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Abstract

Retinal prosthesis have been translated from the laboratory to the clinical over the past two
decades. Currently, two devices have regulatory approval for the treatment of retinitis pigmentosa.
These devices provide partial sight restoration and patients use this improved vision in their
everyday lives. Improved mobility and object detection are some of the more notable findings
from the clinical trials. However, significant vision restoration will require both better technology
and improved understanding of the interaction between electrical stimulation and the retina. This
paper reviews the recent clinical trials, highlights technology breakthroughs that will contribute to
next generation of retinal prostheses.
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I . I NTRODUCTION

In a healthy retina, light is detected by photoreceptors (rods and cones) via photosensitive
molecules in the outer segments of the photoreceptors [1]. These molecules, once
transformed by light, trigger a cascade of neurochemical events that leads to other neural
cells in the retina (ganglion cells) sending signals to the downstream visual centers of the
brain. Retinal degenerative diseases, like retinitis pigmentosa [2] and age-related macular
degeneration [3] affect primarily photoreceptors, leaving the retina unable to sense light, but
remaining neurons in the retina (bipolar cells and ganglion cells) can be electrically
activated, based on established techniques for nerve stimulation.

Several studies from early scientists demonstrated that electric and magnetic fields could
excite neurons in the visual system and create the sensation of light. However, the work of
Brindley [4] is often cited as the seminal study that spawned the current efforts in visual
prostheses. In this study, a blind patient was implanted with a device that allowed 80
independent stimulus channels interfaced with the visual cortex (occipital pole in the back of
the brain). An external system was used to wirelessly drive the internal system. Using this
device, the patient could see spots of light when the individual channels were activated.
Around the same time Potts and co-workers were using a corneal electrode to stimulate the
eye [5]. Although their primarily goal was to characterize the cortical evoked potential
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resulting from ocular/retinal stimulation, they did include individuals with retinitis
pigmentosa in their study. The RP patients showed similar evoked potential patterns as the
normally sighted volunteers. Together, this early work demonstrated that the visual system
could be electrically stimulated in a potentially useful way and that RP did not eliminate the
eye’s ability to respond to electrical stimulation.

The field of retinal prosthesis took a large step forward in the 1990’s, with experiments
involving temporary (acute) implantation of a stimulating array in the eye of blind test
subjects.[6],[7] In an operating room setting, but under only local anesthesia, a hand-held
probe was inserted in the eye. At the end of these probes, were electrodes that could be used
to stimulate the retina. The electrodes were placed at different retinal locations and the
subjects described what they saw when the current pulses were applied to the electrode.
Given the spatial mapping (retinotopic organization), when the electrode was on the right
side of the eye, the subject would see something on the left, and vice-versa. These studies
demonstrated that potentially useful spots of light could be created, even in a retina that had
degenerated due to decades of disease. When multi-electrode arrays were used, simple forms
(lines) could be created. It was important to conduct acute studies to demonstrate basic
feasibility before undertaking the expensive and challenging effort of making a device for
long-term (chronic) implantation.

I I . TYPES OF SYSTEMS

A typical retinal prosthesis has multiple components each with a specific function (Figure
1). These include an imager to convert light to electrical signal, electronics to process and
condition the image and generate electrical stimulus pulses, and an array of microelectrodes
to stimulate the retina. Other important components found in one form or another on most
implants include hermetic packaging and wireless data/power transmission. However, retinal
prostheses are often categorized based on the location of the electrode array, which forms
the functional interface with the retina. The locations where an electrode array can be
implanted to stimulate the retina include epiretinal (on the top surface of the retina),
subretinal (under the retina), and suprachoroidal (between the sclera and choroid). Figure 1 a
conceptual diagram of a retinal prosthesis.

Several prototype systems of chronic implantable devices have been tested in clinical trials.
These fall into two types of implants. The first type of device was designed to show
feasibility in humans, but not intended to be a commercially viable medical device. Thus,
the main concern for these devices was patient safety and they generally were not refined to
the same degree as a commercial product. For example, a number of these early chronic
implants could only be activated when the patient visited the clinic. The second type of
devices are intended as commercial devices, so they are engineered not only for robustness
and safety, but also to have expected longevity of over a decade and with human factors
considerations. The Argus Il retinal prosthesis (Second Sight Medical Products, Inc.) has
received approval in both Europe and the United States to be sold as a treatment for retinitis
pigmentosa. The Alpha-IMS system by Retina Implant has received regulatory approval in
Europe. A summary of current and past clinical trials of retinal implants can be found at
www.clinicaltrials.gov, search “retinal prosthesis”.
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A. Epiretinal

Epiretinal implants involved in feasibility studies include the Argus | from Second Sight and
devices from Intelligent Medical Implants, GmbH (IMI) and the Epi-Ret Consortium (Epi-
Ret). All three of these systems used wireless power and data delivery (to avoid
transcutaneous wires).

The Argus | device was implanted in 6 subjects between 2002-2004.[8] Argus | was a
modified cochlear implant. As such, the electronics were implanted behind the ear and a
cable run along the temple, into the orbit, and, finally, into the eye, terminating in a 4x4 grid
of platinum electrodes, either 520 um or 260 um diameter. With training, subjects were able
to distinguish objects from a small set [9] and detect motion of a moving bar. Subjects have
been implanted for as long as 10 years with the device still functional (Arup Roy, personal
communication).

The IMI device was implanted in a total of 7 subjects.[10] This device utilized a
microfabricated array with a total of 49 electrodes. The implant was entirely in the orbit,
with the electronics module on the outside of the eye and the electrode array in the eye (via a
cable across the eye wall). This system could only be activated in the clinic as no camera
system was available. Using this device, subjects could see spots of light and some simple
patterns. The implants were removed after several months, or in one case, 1.5 years, possibly
due to the fact that the electronics were encapsulated with a polymer (see section 111.A for
discussion of packaging).

The Epi-Ret device was implanted in 6 patients.[11] The stimulating array had 25 electrodes
and also was miniaturized to the point where the entire device could be implanted in the eye.
A unique feature of the stimulating array was protruding electrodes, which improved contact
with the retina and resulted in low perceptual thresholds. Like the IMI device, the Epi-Ret
system was designed only for semi-chronic implantation (4 weeks) and did not have a
camera system so the implant could only be activated in the clinic.

The Argus Il is similar to the IMI device, in that the electronics are on the outside of the eye
and the electrode array is on the retina, connected by a cable across the eyewall to the
electronics.[12] The Argus Il however, has a camera system that provides input to the
implant, allowing patients to leave the clinic with the system operational. The electronics are
protected with a hermetic enclosure and implant longevity is estimated to be greater than 10
years, based on accelerated lifetime testing.[13] 60 electrodes are arranged in a 6x10 format.
Figure 2 shows the components of the Argus |1 system.

Thirty subjects were enrolled between 2007 and 2009 in the Argus Il clinical trial [12]. All
subjects were able to perceive light during electrical stimulation. Other tasks on which
subjects performed well include object localization (27/28 subjects better with system on vs.
system off) and motion detection (16/28 subjects better with system on vs. system off).
Letter reading was tested in 22/30 subjects.[14] Six of these subjects were able to identify
any letter of the alphabet at a 63.5% success rate (vs. 9.5% with the system off). In all 22
subjects tested, a small set of 8 letters was identified 72.5% correctly, vs. 16.8% with the
system off. Subjects were free to take as much time as needed to make a judgment. Adverse
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events that occurred during the trial include low eye pressure and infection, but such events
decreased with in later implants.

B. Subretinal

The second type of experimental implants tested in humans were subretinal implants, which
were implanted in the location vacated by degenerated photoreceptors. Optobionics tested
passive subretinal implants in 30 subjects.[15] A passive implant relies on incident light to
activate photodiodes arrayed on a silicon disk, with the resulting electrical current
stimulating the retina via electrodes also patterned on the disk. These devices did not
account for the low-level of light that reaches the back of the eye.[16] Ultimately, passive
subretinal implants proved to produce inadequate stimulating current, though some patients
reported improved vision. Animal studies show a “neurotrophic effect”,[17] which results in
improved retinal health due to the presence of the subretinal implant, suggesting a possible
mechanism behind improved vision reported by patients.

A more sophisticated device was tested in human by Retina Implant, GmbH (R1).[18] The
RI device had a subretinal array of microphotodiodes like the Optobionics device, but in
addition included circuitry to amplify the photocurrent to an adequate level, as shown in
Figure 3. This additional circuitry required an external power source. In the experimental
device, implant power was provided via a percutaneous cable, which crossed the skin behind
the ear. The commercial system described below (Alpha IMS) includes a wireless power
module in the place of the percutaneous cable. In addition to the microphotodiode array, the
experimental system included 16 “direct stimulation (DS)” electrodes, each of which were
connected to the percutaneous connector via a separate path, thus allowing access to these
electrodes by external test equipment.[19] The DS electrodes were either 50x50 um or
100x100 pm (larger electrodes in later implants).

12 patients were implanted with experimental RI system[18]. One implant failed shortly
after surgery and was not tested, so only 11 subjects are considered. Using the DS
electrodes, 6 of 11 subjects could perceive light from single electrode stimulation. Two
additional subjects could detect light when DS electrodes were used in combination while
three subjects could not detect light from DS stimulation. Of the 8 subjects who could detect
light, 6 could detect patterns consisting of simple lines or letters formed from the 4x4 array
of DS electrodes. The authors note that more success was possible in pattern detection when
electrodes were activated sequentially vs. simultaneously.

Detailed test results for MPDA mediated vision are available on the last 3 of the 12 subjects
implanted with the experimental system[18]. These subjects received implants with an
improved seal and redesigned cable, which allowed for longer implant lifetimes. The
average implant length for these three subjects was 126 days. All three subjects could detect
light mediated by the MPDA.. Two subjects had measurable visual acuity (0.34 and 0.22
cycles per degree). One subject had could successfully complete a number of visually
guided tasks, including letter recognition. This subject could recognize letters and correctly
report light in a quadrant.
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The Alpha IMS Wireless implant has been tested in nine subjects to date[20]. It is identical
to the RI implant described above, except the wireless version has a power module under the
skin behind the ear (Figure 3). The power module receives power and configuration data
from an external system via inductive coupling. 8 of 9 subjects could perceive light using
the system. The subjects could also detect and identify objects used in a table setting. 4
subjects could read letters from a reduced set. Three of the implants showed visible chip
degradation eventually leading to chip failure after approximately 250 days. The authors
attribute this failure to the quality of the chip’s hermetic seal [21]. Recently, the Alpha IMS
Wireless implant received CE Marking for commercial sale in Europe.

C. Suprachoroidal

Recently, a supra-choroid transcleral (STS) retinal prosthesis has been tested in humans
[22]. The surgical approach for this implant involves cutting a flap in the sclera (the outer
layer of the eye) and placing an electrode in the flap, such that the exposed electrode
contacts are directed towards the choroid (vascular layer) and retina, which lies on the other
side of the choroid. A single return electrode is placed in the vitreous cavity. Thus, stimulus
current passes through the choroid to the retina. An STS device with 9 electrodes was
implanted in a limited study in two patients. The electronics case was positioned under the
skin behind the ear. It was shown that stimulation resulted in light perception and the
subjects could reach out and grab an object, using a camera to guide them. This study was
limited to 4 weeks implantation.

D. Limitations of current systems

All the systems described above face limitations. The Argus Il and the STS systems are
relatively low resolution devices. Both of these devices are designed as permanent implants,
thus the hermetic packaging (see below) is large. The Alpha-IMS has the highest density of
electrodes, but this density is only possible because the system has less robust packaging
scheme. As such, the longest Alpha-IMS lifetime reported is less than 1 year. With current
packaging technology, there appears to be a trade-off between system lifetime and visual
acuity. In Section 11, we review engineering research in packaging and other areas that will
expand the system design space for retinal implants and may obviate some of these trade-
offs.

Even if a high density, long-lasting implant can be made, questions remain about how to
deploy such a system to achieve high-resolution vision on a consistent basis. The biological
challenges facing retinal implants may be even greater than the engineering challenges.
None of the implants tested in patients have produced perceptions of “pixelized vision”, as
depicted in numerous studies of simulated vision[23]-[25]. For example, vision produced by
the Argus Il does not result in a 6x10 array of identical phosphenes that can be precisely
controlled by the external camera system. Visual acuity testing demonstrates the challenges
remaining for prosthetic vision system. In the Argus Il trial, best measured visual acuity was
(20/1260)[12]. Measurable visual acuity was obtained in 7 of 30 test subjects. The Alpha-
IMS study reports visual acuity in 2 of 9 subjects, with a best measurement of 20/546 [20].
Thus, in both clinical trials, fewer than 25% of patients had measurable visual acuity. A
magnifying feature under user control on the Argus Il may enable 20/200 vision [26].
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I I I . ENGINEERING

However, this approach would be akin to looking through binoculars where even slight
movements of the head results in exaggerated shifts in visual field. In both the Argus Il and
Alpha IMS, the typical patients do not perceive even simple forms in an immediate way,
rather they scan their head and/or eyes over objects in order to make a judgment as to what
they are viewing. With natural vision one can perceive the letter “T”, for example. One does
not consciously think about a horizontal line on top of a vertical line, but simply knows that
it is a “T” without conscious thought. Retinal prosthesis subjects have not yet achieved this
type of vision. Yet, there exist “high achieving” patients with both systems, where visual
acuity can be measured. In those patients with measureable visual acuity, strong evidence
exists that the system does provide spatial information that can be used in visual tasks [27].
Thus, it is critical to understand why these subjects perform well while others do not.

R ESEARCH

Technical challenges exist that must be overcome before a high-resolution, long-lasting
retinal prosthesis can be achieved. To protect electronics long-term, new materials and
processes are needed to create a robust, yet thin, barrier to water and ions. Efficient circuit
architectures must be utilized that allow 100s of channels of stimulation while maintaining
power consumption below a safe level. Electrode arrays have a number of areas for
improvement. Electrode substrates need to adapt to the curvature of the retina without
crushing the soft retinal tissue. Electrode materials must support higher charge density since
small electrodes are needed for high-resolution retinal stimulation. Video processing is one
area that can contribute to improving the visual performance in patients with limited
resolution devices.

A. Packaging

Implantable electronic devices require a protective barrier to ensure that neither moisture nor
ions reach incorporated electronic circuits. Donaldson has described two methods to achieve
this barrier: encapsulation and hermetic enclosure [28]. Encapsulation refers to the use of a
conformal coating to form a protective layer around the electronics. When polymers are
used to form this layer, water will penetrate through the polymer, but the conformality of the
coating prevents the condensation of water on the surface of the electronics. This method
relies heavily on “cleanliness and absence of voids”[28], meaning the chip surface must be
free particulates and the conformal coating cannot have voids where water can condense.
This is very difficult to achieve reliably in practice, as evidenced by the fact that Donaldson
could identify only a single electronically active medical device that uses the encapsulation
approach. The 1-2 year lifetimes of the retinal prosthesis devices encapsulated with
polymers suggest that more process development is needed to make this a viable approach
for long-term encapsulation.

The vast majority of current neurostimulation implants use the hermetic enclosure approach.
Traditional methods for forming the hermetic enclosure involve the use of titanium or
ceramic cases joined to a feedthrough (a substrate with multiple isolated conductors) that
together form a hermetic package for the electronics.[29] (Figure 4) Both the thickness of
the case and the conductor pitch (spacing) lead to implant sizes that are much larger than
those of the enclosed electronics. The Argus 11 uses this style of packaging and due to
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limitations in conductor spacing, is limited to 60 independent stimulus channels. This is not
to diminish the engineering accomplishment of a 60 conductor feedthrough. In fact, the
Argus Il packaging represents a 3X increase in number channel number and a 10X decrease
in size, when compared to cochlear implants. Rather, this example demonstrates how much
more remains to be accomplished in bioelectronics packaging before a high resolution
device with a hermetic enclosure is possible. Typical feedthrough conductor spacing in
present day bioelectronic implants is on the order of 1 mm. Contrast that dimension with
integrated circuit pad spacing of 150 um, electrode dimensions of less than 25 um, and
transistor sizes of less than 1 um, and it is becomes clear that packaging is a major driver of
implant size, particularly with implants that are inductively powered and do not have
batteries (another major size factor).

Increased feedthrough density is being realized with advanced processing techniques.
Suaning and co-workers have achieved high feedthrough density by laminating a laser-cut
platinum foil between two sheets of alumina (a ceramic used commonly in medical
implants).[30] The platinum foil is patterned to form long lines. The gap between the lines is
filled with alumina suspended in a viscous liquid. Subsequent baking of the laminated
structures promotes crystal regrowth in the alumina suspension, leading to a dense alumina
surrounding the platinum lines. Interior package bond pads are created by drilling through
one of the alumina sheets to the Pt foil followed by an electrodeposition process to fill the
drilled hole. Electronics are placed on the same side of the laminate and connected to the
bond pads, to allow signal communication across the package. An alumina cap is then
bonded to the laminate structure to seal the electronics. Schuettler et al, describe a screen
printing approach to achieving 360 channels in a feedthrough whose overall size is less than
25 mm x 25 mm.[31] Gill et al stack green alumina sheets and pt wires in an alternating
pattern, and then heat and compress the structure to densify the alumina around the wires.
[32] Cutting sections normal to the wires results in a patterned grid of platinum conductors
embedded in alumina (Figure 5). Testing of this substrate showed helium leak rate of less
than 8x10-11 mbar-I/s

To replace the large metal enclosure, several groups have investigated deposition of thin
films to serve as barriers to water and ions. Such an approach can reduce the volume of the
implant by 50% or more. However, making pinhole free films is challenging, particularly
around three dimensional structures. As discussed earlier, polymers do not provide adequate,
long-term protection against water vapor penetration. The IMI device used parylene coating
and did not function longer than 2 years. Current research is directed at using diamond like
films, nano-crystalline diamond, or other silicon based films (silicon-carbide). Weiland (one
of the authors) and co-workers have investigated multi-layer, multi-material films, using
both diamond like coatings and metal films, that show good conformality around corners
and edges and improved ion barrier properties, though long-term testing has not been
completed.[33] Ultra-nanocrystalline diamond films have been deposited in very dense and
inert films, however this material may have an unacceptably high conductivity at higher
voltages, thus it may need to be insulated from biases by a better dielectric.[34] Recently,
amorphous silicon carbide (a-SiCy:H or a-SiC) has been proposed as an encapsulation
material for electrodes and electronics by several groups.[35],[36] This material has perhaps
the most promise of all materials tested so far, but still has key shortcomings. SiC has
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excellent dielectric properties and can be deposited, with careful instrumentation, at
temperatures below 400°C. It is also highly resistant to degradation. Limitations of SiC
include slow deposition rates (0.2 to 0.5 pm/hr) when using low temperature deposition. The
a-SiC intrinsic compressive stress is moderate (0.2 to 0.3 GPa), but this level of stress may
still limit the maximum film thickness (e.g., < 5 um) to maintain good adhesion and avoid
device distortion.

B. Electronics

There are several electronics components involved in retina prostheses. For those using
external cameras, both the camera and supporting hardware are custom electronic systems,
but typically use off-the-shelf parts. As such, these require careful engineering, but do not
present significant technical challenges. Some of the more innovative approaches to camera/
video processing are reviewed in section I11.D below.

In contrast, active research is taking place to improve electronics for inductive power and
data telemetry as well as implanted electronics. Recent advances in these areas are reviewed
below.

1) Telemetry—All retinal prosthetic systems use some form of wireless technology for
data and/or power. In contrast to deep brain stimulators which run on batteries with fixed
settings, retinal implants have a requirement for small size which preclude batteries and
must be constantly updated with new data based on the input to the camera. Conceivably, a
retinal prosthesis could be configured with a battery module in the chest with a cable
running up to the orbit and a camera in the eye. Such a system would only require
occasional wireless access for battery recharging and system diagnostic and configuration.
However, this architecture would complicate the surgical approach by requiring placement
of a battery module in the chest and connection of this module to the eye, via a subcutaneous
lead. Presently, no retinal prosthesis system uses a battery.

The Alpha IMS has an implanted imager chip thus no real-time data link is needed for this
system. An earlier prototype has a percutaneous connector behind the ear, but the most
recent version has a wireless module behind the ear, with a cable running to the eye. The
position of the wireless module has the advantage of ensuring a strong, stable inductive link,
since the wireless module can be just under the skin. In contrast, inductive coils on the eye,
as is done in the Argus Il and IMI implants, mandate additional design considerations for
relative movement between the primary and secondary coils. The behind the ear position is
very similar to the cochlear implant, so many of the wireless design details have been
optimized already. The trade-off for a behind the ear wireless module is the increased
surgical complexity needed for running a cable from behind the ear into the eye.

Cochlear implants use a single wireless link to carry both power and data. The signal is

modulated to carry data information and the induced current from the AC signal is rectified
and regulated to provide DC power. However, a fundamental conflict exists when choosing
a wireless frequency. To achieve an adequate data rate, the carrier frequency is typically an
order of magnitude higher than the required data rate, which for advanced retinal prosthesis
may be megabits/sec. Thus a carrier frequency of greater than 10 MHz may be needed.[37]

|EEE Trans Biomed Eng. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weiland and Humayun Page 9

However, to maintain efficiency of the power link, in terms of signal penetration into tissue
and AC-DC conversion, frequency less than 10 MHz is desired.[38]

Multi-band approaches have been proposed to allow efficiency in both the power and data
links. This approach separates the frequencies used for power and data.[39] The power
signal will be stronger, use a lower frequency and use larger coils, to accommodate the need
for transmission of significant power (implants require 10’s of mW). . The data signal is
higher frequency, can use much smaller coils since the data signal can be much lower
power. However, such systems require careful design since some interference between the
links will exist. A 256 channel retinal prosthesis system with dual band telemetry has been
demonstrated on the bench top, supporting the technical feasibility of this approach.[39]

Optical data and power links have also been investigated for retinal implants. The
optobionics subretinal microphotodiode array was powered by incident light, but this was
inadequate to stimulate the retina. Gross et al. have designed a retinal prosthesis with an
optical data link combined with an inductive power link.[40] The authors were able to
achieve a data rate of 200 kB/s. This prototype evolved eventually into the IMI implant.

2) Integrated circuit—The implanted IC must perform a number of functions. These
include AC-DC conversion (if inductive power telemetry is use), data demodulation (if
wireless data link), digital control, analog drivers, and reverse telemetry for diagnostics. One
of the major design challenges are related to the multiple voltages and negative voltages.
Negative voltages are needed since the stimulus driver must supply both anodic and cathodic
current.

Liu and colleagues have designed, fabricated, and tested multiple generations of integrated
circuits (IC) for retinal stimulation. They designed the initial version of the IC that is now in
the Argus Il. Their most recent contribution is a complete system with data demodulation,
timing controlled rectification, digital control, and 256 independent stimulus drivers.[41]
(Figure 6) The timing controlled rectifier does not use diodes and thus eliminates a
significant source of power loss. This IC was demonstrated as part of an end-to-end
functional system,[39] with the actual analog output displayed on an LED board and
wireless power and data. An innovative aspect of this design is the used of Circuit under Pad
layout, which takes advantage of the multiple metal layers in the process to place bond pads
over the circuitry, thereby reducing the IC area.

Ortmanns and colleagues have designed a 232 channel retinal stimulator chip.[42] The chip
is fabricated in 0.35 micron CMOS and includes high voltage (+/- 15V) compatible with
high stimulus currents through small electrodes. The overall chip size is less than 5x5 mm.
An innovative charge balancing scheme is used to reduce accumulated, residual charge on
the electrodes due to imbalance in the current source. Electrode voltage is sensed in between
pulses and voltages greater than +/— 50 mV trigger balance pulses that reduce the voltage.
This active scheme reduces chip size versus standard schemes, which involve blocking
capacitors or high-voltage transistors to connect the electrodes to a common point.

|EEE Trans Biomed Eng. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weiland and Humayun Page 10

A chip for subretinal stimulation has been fabricated and tested.[43] It has 256 channel and
was fabricated in 0.18 micron CMOS. High voltage components were included to allow a
wide range of stimulus currents. The chip includes power and data telemetry blocks as well
as diagnostics for sampling the electrode voltage on any output and transmission of this data
via a low-rate, reverse telemetry link. Output drivers can be configured as sources or sinks to
allow current steering.

A 96 channel retinal stimulator has been designed to allow current steering between local
sources and sinks.[44] The chip included high-voltage drivers (up to 20V) which requires
special, high voltage transistors, since the design was done in 0.35 um process (Austria
Microsystems). However, many of the other chip features could be handled by low voltage
transistors, resulting in significant space saving. The chip includes switches that allow each
electrode to be configured as either a current source or a group of 6 electrodes forming a
hexagonal sink surrounding the source. The purpose of having a local sink is to focus
current in a narrow area of the retina. It was implemented as a test chip, with 2 current
drivers and switching to accommodate 14 electrodes. The chip also includes a feature to
short all electrodes together to dissipate accumulated charge on any single electrode.

A 512 channel retinal chip has been implemented in 65 nm CMOS.[45] This chip features
novel auto-calibration circuitry on the output, which is used to tune the circuit to improve
precision and eliminate charge balance. The data channel can support data rates of 20 MB/s.
The small transistor size allows the chip to be 4.5 x 3.1 mm?, so the chip can possibly fit
entirely inside the eye, depending on the size added by the packaging scheme. Voltage is +/
- 2.5V. While this design choice will allow low power operation, the output current may be
limited depending on the impedance of the electrodes.

C. Electrodes

Electrode technology used by the Argus Il and Alpha-IMS represents an important step for
implantable bioelectronics. Older implants such as cochlear implants and deep brain
stimulators used hand-made electrode assemblies. These feature large platinum contacts
supported by a silicone substrate. In contrast, retinal implants use photolithography and
micromachining to fabricate arrays. This is needed because of the high number and the
density of contacts required for vision. Figure 7 shows an example of 1000 electrode epi-
retinal array, implanted in the eye of large animal model. Along with the cortical array used
in the Braingate study [46], stimulating arrays now implanted in humans build on decades of
research and development.[47].[48] Also, both the Argus Il and Alpha IMS use advanced
electrode materials, platinum gray and titanium nitride, respectively. Both are superior to
bulk platinum, which is typically used for neurostimulation, in terms of charge injection
capacity. Platinum grey[13] can inject 1 mC/cm? and titanium nitride[49] can inject 0.9
mC/cm?, versus 0.1-0.35 mC/cm? for platinum.[50]

Mechanical damage to the retina is possible if the electrode substrate materials are too rigid.
Polyimide and parylene are traditional substrates for photolithographically patterned
electrode arrays, but are rigid relative to silicone. However, patterning metal onto silicone is
difficult. Schuettler et al have invented a novel process for fabrication of silicone/platinum
arrays.[51] Medical grade silicone is spun on a glass carrier. A platinum foil is placed on top
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of the layer of silicone. A Nd:YAG laser is used to cut a pattern in the platinum, to form
conducting lines, bond pads, and electrodes. Another layer of silicone is deposited on the top
to form the final insulation layer. Prototype devices demonstrated a minimal feature size of
30 um, which is greater than photolithography (typically 2-5 um), but may be adequate
depending on the number of pixels in the array.

A fundamental problem facing retinal prostheses is the visual field that can be addressed.
The eye is a 2.5 cm diameter sphere (roughly) and the retina lines the back half of the eye.
To completely address the entire retina, the dimension of the array must be w*d/2 or almost
4 cm. Subretinal implants are limited by the fact that the retina must be detached to insert
these arrays. Current implants cover less than 10 degrees of visual angle. Increasing the
subretinal array size risks detaching the entire retina, which has disastrous consequences for
the long term health of the retina. The surgery for the Alpha-IMS includes a silicone oil
injection in the eye, which reduces the likelihood of retinal detachment.[20] Epiretinal
implant size is limited because of the small incisions that can be safely made in the eyewall
(less than 5 mm). Ameri et al describes a foldable array that can be inserted through a small
sclerotomy (eye wall incision), then expanded once in the eye.[52] This approach allows 1
cm wide array, thus 45-50 degrees of visual angle. Subsequent development of this idea has
demonstrated long-term implantation of these arrays into animal eyes.[53]

D. Cameras and Video processing

The Argus Il current uses an off-the-shelf video camera while the Alpha IMS has imaging
capability in the eye. Video processing algorithms can potentially improve the performance
of retinal prostheses by highlighting important areas and deemphasizing scene elements that
are not relevant to the current task. For example, something far in the distance may not be as
important as a nearby object. Another aspect of the system design is the position of the
camera. The Alpha IMS has a distinct advantage in that the imaging component is inside the
eye thus moves with the eye. It is well-known that perception requires not just vision but eye
movement and feedback of eye position to integrate visual information into and
understanding of a scene. Argus Il requires head scanning to integrate visual information.
Such motions are not impossible, but less natural. As discussed below, miniaturized
implantable cameras are under development that will impart to epiretinal implants the ability
to control camera direction with eye position.

1) Machine Vision—The first sophisticated algorithm directed to retinal prosthesis was
proposed and developed by Eckmiller and colleagues.[54] The Retinal Encoder predicts the
ganglion cell output in response to a given input and can be used to drive the stimulus of an
epiretinal device. The encoder approximates the typical primate ganglion cell receptive field
properties of primate retinal ganglion cells by means of individually tunable spatiotemporal
receptive field filters. The encoder maps visual patterns onto spike trains for a number of
contacted ganglion cells. An implementation of this scheme simulated part of the central
retina with a hexagonal array of 64 x 64 photosensors / pattern pixels that formed the input
to an evenly interlaced distribution of partly superimposed 34 x 34 receptive field (RF)
filters of P-On, P-Off, and M ganglion cells. Each ganglion cell filter included one RF-
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center pixel and six RF-periphery pixels. This algorithm has not been tested in humans with
retinal implants.

Others have looked to use software algorithms that process the video to enhance certain
relevant parts of the scene. Parikh et. al. used saliency algorithm biased by user input to
demonstrate improved object localization with simulated prosthetic vision.[55] The
algorithm was trained to selectively highlight a soda can in the user’s peripheral vision
(outside the range of simulated prosthetic vision). When simulated phosphenes on the edge
of the array where used to guide the user where to look, the user easily located the object of
interest. Without these guiding cues, the user struggled to find the soda can.

Enhancement of important areas may be useful for mobility as well. McCarthy et al used a
RGB-D sensor (color and depth) to obtain information regarding distance to objects.[56]
This information was then processed to extract local surface variation. From this, important
objects and nearby objects were highlighted using intensity and presented in a simulated
prosthetic vision paradigm. Their results clearly show that this computer vision approach
can accentuate nearby, potentially important obstacles such as a low wall next to a sidewalk.
Thus, rather than code the brightest objects with the highest intensity, instead determine the
importance of objects.

2) Novel camera—As mentioned in the previous section, depth cameras may become
important for retinal prostheses if depth perception is not possible due to low resolution or
monocular implantation. Depth cameras like those used in commercial products such as the
Microsoft Kinnect, project a speckle pattern of infrared dots onto a scene, then detect the
relative position of those dots, compared to a calibrated surface. The distortion in the pattern
allows depth of the reflecting surfaces to be measured. Depth cameras can be used as input
for computer vision algorithms like those described above, but also are used as input to
simultaneous localization and mapping (SLAM) algorithms. SLAM can be used to build up
a map of the local environment and a person’s position and pose within this environment.
[57] Such information can be useful when determining best how to use prosthetic vision to
guide someone through a complex environment.[58]

A micro-camera implanted in the place of the crystalline lens can couple gaze with the
stimulus pattern. (Figure 8) To fit in this space, a camera has been designed that is a cylinder
about 3 mm in diameter and 4 mm long.[59] The design features a hermetic packaged
capsule, a custom aspheric lens to focus and the image on the wide-dynamic range CMOS
sensor. Power and control circuits are placed behind the sensor. The optical system was
designed to have an unusually wide depth of field, to obviate the need for accommodation
(i.e. refocusing on close objects). The benefits of an intraocular camera architecture have
been explored using simulation, since direct comparison would require a similar system with
both external and implanted cameras. Simulation experiments suggest that users can perform
tasks in a more natural manner when the images they see are controlled by the direction of
eye gaze.
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E. Summary

Results from the engineering efforts have made significant advances, but in some areas,
much work remains. Integrated circuits have achieved sophistication that meets the
requirements of current systems, though more efficient designs are possible. Hermetic
packaging has also made significant advances, but hermetic coatings remain a challenge.
Electrode arrays can achieve the requisite electrode site density, but must become more
adaptable in terms of their shape, such that each site of a multi-electrode array is in close
proximity to the retina.

IV. BIOLOGICAL RESEARCH

Critical questions remain about the retinal response to electrical stimulation and how the
brain interprets this response. The clinical trials of both subretinal and epiretinal implants
demonstrate that patients do not experience idealized pixelated vision as depicted in many
publications. Each electrode does not produce an identical phosphene that is equidistant
from its neighbor. In fact, in the Argus Il clinical trial, only 55% of single electrodes could
produce a perception within the stimulation safety limits. In the Alpha-IMS device, it is not
clear if a single electrode can produce a perception, given its small size (50 microns). In
both devices, electrodes grouped together in parallel are used to elicit a response if a single
electrode cannot.

In spite of these difficulties in consistently achieving pixelized vision, it is clear that patients
do have some spatial information. Patients can detect the direction of movement, which
requires multiple pixels that are perceived at different locations. The highest performing test
subjects who read letters clearly obtain information from multiple pixels to complete this
task and subjects have reported form vision in some cases. But the typical patient experience
is not that of an array of independent phosphenes under precise control of the implant. The
reasons for this relate to both spatial and temporal irregularity of the phosphenes. The
clinical trial results were discussed earlier in Section 11. Below, we described more detailed
human psychophysics studies that tried to understand which stimulus parameters affect
perception. In addition, we discuss recent studies in animal models of retinal disease that are
beginning to reveal the basic mechanism of retinal stimulation.

A. Human studies

While all implants have reported basic characteristics of light perception and some have
measured visual acuity and object detection, most of the visual psychophysics studies have
been published by groups involved with the Argus | and Argus Il implants. These implants
are long-term, versus, for example, 4 week implants in the Epi-Ret trial. The long term
nature of the implant allows in-depth studies with repeated measures in the same subjects,
which are needed to build a significantly robust set of data.

1) Psychophysics—Horsager examined channel interaction using several measures in
Argus | implant patients.[60] A “same-different” task asked subjects to judge whether two
stimuli appeared to be the same or different. If different stimuli generate a “same” response,
then the visual system cannot resolve the differences between the two stimuli. A brightness
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task asked subjects to judge whether or not two stimuli were the same brightness or if the
second stimuli was brighter or dimmer than the first. Brightness was used as an indirect
measure of strength of activation. Using these measures, subjects were able to detect
differences in simultaneous vs. interleaved multi-channel stimulation. Simultaneous
stimulation means all electrodes are active at the same time while interleaved stimulation
means the pulse are temporally separated so that only one electrode is active. Subjects were
able to detect difference when pulses spacing was as low as 3 ms. Thus, the timing of pulses
will affect the perception.

Nanduri examined the relationship between perception size and stimulus magnitude and
frequency.[60] This is important since increasing the amplitude of the stimulus was found to
make perceptions both brighter and larger. However, objects may be brighter, but not bigger.
So finding a way to increase the brightness of a perception without increasing its size can
potentially improve the quality of the visual experience. It was found the increasing the
frequency of stimulation increased perceived brightness without increasing the size. Thus,
pulse rate modulation should be considered as a means of intensity coding for future retinal
prosthesis.

Neural stimulation can lead to desensitization of nerves, requiring an increasing stimulus to
create perception. In retinal prosthesis patients, phosphenes become less bright with
continuous stimulation. Nine Argus Il implant patients were tested to measure the rapidity of
phosphene fading.[62] Pulses were applied continuously on a group of 4 electrodes
(simultaneous stimulation). The phosphene was initially bright and distinct in all subjects,
but faded in all but one of these subjects. In 4 subjects, the phosphene faded slowly over
several seconds, while in the others it faded more rapidly, in less than 1 sec. The residual
perception was less distinct and dim. While this is a concern for retinal implants, the natural
motion of the head and eye while viewing a scene may act to refresh an electrode. Video
processing may be needed to regulate the amount of stimulus applied to single electrode
over a given time window.

2) Imaging—-Brain imaging studies will be an important part of future retinal prosthesis
research, complementing psychophysics. Very little work has been done in this area since
implants have only been put in humans in the last decade. One study not involving implants
used positron emission tomography (PET) to examine active brain areas when the eye we
stimulated with an external electrode.[63] Similar patterns of brain activity were elicited by
electrical stimulation in blind subjects when compared to light stimulation in sighted
subjects (Figure 9). It is worth noting that the Argus Il is labeled as MRI Conditional, which
means that patients with implants can undergo MRI procedures within certain limits.[64]
Indeed, Argus Il implantees have been scanned as part of routine medical care.[65]
Functional MRI would require activation of the device in the scanner. Alternatively, PET or
EEG can be used, but both are considered less accurate than MRI.

B. Animal studies

There are a multitude of reports describing electrical stimulation of the retina in animal
models. This work was reviewed by Freeman and the reader is encouraged to use that
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review to obtain a comprehensive understanding of the prior art.[66] Here, we focus on key
results that are of direct consequence to challenges noted in the clinical trials. A distinction
made in many of these studies should be defined for clarity. All the studies mentioned below
use retinal ganglion cell responses as a measure. This is appropriate, since this represents the
output of the retina. Direct stimulation refers to electrical stimulation that depolarizes the
retinal ganglion cell until an action potential is initiated. Indirect stimulation refers to
electrical stimulation that acts on another cell type in the retina, but through synaptic
transmission, causes a retinal ganglion cell to fire an action potential.

1) Increased degeneration leads to higher thresholds—Using animal models of
degeneration, multiple studies have demonstrated that degenerated retina has a higher
stimulus threshold than normal retina. Jensen et al. showed a consistent elevation in
threshold for rd1 mouse retina (vs. normal) up to post-natal day 200.[67] These experiments
used subretinal stimulation. Chan et al. examined threshold for epiretinal stimulation in
s334ter rat (a common retinal degeneration model) and found threshold elevated, but only in
older rats with a greater extent of degeneration.[68] A number of other studies support this
finding. However, Sekirnjak et al, found no difference in threshold in old, blind rat retina
compared to normal.[69] Experimental differences in this last study include use of a small
stimulating electrode (10-20 micron diameter vs. >75 micron diameter in other studies) and
explicit direct stimulation. The Chan study of epiretinal stimulation likely included both
direct and indirect stimulation. This is a better model of the current clinical situation in
patients, but the Sekirnjak study suggests that if individual ganglion cells can be targeted,
then threshold differences may not exist. The implications of these findings are that near
term retinal implants must be able to supply higher currents, but future implants, with
advanced electrode array technology, may be able to use lower stimulus and still achieve
perceptions. More detailed studies of retinal ganglion cell properties during retinal
degeneration are needed to confirm these results.

2) Axonal stimulation can be avoided with longer pulses—A key challenge facing
epiretinal prostheses relates to stimulation of axons. Ideally, each electrode site would
stimulate only nearby cell bodies. This will ensure that the perception generated by
stimulation will be small (on the order of the electrode) and correlated in visual space with
the position of the electrode site on the retina. Images are inverted horizontally and
vertically on the retina by the optics of the cornea and lens. Therefore, stimulation in the left
half of the retina should generate perceptions in the right visual field. If axons originating
from cells in the periphery and passing underneath the electrode site are also stimulated,
then the perception will also reflect activation of those peripheral cells and appear as an
ellipse or streak. Thus, stimulation of these “axons of passage” should be avoided if
possible. This is a challenge, since retinal ganglion cell axons form the top layer of the retina
and are closest to epiretinal electrodes.

Axonal stimulation can be avoided by increasing the length of the stimulus pulses. This
approach was first explored by Greenberg,[70] then later by Jensen[71] and Fried.[72] Weitz
recently demonstrated a calcium imaging technique that allows direct visualization of the
intracellular calcium of retinal ganglion cells, which is a reliable and accepted reporter of
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ganglion cell activity.[73] In all of these studies, it was found that long pulses result in no
activation of retinal ganglion cells except by synaptic transmission from bipolar cells.
Bipolar cells do respond to long pulses. The mechanism behind this is not clear, but it is
thought to be related to the biophysics of the bipolar cell membrane that allows it to
integrate stimulus over longer time scales. Freemen proposed that the L-type calcium
channel in bipolar cells plays a key role in this behavior.[74]

3) Continuous stimulation—The study of phosphene fading described above can be
replicated in animal models. Jensen showed that repetitive stimulation using subretinal
stimulation has a desensitizing effect when pulses are spaced up to 400 ms apart.[75]
Epiretinal stimulation studies show a similar phenomenon for indirect stimulation. Pulse
rates greater than 10 pulses/second result in decreased responses from the retina.[76] In
contrast, direct stimulation does not diminish spike responses and each pulse elicits a single
action potential at rates up to 500 pulses/second.[77] Desensitization may be related to the
adaptive mechanisms that exist in the retina (and in most neural systems). One approach to
overcoming this may be to vary the stimulus from pulse to pulse, in both time and space, so
that the cells see a new stimulus each time a pulse is applied.

V. CONCLUSIONS

Retinal prostheses represent a real, near term hope for blind individuals. The clinical trials
demonstrate that tangible benefits can be obtained, specifically improved mobility and
object localization. Patients with implants are generally pleased and use the devices in their
everyday lives. However, room for improvement exists. When using the prosthesis in the
real-world, patients do not report “pixelized vision”, where each electrode creates a spot of
light. Creating form vision is a major challenge. Image fading also must be addressed, since
patients need to rely on the quality of images throughout the day. Implant patients cannot yet
recognize the details of faces or objects. To achieve this important goal, the resolution of
implants must be increased, by increasing both the number of electrodes and the density of
electrodes. Hermetic packaging is the main engineering challenge limiting the number of
independent stimulation channels, which in turn will limit resolution. Significant advances
in electrode array and electronic circuits should enable high resolution implants. These
challenges must be addressed by interdisciplinary teams of engineers, clinicians, and
scientists, working in consultation with industry and patients, to build on the early success of
retinal prostheses.
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Figure 1.
Retinal Prosthesis Concept. An image is converted to an electrical signal by an imaging

device. The electrical signal is processed by external and/or implanted circuitry. The circuit
produces a pattern of electrical stimulus which is applied to the retina via a microelectrode
array positioned near the retina. Image courtesy of Annual Review of Biomedical
Engineering.

|EEE Trans Biomed Eng. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Weiland and Humayun Page 23

Glasses

Suturetabs  Electrode cable

t::_ Q\ . — Amay

Electronics case Implant coil

Figure 2.
The Argus Il Retina Prosthesis. A. The external system has a camera mounted in a pair of

glasses. The video processing unit (VPU) processes the camera data, then transmits wireless
power and data via the coil. B. The implant coil receives power and data for processing by
the electronics (within the silver case). The coil and case are secured with a scleral band that
encircles the eye. The electrode cable traverses the eye wall and the electrode array is
attached to the array with a retinal tack. Images from [12]
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Figure 3.
Alpha — IMS system (Retina Implant, GmbH). 1. The subretinal photodiode array (MPDA).

The MPDA has 1500 elements, each of which has a photodiode to sense light, circuitry to
amplify the signal, and electrode to deliver the stimulus pulse. 2. A micro flex cable holds
the MPDA while larger wire connect to 3. the subdermal receiver. 4. The return electrode is
outside the eye, under the skin. 5 & 6. The external system provides power to the implant as
well as some configuration data. 7. The implant position on the head. Images Courtesy Dr.
Eberhart Zrenner.
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Figure4.
Hermetic Packaging Schemes. Top — An electronics modules is placed inside an enclosure,

which includes a feedthrough platform with conductors and a case or lid. The feedthrough
and case are sealed together. Bottom — Coating an electronic chip is an ideal protection
scheme, but to date no coating technology has proven adequate for long-term implantation.
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Figure5.
High density feedthrough technology. Front view shows platinum conductors embedded in

alumina substrate.
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Figure6.

A 256 channel stimulator by Liu and colleagues. The chip has integrated power conditioning

and data decode, and 256 independent output channels. Image courtesy of Dr. Wentai Liu.
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Figure?.
A parylene substrate electrode array with 1000 individual electrode contacts, implanted in

the eye of a canine. The image is acquired via a fundus camera, through the dilated pupil.
Fluorscein injected into the circulatory systemically shows integrity of the retinal blood
vessels under the array.
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Figure8.
An intraocular camera positioned in place of the crystalline lens, similar to what is done in

cataract surgery when an intraocular lens is implanted. Such a device will allow eye gaze to
be in accord with perception, a key to improving the visual capability of implant patients.
Image courtesy Dr. Armand R. Tanguay, Jr.

|EEE Trans Biomed Eng. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weiland and Humayun Page 30

Figure9.
PET imaging of (left) Light stimulation in subjects with normal vision and (right) Corneal

electrical stimulation in blind subjects (with RP). Posterior view shown, arrows indicate
posterior pole. Courtesy Dr. John Xie.
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