as the Cochlear implant (auditory) gave rise to pioneering research in the field of visual implants.9 Visual prostheses were an approach to the treatment of blindness which is a relatively new area in ophthalmic sciences and ophthalmology.10 Owing to the very recent advances in the technology and intellectual property driving this area of research, there appears to be only a very limited amount of collated literature available relevant to artificial retinal and vision restoration prostheses. The restoration of sight to the blind is the most daunting challenge in ophthalmic research.10 As the numbers of blind cases are constantly escalating, the field of visual prostheses grew from a patient’s dream to early patient trials.10 It is only with continuous research efforts from teams worldwide that these individuals may be able to regain their sight.10 There is a significant demand to better understand perceptual and physiological aspects of visual prostheses with increasing advances in research and clinical tests.11 Owing to the limited amount of information pertaining to this area of ophthalmic sciences and optometry, the authors considered it important to conduct a systematic literature review in order to elicit and evaluate all the information currently available. The overall aim of this study was therefore to perform a systematic literature review by selecting and systematically appraising peer-reviewed literature on the advancement of artificial ocular devices to elucidate the most successful emerging technologies.

Four objectives were developed in order to achieve the aim of this study:

Objective 1: To perform a literature review pertaining to artificial ocular devices for the period from January 2000 to March 2017.

Objective 2: To determine the pathological conditions for which these artificial devices were developed.

Objective 3: To assess the systems used to develop artificial vision restoration.

Objective 4: To identify the most successful emerging technologies for artificial ocular devices.

Methods

Research design

A systematic review including both quantitative and qualitative methodologies was employed for this research.

Sources of information and search strategy

Information for this study was extracted from peer-reviewed journals located within academic databases. The search strategy involved specific keywords, timelines and language, utilised to narrow down best-suited journal articles that could be used to extract information for this study. The search for papers was conducted in two phases.

Phase one

We performed a thorough search of relevant articles from scientific databases between January 2000 and March 2017. The first phase utilised the following data bases: Cochrane Library, EBSCOhost, Google Scholar, Medline, PubMed, Wiley Online Library, Science Direct and Second Sight, using specific search criteria. Peer-reviewed journal articles, full-text and specific publication dates were included in the search strategy. All abstracts were summarised and thereafter, abstracts that met the inclusion criteria were used to obtain the full articles.

Phase two

Once a completed list of peer-reviewed full journal articles had been selected, two reviewers were chosen separately to review the journal articles and relevant data and thereafter determine if they had met the requirements and criteria for inclusion in this study. Once the final list of journal articles was compiled, a third reviewer then confirmed the selection of articles to be included. Once the data had been extracted, a critical appraisal was undertaken to systematically analyse the information according to the study designs. Article data were extracted and captured onto a Microsoft Excel database. Extracted information from included papers were summarised in categories according to year of publication, author, title, source and type of publication, language, keywords, name of featured device, area of implantation, features and functions, ocular conditions for intended treatment, components/tools needed for operation, optics involved in operation, advantages and disadvantages, clinical trial information (procedures, results, patient criteria), study design and references.

Inclusion criteria

The criteria for inclusion were as follows:


	Language: The search was conducted for English full-text or English abstracts only.

	Keywords: The following specific keywords were used to search for the included articles in peer-reviewed journals: artificial retinal devices, bionic eye, retinal implants, visual implants and visual prosthesis.

	Type of journals: Peer-reviewed scientific journals.

	Dates: From January 2000 to March 2017.

	Content: Articles that contained content of systems and technologies used in the operation of the devices (even if it contained animal studies, the technologies used were included).



Exclusion criteria

The criteria for exclusion were as follows:


	Abstracts that were not in the English language, such as those in Chinese, German and Japanese.

	Non-peer-reviewed scientific journal articles.

	Articles published prior to January 2000.

	Articles that contained animal studies with no mention of technologies used for the devices.



Results

Study selection

A total of 130 articles were identified. After a preliminary review, 15 abstracts were removed as they were duplicates. Of the 115 full-text articles, a further 26 were excluded owing to lack of evidence of peer review, keywords that did not match the inclusion criteria or papers that were published outside of the specified research period. A total of 89 articles remained and were eligible for data extraction and analysis. This formed the total number of articles included for the systematic review.

Study characteristics

Table 1 provides a summary of the main characteristics of the included papers. The search strategy found articles published between January 2000 and March 2017. Most of the articles (n = 89) that were included were from January 2012 to March 2017 which suggests that the research surrounding retinal prostheses is growing. According to Table 1, the United States of America (USA) (n = 32) and Australia (n = 28) were the forerunners in the field of artificial visual prostheses. Types of publications included case reports (n = 3), clinical (n = 15) or experimental studies (n = 15), news reports published in academic journals (n = 21), reviews (n = 11), simulation (n = 21) or surgical studies (n = 3). Devices commonly reviewed and identified were the Epiret3 (n = 13), Alpha- IMS (n = 20) and the Argus® II Retinal Prosthetic System (n = 48). Amongst these retinal devices, some articles also discussed cortical devices and bionic eyes (n = 34). Various research groups have been identified as well as manufacturers including Second Sight Inc.
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Articles identified pathological conditions owing to injury or disease that affected the cells of the retina. The conditions that were addressed in the articles more recently were RP (n = 29), AMD (n = 3) and both (RP and AMD) (n = 38). Functions of devices reviewed included the restoration of visual perception, to improve visual acuity and to offer functional vision to affected individuals. Components necessary for the device to function differed depending on the type of the device such as according to the area of placement during surgical procedures. Common components identified were spectacles, a Video Processing Unit (VPU), a camera and a multi-electrode array. Articles that were intended to report on clinical trials focused on the patient criteria, the outcomes and results. Patient criteria included were visual impairment (with or without RP or AMD) or patients that were blind. In some articles, the particular age for patient criteria was 50 years or older and 18 years or older. Patients included in clinical trials needed to have some form of useful vision or light perception available. Another requirement was specific visual acuities such as less than 2.9 logMAR.

Advantages and disadvantages were difficult to identify as not all articles focused on specific devices but rather on artificial prostheses in general. Advantages and disadvantages of the devices were based on the quality of vision gained from the device as well as the possible adverse effects of surgical implantation and electrical stimulus (stimulating the area of interest with electrodes).

Discussion

Research attempting to restore functional vision in individuals affected with RP and AMD has been ongoing for more than 30 years,12 but artificial retinal prostheses have achieved major goals in recent years. Information about the visual world is converted into electrical signals to restore lost vision.13 This technique of electronic restoration is viewed as a safe and viable option for individuals who have lost substantial numbers of photoreceptors and who suffer from severe visual impairment according to these authors.13 Recent studies have shown that for some patients, restoration to the extent of reading large letters (8.5 cm high, 1.7 cm line width, corresponding to a height of approximately 9 degrees of visual angle at 60 cm testing distance) is possible.14 Visual acuity and natural light perception have continually improved by introducing an increase in the amount and density of electrodes used to produce light spots known as phosphenes. However, an increase in the number of electrodes results in larger devices that need to be produced. Larger devices require more energy and thus generate more heat, which may lead to complications during surgical implantation.4 However, epiretinal devices, such as the Argus II, require less invasive surgery. Furthermore, various engineering and biological factors may need to be considered to improve the visual performance of the prosthetic devices. Another treatment for retinal degeneration, gene therapy has proved to be safe and effective for those who suffer from Leber’s congenital amaurosis which is the most severe form of inherited retinal degeneration.13 However, RP can be inherited in an autosomal dominant fashion which makes current gene therapy less viable and effective.13 Therefore, the technology field of retinal prosthetic devices is amongst the most promising interventions to aid such individuals suffering from late stage retinal degeneration.13

Types of vision restoration devices

A review of the included articles demonstrates that artificial retinal devices are categorised according to the placement of electrodes during the surgical procedure. The three broad categories of devices evident in the reviews are outlined below. The optic nerve and lateral geniculate nucleus provide an alternative stimulation target discussed below.15

Visual cortex stimulation

Blindness caused by glaucoma, diabetic retinopathy and trauma may result in a non-functional retina.16 In these cases, there are limited therapeutic options. As a retinal prosthesis is unable to bypass the damaged retina to produce useful vision, electrical stimulation at the visual cortex would be ideal.16 The idea to electrically stimulate vision at the visual cortex began in the 1930s where neurologists demonstrated that phosphenes were evoked using localised electrical stimulation of special regions of the cerebral cortex.16 Brindley and his colleagues pioneered the first clinical trial which included an 80-electrode array placed over the visual cortex.16 Trial patients perceived reproducible phosphenes, but this device was limited owing to the technological resources available at that time.16 With diseases causing optic atrophy the visual cortex also needs to be stimulated.17 Clinical trials in the 1970s and 1980s demonstrated functional visual recovery with a 100-electrode array placed on the visual cortex.17 However, the lack of constant functional vision brought the clinical trials to an end.17 There are several research groups experimenting with cortical devices that are equipped with several hundred electrode arrays.15

Optic nerve stimulation

Optic nerve prosthesis may be surgically implanted in patients with surviving retinal ganglion cells and an intact optic nerve.15 Trials performed concluded that recipients were able to recognise complex shapes, and perform object localisation, discrimination and grasping.15 Currently, research groups are still in the process of developing devices that utilise electrodes that may stimulate the optic nerve or the optic disc.15

Lateral geniculate nucleus stimulation

This stimulation target is considered favourably owing to the lateral geniculate nucleus (LGN) having compact dimensions, retinoptic organisation and motor and colour pathways being physically separated.15 Stimulating the LGN for functional vision could generate visual cortex responses very similar to those elicited by natural vision.15 There is still much work to be done in this area of artificial ocular prosthesis as research groups are aiming to develop a device which can provide functional vision.15

Sub-retinal devices

These devices are implanted in the common location where photoreceptors are found in the retina.4 During surgery, the electrode array is most likely to be placed between the bipolar cell layer and the retinal pigment epithelium.18 Sub-retinal prostheses can be divided into passive and active systems.4 The first passive sub-retinal device was developed by Optobionics Corporation and was known as the Artificial Silicon Retina; this device uses incident light to produce electrical stimulation.18 However, incident light contains only a limited amount of energy to be converted into an electrical stimulation and was therefore insufficient for the conversion of electrical stimulation into phosphenes and hence unable to elicit functional visual perception. Visual outcomes summarised from an 18-month study with retinal degeneration that included ten patients showed subjective improvement in visual function in six patients.18 Currently, there are no passive systems being utilised.4 In active systems, the incident luminance is converted into a graded electrical current by the use of amplifiers in each pixel, thereby creating an electronic image, which is then transmitted pixel-by-pixel to the bipolar cells of the retina. This electronic image is then perceived as shades of grey.

With sub-retinal systems, no light adaptation similar to that of a normal visual pathway is possible.4 Even so, one of the main advantages of the sub-retinal prostheses is that light perception feels natural because the remaining parts of the visual pathway are used and information that is being processed in the inner retina may be maintained and used to produce natural light perception. Natural eye movement is essential for natural light perception; hence, another advantage of the sub-retinal device is that the placement of the electrode array implanted inside retina of the eye allows for natural eye movements.4 Sub-retinal devices allow for higher resolution images and forms and shapes but because implantation surgery is highly complicated with this type of device, epiretinal prosthetic devices are likely to be more successful in terms of implantation and producing functional vision. The Alpha-IMS developed by Retina Implant AG (Reutlingen, Germany) is the only sub-retinal device that has been applied in patients for clinical trials.4 Unlike epiretinal devices, the Alpha-IMS does not depend on an external camera. Instead, it uses a multi-photodiode array. According to two recent studies that included eleven and three patients, respectively, eight of the eleven patients reported visual percepts with a logMAR acuity of 1.78 (6/360).13 In the other study, all three patients had light perception; two of these patients had spatial resolution of 0.46 cycles/deg−1, while one patient read letters that were 8.5 cm high (at 60 cm) and all three patients were able to localise objects on a table.14

Epiretinal devices

These devices are implanted on top of the ganglion cell layer (within nerve fibre layer of the retina). The electrode array is attached to the retina via retinal tacks during surgical implantation.4 Hence, ganglion cells are directly stimulated. Image information is transmitted via an external camera mounted on spectacles where an external camera captures the image and allows for magnification and zoom of the target being viewed.4 This enables functional artificial vision to be optimised despite a low number of pixels in the electrode array. The advantages of the device include the wearable portion of the device which permits easy upgrades without requiring subsequent surgery, and this electronic technology allows the patient and doctor to gain full control over every electrode section and digital signal processing involved in the imaging of objects; thus, the device can be personalised/customised for individual patients.10 The disadvantages of this device include the need for technology to provide a prolonged adhesion of the device to the inner part of the retina, and increased electrical current is necessary owing to the greater distance between the bipolar cells and the epiretinal cells (compared to that of a sub-retinal device).10 Another disadvantage of the external camera is that it eradicates natural eye movements which impacts natural visual perception.18 To date, the Argus II, EPI-RET 3 and Intelligent Medical Implants (IMIs) have been developed and clinical trials have been performed with these devices.

The Argus II is the first epiretinal prosthesis approved in clinical trials in the USA and Europe. This device comprises a 60-electrode array.12 This device, also known as the ‘bionic eye’, is intended to electrically stimulate the retina to induce visual sensation in individuals who have lost their vision.19 This device is indicated to aid those individuals with severe to profound RP and the device comprises external and internal components to provide its function.19 This system is implanted in one eye only (typically the worst eye) of blind patients.20 A miniature video camera is situated in the patient’s spectacles which then captures a scene and this video is then transferred to a small patient-worn computer known as the VPU.19 The VPU processes information into instructions that are then sent back to the spectacles via a cable.19 The VPU can be worn as a shoulder strap as well as a belt.20 At this point, these instructions are wirelessly transmitted to an antenna in the retinal implant that has been surgically placed in the retina. These signals are then sent to a multi-electrode array which emits tiny impulses of electricity to bypass the damaged photoreceptor cells and stimulate the remaining cells of the retina.19 The Argus II is implanted in the worst eye and does not promise to restore natural/normal functional vision once experienced.19 It is not intended to slow or reverse the progression of RP and will not replace normal low vision aids, but it should allow for some functional vision to be attained.19

Spatial resolution appears to be the main limitation in artificial retinal devices which could be optimised by increasing electrical stimulation. This, however, gives rise to various safety concerns.12 The EPI-RET 3 and Intelligent Medical Implants also utilise an external camera and both are presently in clinical trials in Europe.4 The Argus II is currently the only device that has received FDA (Food and Drug Administration) approval.2 Both the Argus II as well as the Alpha-IMS has received the European CE Marking.4 Other devices are currently in human clinical trials except the Boston Retinal Implant which is undergoing animal studies.4 In terms of resolution, visual resolution theoretically collates with the amount of electrodes present on a multi-electrode array.4 The Boston Retinal Implant leads with 100 electrodes, the Argus II with 60 electrodes and a visual acuity (VA) of 20/1262, whereas the Alpha-IMS delivers a VA of 20/546.4 Although the Argus II is leading in terms of successful patient cases and implantation, the Alpha-IMS is most likely to achieve long-term success in the future beyond the current clinical availability of the device.4

Clinical trials

Visual prostheses have evolved to some degree for restoring basic visual function in blind individuals taking part in current clinical trials.21 Retinal prostheses are the most advanced form of visual prostheses and account for the greatest amount of completed and ongoing clinical trials.13 A sub-retinal approach, the active micro photodiode array (MPDA) has been implanted in most human subjects to date compared to other sub-retinal devices.21 Patients were also clinically followed up for the longest period after the device had been implanted; however, epiretinal prostheses have a longer history of successful implantation.21 Intelligent Medical products (IMI) GmbH performed successful implants in four subjects with a 49-electrode array for 18 months, while the Epi-Ret was implanted in six subjects with a 25-electrode array for one month.21 The Argus I and II retinal systems continue to be the only long-term trials to date, while the Argus II epiretinal prosthesis has been surgically implanted into numerous subjects with profound RP as part of a worldwide clinical feasibility study where approximately one-third of subjects experienced measurable improvements in visual acuity.21 In November 2014, a legally blind female patient, who became blind at the age of 42 owing to RP, became the first person in the USA to receive the Argus II bionic device.22 Approximately one-third of the subjects experienced measurable improvements in visual acuity.21 The Alpha-IMS has been tested in nine subjects to date and has received regulatory approval in Europe,23 while in 2013 the Bionic eye (Argus II) was approved in the USA and Europe. Bionic Vision Australia completed a clinical trial of a suprachoroidal implant with three patients showing sustained perception, stability of implantation and also significantly improved light location detection over a 12-month period.24 So far, all reported outcomes to date have been in patients with end-stage RP and choroideremia.24 The Argus II has been made available in 2014; however, these devices are not available or approved in South Africa as yet.25

Suggested model for retinal devices

Based on the review of the scientific papers, the authors have identified certain aspects required for successful restoration of visual function. Ideally, the artificial retinal device should be implanted on top of the ganglion cell layer of the retina (as with epiretinal devices) to directly stimulate the ganglion cells and bypass the other retinal layers which may be damaged owing to pathology. This means that the model will provide visual perception to individuals affected with RP or AMD even if the other retinal layers have been damaged. This model should consist of a 600-electrode array to elicit a greater amount of phosphenes, thus enabling patients to perform a wider variety of tasks. In order for a 600-electrode array to be developed, the implications of stimulating vision through the use of electricity must first be overcome as the greater number of electrodes implanted will require a greater amount of electricity which potentially may do more harm than desired.

Conclusions and recommendations

One of the most feared and debilitating physical disabilities is that of blindness.26 Blindness as a result of pathological diseases such as RP or AMD are incurable and irreversible which leads to a drastic reduction in the quality of life of affected individuals.27 These individuals may require more medical attention and assistance to perform their daily activities. According to an estimation made by the AMD International Alliance, blindness and visual impairment has added cost to the world’s economy of nearly 2.3 trillion Euros in 2010.27 This estimation is based on the medical expenses of 733 million Euros for blind or severely visually impaired individuals worldwide and also the value of time caring for them and the loss of productivity, which result in loss of tax revenues that ultimately aid the health care systems in place.27 If the implantation of a visual prosthetic device aids affected individuals in carrying out daily tasks and can provide support to basic skills that can aid them in gaining an income to sustain their quality of life, then the cost justifies the expense. After a review of available literature, it appears that there are two devices commercially available for the successful treatment of visual impairment: the Argus II Retinal Prosthesis System manufactured by Second Sight Medical Products (California, USA) and the Alpha-IMS device manufactured by Retinal Implant in Reutlingen, Germany. Based on this systematic review, prospects are good for successful restoration of visual function, and emerging technologies are expected to develop exponentially. Options such as optic nerve and visual cortex stimulation may become viable options in the future if limitations such as surgical risks of infection and intracranial haemorrhaging may be overcome.7 Cortical prosthesis that may bypass the retina and be directly stimulated will allow for higher resolution images/pixels owing to the more tightly packed electrodes.7 The benefits of such ocular devices will go a long way to alleviate the functional, economic and psychological impact that vision loss has on affected individuals.
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Simulations 21 lIsrael 2 Optic Nerve 9 2005 3 2014 18
Surgical studies L] India 2 Visual Cortex 10 2006 0 2015 13

- Australia 28 - - 2007 0 2016 4

- - - - - 2008 3 Till March 2017 1
Total 89 89 89 - 89

USA, United Stated of America; UK, United Kingdom.

n, number.
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