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Chapter 14



The Perceptual Effects of Chronic Retinal Stimulation Alan Horsager and Ione Fine



Abstract Can functional vision be restored in blind human subjects using a microelectronic retinal prosthesis? The initial indications suggest that, yes, it is possible. However, the visual experience of these subjects is nothing like a digital scoreboard-like movie, with each electrode acting as an independent pixel. The work described here in this chapter suggests that there are interactions between pulses and across electrodes, at the electrical, retinal, or even cortical level that influence the quality of the percept. In particular, this work addresses the question, “how does the percept change as a function of pulse timing on single and multiple electrodes”? The motivation for the work described here is that these interactions must be understood and predictable if we are to develop a functional tool for blind human patients. In this chapter, we review work evaluating perceptual effects using chronic electric stimulation in three different implantable systems. Abbreviations AltFC AMD BLP ChR2 DS IMI IRI LGN LP



Alternative forced-choice Age-related macular degeneration Bare light perception Channelrhodopsin-2 Direct stimulation Intelligent medical implants Intelligent retinal implant Lateral geniculate nucleus Light perception
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Microphotodiode array No light perception Optical coherence tomography Retinal degeneration 1 Retinitis pigmentosa Retinal pigment epithelium-specific 65 kDa protein Second Sight Medical Products, Inc. Primary visual cortex Visual processing unit



Introduction



Visual impairment is one of the most common disabilities: at the most recent estimate, 110 million people worldwide have low vision and 40 million are blind [69]. Photoreceptor diseases such as retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are responsible for blindness in approximately 15 million of those people [15], a number that continues to increase with the aging population [18]. Currently, there are no FDA approved treatments for blindness due to photoreceptor disease. Although a number of highly promising treatments are being developed, each suffers from its own set of difficulties. For example, gene replacement therapy efforts have made great progress in treating one form of Leber’s Congenital Amaurosis (an RPE65 mutation) in humans [1, 2, 4, 7, 8, 52]; however, this form of RP is relatively rare, and photoreceptor diseases are genetically heterogeneous, with single and multi-gene mutations occurring in over 180 different genes responsible for photoreceptor function [19]. For gene replacement therapy to broadly cure photoreceptor disease would require at least as many (and, most likely, many more) treatments as there are mutations. Another genetic approach uses optical neuromodulators such as channelrhodopsin-2 (ChR2) that can be genetically targeted to retinal bipolar [41] or ganglion cells [10, 43] to restore visual responsiveness in a mouse model of blindness (rd1). However ChR2 activation requires light stimulation levels that are 5 orders of magnitude greater than the threshold of cone photoreceptors [63], and the induced light responses have a substantially limited dynamic range (2 log units) [72]. An ideal therapy would be able to treat blindness independently of the genetic mutation, in the absence of photoreceptors, and with reasonable response sensitivity and range. Therapies employing direct electrical stimulation of the retina have the potential to fulfill those two particular constraints. However, electrical stimulation suffers from its own set of limitations. There are a number of engineering concerns such as charge density safety limits which limit the miniaturization of implanted electrodes, difficulties in placing the electrode array close to the target retinal cells, and limitations is in the available power supply that make prosthesis design extremely challenging. Electric current fields from relatively large electrodes indiscriminately
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Fig. 14.1 Patient percepts. Example percepts generated by retinal electrical pulse train stimulation in two blind subjects, S05 and S06, respectively, using the Second Sight Medical Products, Inc. A16 epiretinal prosthesis. Percepts (top) were hand drawn by experimenter based upon patient report. The electrodes that were stimulated for each condition are shown with solid dots. Stimulation patterns were 50 Hz pulse trains on each of the electrodes



drive local retinal circuits in an unnatural way, leading to complex retinal responses. Although electrically-driven retinal activation produces phosphenes in blind human subjects, these percepts are complex and cannot be simply thought of as a one to one, electrode to pixel, scoreboard-like experience with punctate individual phosphenes (Fig. 14.1). There is a substantial literature evaluating the use of electrical stimulation to generate visual percepts in both sighted and blind human subjects [11, 22, 24, 35, 37, 42, 44, 45, 50, 53, 54, 61, 62, 75, 77]. However, partly because many of these studies were carried out acutely, there has not yet been a been a thorough quantitative and systematic analysis of how these electric pulses interact within the network of retinal neurons in time and space to form the visual image the subject sees. With the goal of creating a visual prosthesis that is capable of restoring functional vision in blind human patients, much needs to be learned about how the timing of pulses (within single electrodes and across multiple electrodes) interact at the electrical, retinal, and cortical level to form a percept. There is relatively little published data quantitatively examining chronic retinal stimulation in human subjects. To date, only three commercial groups have been able to collect chronic data: Retinal Implant AG, Intelligent Medical Implants GmbH, and Second Sight Medical Products, Inc. To summarize their collective findings: (1) an electrode array can be safely and chronically implanted in human
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patients (more than 5 years as of this writing), (2) stimulation via these electrodes consistently produces visual percepts, (3) provided the array is stable on the retinal surface, the current-brightness relationship is stable, repeatable, and monotonic, (4) the brightness of the percept can be controlled through both amplitude and frequency modulation, and (5) signal integration during single or multi-electrode stimulation can be approximated using very simple models. In the last part of the chapter we discuss the use of these implants during “real world” and mobility tasks. While findings are promising, it is still not demonstrated that the devices that are currently available can provide useful function vision outside of the laboratory setting.



14.2



Overview of Chronic Retinal Implant Technologies



The earliest documented electrically generated percept in a blind human patient was in 1755, when Charles LeRoy, a French chemist and physician, discharged a Layden jar and supplied electrical current to a brass coil that wrapped around the head of a blind man [42]. In addition to “provoking terrible cries [47]”, the young patient perceived a flame that rapidly descended before his eyes. This is, more than likely, the first documented visual phosphene perceived by a blind subject via electrical stimulation. Despite this somewhat unpromising beginning, restoring functional vision using electrical stimulation has been a goal of ophthalmologists and vision scientists for more than a century. The inspiration for these studies comes from very early (and probably inadvertent) electrical activation of visual cortex during neurosurgery. However, it wasn’t until the middle of the twentieth century that scientists and clinicians began to investigate, more deliberately and rigorously, the relationship between electrical stimulation of neural tissue and visual perception. In recent years much of the effort in developing a visual prosthesis for the blind has focused on electrical stimulation of the retina. There is a substantial amount of neural processing within the LGN [5, 20, 73] and V1 [34] that transforms the visual signal in ways that are complex, nonlinear, and poorly understood. Targeting stimulation as early as possible in the visual pathway allows one to maximize the use of the innate computational processing of the visual system. Even within the retina, a variety of approaches have received attention. Retinal stimulation devices have been developed for both subretinal (between outer retinal layers and the choroid) and epiretinal (between inner retinal layers and the vitreous humor) activation. Here, we provide a brief overview of the basic technology and the types of psychophysical and behavioral studies that have been conducted with subretinal and epiretinal devices.



14.2.1



The Retinal Implant AG Microphotodiode Prosthesis



The Retinal Implant AG device has two subretinally implanted components. The first is a wire-bound microphotodiode array (MPDA), consisting of approximately
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Fig. 14.2 (a) General schematic of Retinal Implant AG device. Note the placement of the device in the subretinal space. (b) Close-up of the microphotodiode array (MPDA). Permission for reproduction provided by Retina Implant AG



1,500 photosensitive cells on a 3 mm2 surface (Fig. 14.2). Each cell unit contains an amplifier and electrode, spaced 70 Pm apart. The amplitude of the electrical signal across each electrode is proportional to the overall illumination of the specific photosensitive cell. The second implanted component consists of a 4 × 4 array of 50 Pm electrodes (with 280 Pm spacing) that can be used for direct stimulation (DS). The stimulation presented on the electrodes of the DS array can also be independently controlled, and each of the parameters (e.g., pulse width and amplitude) can be independently modulated. The MPDA and DS arrays are positioned on a small polyimide foil surface and are powered via a transchoroidal, transdermal line. This MPDA device was implanted in the fovea of one eye of seven patients blind from RP (all seven patients had the MPDA array and six had, in addition, the DS array). Devices were chronically implanted for a total of 4 weeks [78]. With the exception of one, patients were explanted at the end of this time. Visual perception and performance was evaluated in the following ways using DS: (1) the brightness of a biphasic pulse (1–2.5 Volts (V), 3 milliseconds (ms) per phase) was assessed using a rating scale from 5 (very bright) to 0 (no perception), (2) subjects were asked to discriminate stimulation of rows and columns of electrodes in a vertical vs. horizontal discrimination task, (3) motion discrimination for sequential stimulation of electrodes, (4) and subjective reporting of the apparent size of percepts. Three additional patients were implanted at a later date with a similar device (for this device the stimulating electrodes were 100 Pm). With these three patients, the researchers conducted more complex visual perception tasks such as letter recognition and orientation discrimination [81]. Data collected on all ten patients using this device are described in Sects. 14.4.1 and 14.5.1.



14.2.2



The Intelligent Retinal Implant System



The Intelligent Retinal Implant System™ has two external components (a Visual Interface and the Pocket Processor), and a subretinally-implanted Retinal Stimulator
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Fig. 14.3 Schematic of the Intelligent Retinal Implant System. Illustration kindly provided by IMI



(Fig. 14.3) designed by IMI Intelligent Medical Implants. The Visual Interface consists of a pair of glasses with a camera to capture the visual image and other components for data communication with the Pocket Processor and Retinal Stimulator. Communication with the Retinal Stimulator is conducted via wireless transmission. The Pocket Processor supplies power to the entire system and contains a microcomputer that translates the image data into the stimulation protocol for the Retinal Stimulator. The internal flexible Retinal Stimulator consists of a 49 electrode array and is attached using a silicon ring to a titanium tack which had been placed in the sclera. Four patients (56–66 years old) with visual acuity ranging from no light perception (NLP) to hand movement were implanted. Approximately 20 different testing sessions were conducted with the patients over a 12 month period. Each testing session consisted of single or multi-electrode pulse train stimulation. In these patients, performance on absolute threshold, point discrimination, and pattern recognition tasks was measured. See Sects. 14.4.2 and 14.5.2 for details regarding psychophysical data collected using this system.



14.2.3



Second Sight Medical Products, Inc. A16 System



The Second Sight Medical Products, Inc. (SSMP) A16 epiretinal prosthesis contains similar intraocular (electrode array) and extraocular (e.g., glasses, Visual Processing Unit) components as the Intelligent Retinal Implant System™. The intraocular array consists of 16 platinum electrodes in a 4 × 4 arrangement, held in
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place within a clear silicone rubber platform [37, 45]. The electrode array is implanted epiretinally in the macular region and held in place using a retinal tack. Electrodes are either 260 or 520 Pm in diameter (subtending 0.9° and 1.8° of visual angle, respectively). Electrodes are spaced 800 Pm apart, center to center. Pulse train signals are generated and sent to an external Visual Processing Unit (VPU) using custom software run on a PC laptop. Power and signal information are sent from this processor through a wire to an external transmitter coil that attaches magnetically, and communicates inductively, to a secondary coil that is implanted subdermally in the patient’s temporal skull. From this secondary coil, power and signal information are sent through a subdermally implanted wire that traverses the sclera to the array of electrodes (Fig. 14.4). Stimulation can be presented using two different protocols: (1) camera mode – real-time video captured by a miniature video camera mounted on the subject’s glasses is continuously sampled by the VPU and a monotonic transform determines the stimulation current amplitude in each electrode based on the (normalized) luminance at the corresponding area of the scene and (2) direct stimulation mode – the stimulation signal sent to each electrode is independently controlled by the VPU or an external computer. Six patients have been examined that were chronically implanted with the A16 retinal prosthesis. See Table 14.1 for details regarding these subjects. Testing sessions lasted a maximum of 4 h with frequent rest periods. Testing sessions included threshold and impedance measurements as well as other measures of visual performance reported elsewhere [77]. When performed, threshold measurements were usually carried out at the beginning of a given testing session. The frequency of testing sessions was limited by the subjects’ availability and the clinical trial protocol. In general, testing was carried out 1–2 sessions/week for each subject. The protocol



Fig. 14.4 (a) Electrode array. The electrode array consisted of 260 or 520 micrometers (Pm) electrodes arranged in a checkerboard pattern, with center-to-center separation of 800 Pm. The entire array covered ~2.9 mm by 2.9 mm of retinal space, subtending ~10° of visual angle. (b) Prosthesis system schematic. The stimulus sets are programmed using Matlab® on a PC, which then communicated the stimulus parameters to an external Visual Processing Unit (not shown). Signal and power information was then passed through an external inductive coupling device (not shown) that attaches magnetically to a subdermal coil implanted in the patient’s temporal skull. This signal is then sent through a parallel system of wires to the epiretinally implanted electrode array. Note that the power and signal information can be independently controlled for each electrode. Reprinted from [33], with permission
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Table 14.1 A16 subjects’ age at implantation, eye of implantation, preoperative acuity in the implanted and non-implanted eyes, and electrode sizes Age Eye VA (implanted) VA (non-implanted) Electrode size (Pm) S01 76 R NLP LP 520 S02 56 L LP LP 520 S03 74 R NLP NLP 260 S04 60 L LP LP 260/520 S05 59 R LP LP 260/520 S06 55 R NLP NLP 260/520 Where there was a difference in pre-operative vision between the two eyes, implantation was carried out in the eye with worse vision. One subject (S02) had two operations in the same eye since her electrode array detached from the retina after 11 months due to the subject falling and bumping her head (no retinal detachment occurred). In the second surgery, the electrode array was reattached in a nearby macular area no more than 500 Pm distant from the position of the original implant. Testing for S01 was limited in duration due to geographical constraints. Testing for S03 ended due to medical reasons unrelated to the implant. Testing in S04 was ended after microperforation of her conjunctiva which led to cable exposure. Because her cardiac status had deteriorated since the initial implantation she could not undergo anesthesia. This prevented the use of a scleral patch graft to repair the microperforation. To minimize the risk of possible infection, the multi-wire cable connecting the electrode array to the extraocular stimulator was cut and the electrode array was left in place



specified that optical coherence tomography (OCT) measurements were only carried out on the subjects for clinical reasons, and as a result OCT data were only collected at irregular intervals. The bulk of the data described in this chapter were collected using this epiretinal device. As a result more detailed information is given about the patients implanted with this device (Sects. 14.3, 14.4.3, and 14.5.3).



14.3



Thresholds on Individual Electrodes



One major concern in the field of retinal prostheses is that the current amplitude required to elicit percepts may fluctuate unpredictably over time, due to neurophysiological changes of the retina due to reorganization [40], electrochemical changes on the electrode surface, or instability of position of the electrode array on the retinal surface [21, 77]. Previous acute studies found that localized retinal electrical stimulation of blind subjects resulted in discrete visual percepts; however, the amount of electrical current required to elicit visual responses was relatively large compared to animal in vitro retinal studies examining responses to electrical stimulation [36, 61]. The most exhaustive examination of thresholds and brightness reported to date has been within the six subjects implanted with the A16 epiretinal prosthesis (Second Sight Medical Products, Inc.). Over the course of several years, we measured the distance of the electrodes from the retinal surface (using Optical Coherence
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Tomography, OCT), retinal thickness, electrode impedance, and perceptual thresholds for both single pulse and pulse train stimuli [21, 33]. These data allowed us to examine the relationship of perceptual threshold to electrode size, electrode impedance, distance of the electrodes from the retinal surface, and retinal thickness.



14.3.1



Single Pulse Thresholds Using the SSMP System



Thresholds were measured on single electrodes using a single interval, yes-no procedure. On each trial, subjects were asked to judge whether or not a stimulus was present. This reporting procedure meant that subjects were likely to report stimulation for either a light or dark spot; subjects were explicitly instructed to include either type of percept in making their decision. Half of the trials were stimulus-absent catch trials. Current amplitude was varied using a three-up-onedown staircase procedure to find the threshold current amplitude needed for the subjects to see the stimulus on 50% of stimulus-present trials, corrected for the false alarm rate. During each staircase, only amplitude varied. All other parameters (frequency, pulse width, pulse train duration, and the number of pulses) were held constant. Thresholds were measured for each of the 16 electrodes using a single “standard pulse” consisting of a 0.975 ms cathodic pulse followed by a 0.975 ms anodic pulse. Thresholds measurements for each subject are shown in Fig. 14.5. Differences in threshold did not change systematically as a function of patient age or pre-operative vision [76]. However, thresholds did appear to decrease as a function of successive surgeries. Generally, thresholds decreased across subject implantations. Indeed, subject S01 had the highest threshold overall. This improvement across surgeries was perhaps due to the overall improvement of the surgical procedure, leading to the electrode array lying successively closer to the retinal surface. For subjects S05 and S06, most of the measured single pulse thresholds were well below 100 PA and charge density limits of 0.35 mC/cm2. It should also be noted that these thresholds are for a single pulse, whereas functional electrical stimulation is likely to be mediated by pulse trains, which generally require lower stimulation thresholds (see Sect. 14.3.2). Mean thresholds for subjects S04–S06 across the 260 and 520 Pm electrodes were compared to determine if electrode size had any effect on the measured values. Interestingly, there was no noticeable difference in threshold between 260 and 520 Pm electrodes, either within or across subjects (two-factor, subject × electrode size, ANOVA, p > 0.05 F = 0.367), see Fig. 14.6. This was in direct contrast to a recent literature review by Sekirnjak et al. who found, across a wide range of in vitro and in vivo studies, that log thresholds increase linearly with log electrode area [64]. However, only two electrode sizes are evaluated here, and it is possible that a wider range of sizes would make threshold differences, as a function of electrode size, more apparent.
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Fig. 14.5 Mean thresholds across the entire time period of implantation (PA) for all 16 electrodes for each subject. The upper panels show the labeling scheme used to identify electrodes, as viewed through the pupil. For each subject, electrodes are ordered from most to least sensitive along the x-axis. White and black bars represent electrode diameters of 260 and 520 Pm respectively. Threshold current is shown along the y-axis. Note the dramatic change of scale along the y-axis across subjects. Error bars are +/− one standard error of the mean. Reprinted from [21], with permission



Fig. 14.6 In both (a) and (b), the x-axis represents electrode diameter and the y-axis represents the current needed to reach perceptual threshold. (a) is the data are taken from subjects S04–S06. The large symbols connected by lines represent the mean threshold across each of the eight electrodes of a given diameter for each subject. Error bars are +/− one standard error of the mean. In many cases error bars are smaller than the symbols. Individual electrodes are shown with small symbols. (b) compares our measured thresholds in S04-06 (large open shapes) and those reported in the literature [64]. Reprinted from [21], with permission
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Fig. 14.7 OCT imaging of the array. (a) Fundus photograph of an intraocular electrode array viewed through a dilated pupil, imaged by the OCT machine (OCT, STRATUSOCT™; Carl Zeiss Meditec AG) just previous to the cross-sectional OCT image shown in (b). (b) Cross-sectional OCT image. Location of electrodes that were imaged are denoted by the letters A, B, C, and D. Reprinted from [21], with permission



The distance from the top of each electrode to the internal limiting membrane of the retina varied both within and across subjects, as measured using optical coherence tomography (OCT) (Fig. 14.7). Electrode thickness varied between 80 and 120 Pm depending on the exact cross-section, so 100 Pm was subtracted from the measurement of the distance of the electrode to the internal limiting membrane. The thickness of the retina was defined as the distance from the inner surface of the retinal pigment epithelium to the internal limiting membrane. Impedance was measured using Second Sight Medical Products (Inc.) proprietary software. Impedance measurements were taken at the beginning and end of each stimulating session. Data suggests that distance from the retinal surface is a critical factor in determining both threshold and impedance. For a given electrode size, electrodes that are close to the retinal surface have lower thresholds and higher impedances. As shown in Fig. 14.8b, we see a positive correlation between threshold current and electrode distance from the retina. These psychophysical data are consistent with retinal electrophysiology data, suggesting that the distance of the electrodes from the retina is a significant concern [31, 38]. Stimulus current requirements are likely to be minimized when the array is in close position to the retina, minimizing power consumption by the stimulator and allowing for smaller electrodes to generate phosphenes within safe charge density limits. On the whole, subject impedances tended to decrease postoperatively over time. However, impedances are also negatively correlated with the distance of the electrode from the retinal surface, as shown in Fig. 14.8c. These data are consistent with the notion that electrodes that are close to the surface of the retina have higher impedances (due to the adjacent retinal tissue) than electrodes that have lifted from the retina (where fluid with higher conductivity intervenes between the electrode and the retinal surface) [32, 65]. Indeed, consistent with this hypothesis, threshold is negatively correlated with the impedance (Fig. 14.8a).
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Fig. 14.8 Correlations between threshold, impedance, electrode distance and retinal thickness. Each subject is shown with a different symbol shape. Straight lines represent the best fitting linear regression on log-log axes. (a) Impedance versus threshold. (b) Electrode distance from the retinal surface vs. threshold. The curved solid lines show predicted thresholds for 260 (lower, thin solid line) and 560 Pm (upper, thick solid line) electrodes based on the model of Palanker et al. [51]. (c) Electrode distance from the retinal surface vs. impedance. (d) Distance versus retinal thickness. (e) Retinal thickness versus threshold. (f) Retinal thickness versus impedance. Reprinted from [21], with permission



14.3.2



Pulse Train Integration and Temporal Sensitivity



It is important to understand, at the single electrode level, how the electrical signal is integrated over time to modulate visual sensitivity or suprathreshold brightness. The retina delivers information about the visual scene to higher visual centers
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through its time-varying spike signal [3, 23], so it would be potentially beneficial to encode the light signal using pulse sequences that trigger “naturalistic” patterns of activity in retinal cells. Indeed, it has been shown that using short electrical pulses results in phase-locked spikes in ganglion cells up to 250 Hz [25, 64]. Until recently, the general assumption has been that the rate of ganglion cell firing is simply monotonically related to the “intensity” of the stimulus. However, this idea of “simple rate coding” has recently come into question as it has been shown that the visual system is sensitive to spike timing on a much finer scale (8–60 ms after the beginning of electrical stimulation [25, 27, 39], originate from bipolar cells since a cocktail of synaptic blockers completely suppresses this late-phase spiking in ganglion cells. The time constant associated with the inhibitory input from amacrine cells is on the order of 100–200 ms [25]. The similarity of T 1 to time constants of current integration by ganglion cells suggests that direct stimulation of ganglion cells (rather than indirect stimulation via pre-synaptic input) may be primarily responsible for integration of stimulation current within the retina, particularly with pulse widths longer than 1 ms [27]. e and t2 (14.3). The parameters e and t2 represent desensitization as a consequence of accumulated charge, where e represents the strength of desensitization and t2 represents the time constant over which charge was integrated. There are two possible sources for this change in sensitivity. One possibility is that injected charge directly results in a hyperpolarization of the membrane resting potentials within individual ganglion cells. Shifts in resting potentials, analogous to slow contrast adaptation effects, can be produced in ganglion cells by injection of hyperpolarizing current [6]. However, it is as likely that inhibition from presynaptic cells was involved in the desensitization we observed. Inhibitory presynaptic influences on spiking in response to electrical stimulation have been described by Fried et al. [25], particularly for longer pulses. It seems likely that the desensitization stage of our model simply approximates a series of complex adaptive processes, with time courses varying between milliseconds to tens of seconds [6, 16, 59]. b (14.4). E describes a power input-output nonlinearity. Power nonlinearities are frequently used in linear-nonlinear models describing spiking behavior in ganglion cells [6, 16]. A similar nonlinearity has been used in modeling human behavioral data of light stimuli [74]. One possibility is that as the intensity of stimulation increases, neurons with shallower input-output nonlinearities are recruited. Alternatively, this change in the power function may be driven by changes in the input-output nonlinearity within individual cells. It has been found in models of retinal spiking that the slope of the nonlinearity changes as a function of increased contrast [6, 59]. t3 (14.5). W3 determines the integration period of the final low pass filter. Thresholds decrease as a function of frequency for a fixed number of pulses, with an asymptote at around 100–200 Hz, with the effect being most noticeable for the pulse train
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containing 15 pulses. W3 may represent the slow temporal integration that occurs in cortex. Similar integration times have been found in simple cell recordings in cat striate cortex [55]. A successful retinal prosthesis will need to produce percepts consisting of regions of constant brightness across a range of brightness levels, while satisfying a complex set of engineering constraints: charge densities must remain relatively low, it is technically difficult to produce very high current amplitudes, and absolute charge must be minimized to maximize battery life. Models of the perceptual effects of electrical stimulation, such as that described here, will be critical in allowing electrical stimulation protocols to be selected that best satisfy these many constraints.



14.4



Suprathreshold Brightness



A visual prosthesis should produce regions of constant brightness across a range of brightness levels, and ideally these suprathreshold brightness levels should be consistent with the apparent brightness of objects as they appear to those with normal vision. To date, all three groups have examined how apparent brightness changes as a function of stimulation intensity.



14.4.1



Brightness Using the Retinal Implant AG System



Brightness as a function of stimulus intensity has been measured in patients implanted with the Retinal Implant AG device [78, 80]. These tests have tended to use a slightly more clinical methodology than the psychophysical measures reported for patients implanted with the Second Sight LLC implant. Among other tests (described below), patients were asked to rate the perception of brightness elicited by applying biphasic voltage impulses from 1 to 2.5 V presented on four electrodes in a square configuration (3 ms pulse duration, presented in a random order) using a scale from 5 (very strong) to 0 (none). When there were six steps between 1 and 2.5 V (corresponding to a charge increase of approximately 0.23 mC/cm2 between each stimulus assuming a linear scale) the apparent brightness of the elicited spots varied from scale 0 to 5 in a linear manner. This group has also carried out brightness matching experiments using pairs of pulses that differed by as much as 0.8 V (10 s interval between each pulse). A difference in brightness between two consecutive pulses was discerned if a difference in charge of at least 161 PC/cm2 was applied. If equal charges were applied within both stimulation intervals, the second flash always was perceived as slightly dimmer irrespective of the stimulation level. Subjective brightness-size interactions were observed at medium stimulation levels and at certain frequencies. The subjective size of the phosphene elicted by four electrodes increased from 1 to 5 mm (at arm’s length) if the voltage was increased from 1.5 to 2.5 V [79].
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Brightness Using the Intelligent Medical Implant System



Thresholds for each patient were obtained from a Weibull fit and resulted in an average threshold of 25.3 ± 7 nC, which is considerably lower than the result obtained in a previous study involving acute stimulation with the same patients [57]. In one subject, thresholds were measured over a period of 4 months. In this case, thresholds were determined by stimulating at charge levels between 0 and 122 nC [58], using a two-alternative forced-choice procedure. In total, 23 runs were conducted over the course of the 4 months. Although the threshold varied from 8.0 to 35.9 nC between subjects, the data suggest that the thresholds were stable over the entire 4 month period. Visual percepts depend on amplitude levels and electrode location [57].



14.4.3



Brightness Using the SSMP A16 System



In these measurements, two subjects implanted with the A16 epiretinal prosthesis were asked to rate the brightness of a test pulse in comparison to the brightness of a standard of fixed current amplitude. Stimulation for test and reference pulses always consisted of a single biphasic, cathodic-first, charge-balanced square wave pulse, with a pulse duration of 0.975, and a 0.975 ms inter-pulse interval. The reference pulse was fixed at a current amplitude chosen to be roughly 2.5 times the threshold amplitude for a single pulse on that electrode. We used a classic brightness matching procedure based on that of Stevens [68]. Before beginning each testing session, subjects were repeatedly stimulated with the reference pulse and were told, “This reference pulse has brightness of 10 and we will present it to you before we begin each trial. Your task is to compare the brightness of the test pulse in each trial to the brightness of this reference pulse. If the test pulse seems to be twice as bright as the reference pulse then give it a rating of 20. If the test pulse seems to be half as bright as the reference pulse, then give it a rating of 5.” Once the subject reported feeling confident of having a clear idea of the brightness of the reference pulse, we began the experiment. All subject ratings were provided verbally. On each trial, subjects were first presented with the reference pulse and were reminded that this pulse should be considered as having a brightness of 10. This reference pulse was quickly followed by the test pulse. Subjects were then asked to verbally rate the apparent brightness of the test pulse, as compared to the reference pulse (Fig. 14.13). The test pulse was always presented on the same electrode as the reference pulse, and had a current amplitude that varied pseudo-randomly from trial to trial using the method of constant stimuli. Subjects were not told which test pulse current value had been presented on each trial, and no feedback was provided. Each test current amplitude was presented four times, and the mean and the standard error of brightness ratings for each stimulation amplitude was calculated across these four repetitions.
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Fig. 14.13 Brightness matching data for both subjects. For each subject, equibrightness measurements were conducted at with pulse amplitude on the reference electrode fixed at five different amplitude levels. The x-axis represents the amplitude of the pulse on the reference electrode. The y-axis represents the PSE on each of six test electrodes and the reference electrode brightness matched to itself. 520 Pm electrodes are represented by large symbols, 260 Pm electrodes by small symbols. The dashed line represents equal amplitude on test and reference electrode. The different labels represent measurements for a specific electrode (e.g., C1). Reprinted from [28], with permission



Brightness matching judgments were also carried out, subjects made brightness judgments (which interval contains the brighter stimulus) between a pulse train presented on a reference electrode and a pulse train presented on a test electrode using a two-interval forced choice procedure. Intensity of the test electrode was adjusted through a staircase procedure and data were fit with a cumulative normal distribution to find the point of subjective equality. Subjects could reliable differentiate between pulse pairs separated by less than 20 PA in the discrimination paradigm. Both brightness rating and brightness discrimination judgments could be well fit by a classic Stevens function, B = aCb, where B is the brightness rating made by the subject, C is stimulus current amplitude, and a and b are free parameters. Data could still be fit when b was fixed to be the median of the best-fitting values of b across all four electrodes for that subject, suggesting that it may be possible to normalize brightness across an entire array of electrodes by measuring a single parameter for each electrode.



14.5



Spatial Vision



The data described above show that it is possible to control the perceptual brightness of a stimulus presented on a single electrode through either the timing or amplitude of stimulation. The data described below examine how multiple electrodes
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interact to create a patterned image, and the first studies examining whether these implants might offer the potential to provide functional vision. When evaluating spatial vision or functional vision tasks it is important to recognize that subjects may develop “strategies” to perform these tasks, especially when given previous training with feedback within tasks that have a constrained set of response alternatives. This is a particular concern for two or four alternative forced choice tasks with training and/or feedback. These are of course perfectly valid psychophysical techniques, and these tests are based on standard clinical tests of visual acuity, but it needs to be remembered that in these cases the subject is performing a constrained discrimination task, not an identification task. For example, these tasks may not be particularly revealing about whether subjects are doing these tasks on the basis of percepts that would be meaningful outside the laboratory environment. To take an extreme case, if stimuli are “jumbled” in space, then each of two alternatives might produce a pseudo-random percept, but these percepts would be perceptually distinct. In this case the subjects could perform the task perfectly with training but the implant would be useless for functional vision.



14.5.1



Spatial Vision with the Retinal Implant AG System



As described above, a set of computerized, standardized tests for patients with visual prostheses was developed to quantify the functional abilities of patients implanted with the Retinal Implant AG device [78, 80]. Electrical stimulation of rows, columns and blocks of four electrodes allowed some patients to clearly distinguish horizontal from vertical lines under four-alternative forced choice conditions. Under optimal conditions, dot alignment and direction of dot movement could also be differentiated when three neighboring electrodes were switched on simultaneously or sequentially at 1 s intervals. This study also reports evidence examining letter-reading and stripe pattern recognition using the Retinal Implant AG system. Using the direct stimulation (DS) 4 × 4 array, electrode stimulation configurations were used to represent letters. These images were perceived as 5 cm in diameter when presented at a 60 cm distance [80]. Patient 1 correctly determined the orientation of a letter “U” (20/24 times) when using a four alternative forced-choice task (4 AltFC). Patient 2 correctly discriminated between the letters C, O, I, L, and Z using this same 4 AltFC paradigm. Additionally, when using the light-sensitive chip, this same subject was able to differentiate the letters L, I, T, and Z when presented on a screen 62 cm away. Both Patient 1 and Patient 3 could determine the direction of lines or stripe patterns using the light sensitive chip (11/14 and 11/12, respectively). To date it is not clear why some subjects could perform some tasks, but not others, and to what extent performance on these tasks was mediated by practice with feedback with individual stimuli.
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Spatial Vision with the Intelligent Medical Implant System



The Intelligent Retinal Implant (IRI) was implanted in four patients with bare light perception (BLP) or less. These patients were then tested on at least 20 separate occasions over a period of approximately 12 months. Across these session both thresholds and pattern recognition was evaluated. During stimulation sessions the patients were able to distinguish between different points in space when spatially-segregated electrodes were activated. This pointto-point discrimination task was successful both horizontally and vertically. When presenting multi-electrode stimulation, patients were able to recognize simple patterns such as horizontal bars [56] in a forced choice procedure. Simple patterns (vertical / horizontal bar, a cross) administered via activation of appropriate electrodes were also distinguishable by patients in forced choice procedures.



14.5.3



Spatial Vision with the SSMP A16 System



Assuming that each electrode on a 2-dimensional electrode array can produce individual, punctate phosphenes, visual resolution is simply limited by the pitch or spacing of the electrodes. Using the Second Sight A16 system, visual acuity performance was evaluated in a single blind human subject (S06) to determine whether his spatial visual resolution could approach the level expected from the spacing between the electrodes in the A16 electrode array [14]. The first experiment tested whether or not an oriented contour could be generated using the retinal prosthesis in direct stimulation mode (see Sect. 14.2.3 for a more in-depth description of the direct stimulation and camera modes). In each trial, a single row of 4 electrodes was used to stimulate a row and then a column (with a 1 second delay between the two stimuli), and the subject was instructed to draw on a board the pattern they perceived. The predicted percept would be a right-angle cross of the two lines with a 90° angle of intersection. A head-mounted camera system was used to record the movement of the marker on the board at arm’s length from the subject and the digital data output was analyzed offline. Over 14 trials, the subject drew 2 lines with an average angle of 87.4° (1.8° standard error). In a second experiment, S06 was asked to report the orientation of a high-contrast, square-wave grating presented on a screen. The orientation of these gratings was either horizontal, vertical, diagonal right orientation, or diagonal left orientation. Thus, the chance performance on this task was 25%. These data were collected in camera mode. In each session, high-contrast gratings of different spatial scales (2.77-2.00 logMAR; Snellen equivalent 20/11,777-20/2000) were randomly interleaved. The probability of detection was calculated for each spatial frequency and the data was fit with a logistic psychometric function. The subject performed significantly above chance for all trials down to 2.21 logMAR. At the critical
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sampling frequency, each black and white bar falls directly on one row of electrodes. The resolution was, therefore, directly limited by the spacing of the electrodes. Taken together, these data suggest that the visual resolution of a blind patient implanted with a SSMP A16 retinal prosthesis is limited only by the spacing of the electrodes in the array.



14.6



Models to Guide Electrical Stimulation Protocols



Achieving useful percepts via electrical stimulation requires satisfying a variety of safety and engineering constraints. Useful percepts will require stimulation at frequencies higher than subjects’ perception of visible flicker (frequencies above the “critical flicker frequency”). Second, safety concerns dictate relatively stringent charge density limits, since high charge densities have the potential to compromise the integrity of electrode material [12, 13] and cause damage to stimulated neural cells [48, 49, 67]. Third, the maximum current amplitude that can be produced may in some cases be limited by the compliance voltage of the stimulator. A final set of constraints include limits in the amount of power available to the implant given the need for a long battery life, and power limits inherent in transmitting power inductively, resulting in a need to minimize overall charge. The models described in this chapter provides an example of how the optimal stimulation pattern needed to produce a percept of a given brightness level can be determined given a set of constraints. A particular example is given in Fig. 14.14, which shows example predictions of threshold current amplitude (graph a), charge density (graph b), and overall charge (graph c) for a 500 ms pulse train presented on an electrode of typical sensitivity across a range of pulse widths and frequencies. The dashed lines represent examples of safety and engineering constraints that might restrict the potential set of stimulation patterns. In the example shown here, a current amplitude limit of 200 PA, and a charge density limit of 0.35 mC/cm2. Given these example constraints, our model predicts that the most charge efficient stimulation pattern, for the conditions and prosthetic device tested here, is a 50 Hz pulse train consisting of 0.089 ms pulses. Similarly, for a given compliance voltage, the most efficient operation (in terms of energy delivered to the electrodes vs. energy dissipated in the current regulator) is when the voltage drop across the electrodes is near this compliance voltage. These engineering constraints may result in the most efficient pulse being at the highest current that can be supplied, making it advantageous to manipulate brightness using either frequency or pulse width. These models can also be used to calculate the most energy efficient pulse width (chronaxie) [17, 26]. Depending on the assumed constraints of the stimulation protocol, models such as these can estimate the best stimulation protocol. Of course this ability to evaluate engineering and safety trade-offs across different pulse patterns need not be restricted to the simple stimulation patterns used in this example. Our hope is that this model (or similar models) can be generalized
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Fig. 14.14 Efficiency predictions for a 500 ms pulse train. In each panel the x-axis represents pulse width on a logarithmic axis, and the y-axis represents frequency. Red dashed lines represent a current amplitude limit of 200 P$, yellow dashed lines represent the constraint that stimulation must occur above the critical flicker frequency of 50 Hz, and blue dashed lines represent the constraint of a charge density limit of 0.35 mC/cm2. Light shading represents pulse widths and frequencies that fall outside these constraints. The z-axis represents current (a), charge density (b), and overall charge across the entire pulse train (c). Given these example constraints, our model predicts that the most charge efficient stimulation pattern is a 50Hz pulse train consisting of 0.089 ms pulses, as shown by an asterisk in (c). (Please see online version for full-color representation). Reprinted from [33], with permission



to describe percepts over a wide range of brightness levels, across multiple electrodes. It is also to be hoped that models such of these will generalize to other devices, though it is of course quite likely that the models needed to explain subretinal stimulation will differ substantially from those developed to explain epiretinal stimulation. While models such as these may always be a crude approximation of
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perceptual effects, without them developing stimulation protocol procedures will remain an ad hoc procedure of trial and error.



14.7



Conclusions



The possibility of restoring sight through electrical stimulation has captured the interest of laymen and scientists for many years [11, 22, 24, 35, 37, 42, 44, 45, 50, 53, 54, 61, 62, 75, 77]. As we make progress, the goals associated with restoring sight in blind patients (as well as our appreciation of the difficulties that must be overcome to reach that goal) have become more sophisticated. In more recent studies, the effort has not been simply to create phosphenes, but to create images that are predictable over both space and time. Over the last 5 years it has become apparent that maintaining close proximity between the electrode array and the retinal surface will be critical in developing a successful retinal implant. In addition to affecting threshold, separation between the array and the retina is likely to compromise the ability to produce small localized percepts. As thinner electrode array structures are developed and improved methods are developed for attaching the array to the to the retina [29, 71] it should be possible to maintain electrodes that remain flush with retinal tissue for indefinite periods, resulting in impedance and threshold values that are stable over time. A successful prosthesis will require arrays which are stable on the retina, map to predictable locations in space, and are of high enough resolution to provide the quality of visual information needed to perform useful real world tasks. With the use of electrode arrays that meet these criteria, it is likely that the influence of other factors such as progression of retinal degeneration and subject age will become more apparent both within threshold measurements, and within more complex measures of perception. Over the last 5 years, work by a number of groups including ours has demonstrated that simple visual percepts generated by direct retinal electrical stimulation on a single electrode can be modeled relatively simply. This is true both for amplitude coding [28] and for manipulations of pulse timing within an electrode (frequency encoding). Of course a wide variety of challenges remain, even in understanding the effects of stimulating a single electrode. For example, apparent brightness is not the only perceptual quality that needs to be considered. It is possible that different temporal patterns stimulate slightly different subpopulations of neurons, resulting in distinct percepts. Moreover, the experiments described here only considered pulse trains or stimulation periods of relatively short duration (a maximum of a few seconds). Longer periods of continuous stimulation (minutes or hours) may result in longterm adaptation, sensitization, and/or retinal rewiring. It is quite likely that frequent electrical stimulation over a time scale of weeks and months may result in changes in retinal connectivity and responsivity [46]. More importantly, it is of critical importance to better understand how neighboring electrodes interact in the spatiotemporal domain. The models described in Sects. 14.3
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and 14.4 simply predict sensitivity at the single electrode level, the extension of models such as ours to the spatial domain is an obvious next step. While preliminary results with “natural tasks” show promise, it is still not entirely clear what kind of spatial resolution is mediated by current prosthetic devices. One concern is that, to date, most (though not all) data have come from constrained two or four alternative forced choice tasks with training and/or feedback so the subject is performing a constrained discrimination task, not an identification task. A subject may be able to discriminate “horizontal” from “vertical” without the horizontal line appearing as a horizontal line, and the vertical line appearing as a vertical line – all that is necessary is for the two stimuli to be perceptually distinct. A second concern is the extent of variability across subjects – to date no group has reported successful performance across a wide range of tasks within all (or even a majority) of implanted subjects. A third concern is that there is still some doubt as to whether all electrodes in these arrays map neatly to the expected perceptual location in space. As described in this chapter, progress over the last 5 years has been rapid, and progress over the next five is likely to bring us still closer to a useful prosthetic array. While it is unlikely that we will be able to build devices that resemble “natural” vision in the next 5 years, it is possible that, even if with some “jumbling” of the sensory input (as is found in cochlear implants for hearing) the brain will learn to understand the new sensory representation (analogous to learning to interpret modern art sketches for people with normal vision). However, we will probably not know the full capacity of the human visual system to adapt to make use of retinal implants until these devices are in more common use.
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