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ABSTRACT To evaluate the efficacy of a suprachoroidal retinal prosthesis, a highly configurable external
neurostimulator is required. In order to meet functional and safety specifications, it was necessary to develop
a custom device. A system is presented which can deliver charge-balanced, constant-current biphasic pulses,
with widely adjustable parameters, to arbitrary configurations of output electrodes. This system is shown to
be effective in eliciting visual percepts in a patient with approximately 20 years of light perception vision only
due to retinitis pigmentosa, using an electrode array implanted in the suprachoroidal space of the eye. The
flexibility of the system also makes it suitable for use in a number of other emerging clinical neurostimulation
applications, including epileptic seizure suppression and closed-loop deep brain stimulation. Clinical trial
registration number NCT01603576 (www.clinicaltrials.gov).

INDEX TERMS

Neurostimulator, electrical stimulation, neural prosthesis, visual prosthesis, cortical

stimulation, deep brain stimulation, bionic eye, suprachoroidal.

I. INTRODUCTION

Neural stimulation has a long history of use in a range of
therapeutic applications, including regulating organ function
and treating a variety of neurological disorders [1]-[3].
Neurostimulators are also used to provide forms of sensory
perception; for example, electrical stimulation of auditory
neurons using electrodes implanted in the cochlea can provide
hearing sensations to people with a severe to profound hear-
ing impairment [4]. A related application is visual prostheses
(“bionic eyes”), in which electrodes implanted within the
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visual system are used to electrically elicit visual percepts
in people with minimal light perception. This research has
expanded in recent years, and several distinct techniques are
being developed [5]. These include stimulation of the visual
cortex using cortical electrode arrays [6], [7] and stimulation
of retinal neurons using electrode arrays implanted at various
intraocular sites [8]-[10].

One such device being developed by Bionic Vision
Australia (BVA) targets retinal neurons using an electrode
array implanted in the suprachoroidal space, between the
choroid and scleral layers of the eye [11]. This implantation
site has the advantages of surgical simplicity and long
term stability [12] at the expense of increased distance
from the retinal neuronal targets which may increase the
charge levels required to elicit percepts and limit spatial
resolution [13], [14].

Whilst preclinical studies can provide some insight into
the specifications required for a neurostimulator that will be
efficacious for a suprachoroidal retinal prosthesis [15]-[18],
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FIGURE 1. Prototype suprachoroidal retinal prosthesis with percutaneous connector. (a) An electrode array (top left) designed to be
implanted in the suprachoroidal space of the eye is connected to a percutaneous connector (bottom right) via a leadwire. Photo provided
by D A X Nayagam. (b) The percutaneous connector is implanted behind the ear and provides an external electrical connection to the
implanted electrodes. (c) A schematic illustration of the electrode layout of the array (not to scale). Twenty stimulating electrodes

(17 x 600xm and 3 x 400xm diameter) are arranged in a hexagonal grid, which is surrounded by thirteen interconnected 600xm diameter
electrodes that form a guard-ring return. The array also includes two large return electrodes (2mm diameter). An additional return
electrode (not shown) is implanted subcutaneously close to the percutaneous connector.

there are still many unknowns. For example, the electrical
properties of the electrode-tissue interface and the charge
levels required to elicit a neural response are undetermined
for degenerated human retina. To address this, BVA has
developed a prototype 24-electrode suprachoroidal implant
with a percutaneous connector (Fig. 1) [11]. The percuta-
neous connector provides a direct electrical connection to
each electrode in the device, allowing maximum flexibility
in the stimuli applied. This enables the stimulation parameter
space to be thoroughly explored using an external stimulator
and the performance of a suprachoroidal implant to
be evaluated. The results can then be used to inform the design
of future devices, including fully implanted systems.

To minimize the risk of harmful effects of stimulation,
it is essential that the external neurostimulator adheres with
established design principles of safe electrical stimulation.
These include the use of charge-balanced biphasic
pulses [19], post-stimulus electrode shorting and output
coupling capacitors to maintain charge recovery [20], [21],
charge limits and charge density limits to prevent damaging
stimulation being delivered [22]-[24], as well as appropriate
electrical isolation in accordance with IEC60601-1 [25]. The
use of constant-current stimulation pulses is also required
to ensure that changes in impedance at the electrode-tissue
interface are intrinsically compensated for, allowing precisely
predetermined amounts of charge to be reliably delivered [2].

To fully exploit the unrestricted access to the electrodes
provided by the percutaneous connection, a highly
configurable neurostimulator is required. The stimulus pulse
parameters (Fig. 2) must have appropriately wide ranges
and a resolution that allows flexibility in the values used.
Preclinical studies investigating suprachoroidal stimulation
using a feline model have used phase widths ranging from
100us to 3ms, with 300-1200us recommended as optimal
for eliciting visual responses whilst balancing charge and
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FIGURE 2. Charge-balanced, constant-current biphasic stimulus pulse
parameters.

current requirements [17]. As shorter phase widths require
larger currents to deliver a given amount of charge, the neu-
rostimulator must have an adequately high maximum output
current. For example, a biphasic pulse with 500nC per phase,
a charge level that has been required in some preclinical
suprachoroidal stimulation studies [15], [18], would require
a current of SmA when using a 100us phase width. The
compliance voltage, the maximum voltage that can be pro-
duced to maintain delivery of a specified constant current,
must also be sufficiently high. The compliance voltage
required is dependent on the current delivered, the phase
width and the electrode impedance, defined as the peak
voltage of a biphasic pulse divided by the stimulus current
amplitude [26]. A preclinical study using suprachoroidal
electrodes of the same size as those used in this study
(600um diameter) recorded electrode impedances between
11-15k€2 using 75 A pulses with a 25us phase width [27],
suggesting a high voltage compliance will be required to use
large currents. Other preclinical studies that used smaller,
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FIGURE 3. Block diagram illustrating the major functional components of neuroBi and its place within a typical patient-testing setup.

higher-impedance electrodes (<395um diameter) were
performed using a stimulator with 24V voltage compliance.
This stimulator was capable of eliciting visual responses
using currents up to 2mA [15]-[18]. Consequently,
a maximum compliance voltage of 40V is considered a
suitable requirement, as it provides headroom for using
short (<100us) phase widths and higher currents. A high
degree of electrode configurability is also required to enable
delivery of stimuli via various combinations of active and
return electrodes; for example, a configuration using a single
remote return electrode has been theorized to have different
current spread properties than a configuration using multiple
nearby electrodes as the return, which may affect percept
appearance [16], [28]. Additionally, it is desirable for the
external stimulator to be small and portable to facilitate
stimulation whilst the patient is mobile.

Whilst there are various commercial neurostimulators
available from companies such as Natus Neurology Inc.
(Grass Technologies), Digitimer Limited, and FHC
Incorporated, they generally have limitations in one or
more of the specifications required. For example, the Grass
S12X Cortical Stimulator (Natus Neurology Inc., USA) is
a constant-current biphasic stimulator that can deliver up
to 15mA and has a high degree of electrode configurability
when combined with an ESAx Electrode Switching Array
(Natus Neurology Inc., USA). However, the resolution of the
pulse parameters is restricted to a small number of steps,
the frequency range is limited to 2-100Hz and the current
accuracy is only specified for loads of 100-2000€2 [29]. The
need to combine separate modules and the need for a mains
power supply also limit the portability of the system. Taking
into account all of the requirements, there appears to be no
appropriate neurostimulator available for use in evaluating a
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suprachoroidal implant, and consequently a custom solution
was required.

This article details the design of a highly configurable, high
compliance voltage, 32-electrode neurostimulator, known
as neuroBi, and its application in determining whether
visual percepts could be elicited using a prototype supra-
choroidal electrode array implanted in one patient with
approximately 20 years of light perception vision only
due to retinitis pigmentosa. The configurability of neuroBi
together with its capability to deliver stimulation across a
wide range of parameters make it suitable not only for
use with a prototype suprachoroidal electrode array, but
also for many other clinical applications, including predic-
tion and suppression of epileptic seizures through stimula-
tion of subdural electrode arrays [30], [31] and deep brain
stimulation.

Il. METHODS
A. SYSTEM DESIGN
The major functional components of neuroBi and its place
within a typical patient-testing setup are illustrated in Fig. 3.
Under the control of a host personal computer (PC) and an
embedded microcontroller, neuroBi is designed to deliver
sequences of highly adjustable (table 1) charge-balanced,
constant-current biphasic pulses to any combination of
outputs connected to an implanted electrode array. The pulses
are generated using a single current source whose direction is
switched to reverse the polarity of the stimulating electrodes
and produce the alternating phases. A switch array
connects the pulse generation circuitry to the desired output
configuration via coupling capacitors.

A maximum phase width of 3ms was chosen to be
consistent with preclinical experiments [17]. The maximum
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TABLE 1. neuroBi Stimulus Parameters.

Current Amplitude 0-10mA (1pA steps)
Phase Width 20ps-3ms (1us steps)
Interphase Gap 20us-3ms (1ps steps)
Stimulation Period® 160us-5s

Number of Outputs 32

Electrode Configurability Arbitrary

Nominal Compliance Voltage Selectable 10/20/30/40V
*dependent on phase width and interphase gap used

interphase gap was also set to 3ms to allow gaps equal to
the phase width to be used. A maximum current amplitude
of 10mA was chosen to allow the use of narrow phase
widths (e.g 100us). The maximum compliance voltage was
set to 40V, but was made adjustable under software control
to allow lower levels to be used if high voltages were not
required. Using a lower compliance voltage setting minimizes
the risk of high voltages accidentally being applied to tissue
and also reduces the power consumption of the device by
lowering the supply rails. A resolution of 1A and 1us was
used to maximize the flexibility in the selectable values.

The connection to the host PC is via Universal Serial
Bus (USB), which provides power and communication to
neuroBi to configure device settings, control the delivery of
stimuli and to record data. Communication messages
consist of packets of bytes, which include a start byte to
mark the beginning of a message, a command identification
byte specifying the message function, a number of data bytes
and a checksum byte for message verification. The checksum
used is a 2’s-complement modular sum. External trigger lines
are also provided by neuroBi, which can be used to initiate
delivery of preloaded stimuli and to indicate when pulses are
being delivered.

The power and data lines of the USB connection and
the trigger lines are isolated within neuroBi to 5kV.
The isolated USB data line is then converted into four
universal asynchronous receiver/transmitters (UART) using
a quad serial-to-USB converter (FT4242H, FTDI Chip, UK).
This allows the host PC to communicate with neuroBi
over four serial ports, with different ports used for sending
command messages, debug information, stimulus current
measurements, and voltage waveform data recorded by
neuroBi. The four UARTs are connected to the
microcontroller (Kinetis K40 MK40X256VLQ100, Freescale
Semiconductor, USA), which is responsible for controlling
the function of neuroBi, including handling communication,
managing power settings, buffering sequences of pulses for
delivery, and coordinating stimulus generation. The isolated
trigger lines are also connected to the microcontroller.

The isolated USB power is routed through to a power
management chip (LTC3567, Linear Technology, USA) that
supplies power to the system and opportunistically charges
a Lithium Polymer battery. The battery is primarily used
to ensure safe shutdown in the event that USB connectivity
is unexpectedly lost, but can also be used as the sole power
supply for the device to facilitate ambulatory applications by
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eliminating the need for a portable computer (e.g. laptop,
tablet, or single-board computer) to power the device. The
power management chip generates a 3.3V regulated supply
that provides power to the microcontroller and communica-
tion circuitry, and an unregulated supply that feeds a step-up
converter and two low-noise 5/3.3V DC supplies. The step-up
converter is capable of generating the high-voltage supply rail
required to power the pulse generation and routing circuitry
with a software-controllable compliance voltage of 10, 20,
30, or 40V.

The use of a single switched current source to generate
the stimulus pulses has the advantage of intrinsic charge
matching for symmetric biphasic pulses, as the same circuitry
is used to produce both phases. It also has the benefit of
requiring only a single high-voltage supply, as opposed to
the dual supplies that would be required if a source and sink
were used. The design of a precision current source with a
compliance voltage of up to 40V, a slew rate sufficient for
generating microsecond-scale pulses, as well as high
efficiency and an output impedance high enough to ensure
less than 1% variation in current across tissue loads,
required careful consideration. A discrete bipolar junction
transistor (BJT) based topology was used as it could be
tailored to meet these specifications, at the expense of
increased design complexity. In comparison, operational
amplifier based topologies such as the Improved Howland
current pump used in some other neurostimulators [32], [33],
are limited by the capabilities of the operational amplifier
used. A chip that could meet the slew rate, supply rail and out-
put offset requirements for this application was not identified.

A linearized BJT and current mirror were used to create
the current source (Fig. 4). An Improved Wilson current
mirror [34] was used to achieve high output impedance and to
mitigate error due to finite base current. Additional matched
transistors are connected in parallel on the output side to
provide accurate current scaling. This also improved power
efficiency by minimizing the total branch current required
for a given output current. Matched emitter degeneration
resistors were also used to improve BJT beta matching and
the output impedance of the current source.

The current source is connected to quad high-voltage
single-pole single-throw switches (ADG5412, Analog
Devices, USA), which are used to interchange the direc-
tion of current flow to produce biphasic pulses. A high
voltage 4-channel multiplexer (MUX) (ADG5404, Analog
Devices, USA) is then used to route the current to either the
switch array or to one of three low temperature coefficient
resistive loads that are used to verify the amplitude and for
calibration. A high input impedance waveform capture circuit
comprising a fully differential amplifier and a 16-bit analog-
to-digital converter (AD7694, Analog Devices, USA) is also
connected across the output lines of the current direction
switches. This is used for current-source calibration and to
measure the voltage waveform across the output electrodes
during stimulation with a sampling rate of 100 kilosamples
per second.
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FIGURE 4. Current source used to generate stimulus pulses, consisting of a linearized BIT and an Improved Wilson current mirror with

additional current scaling.

The switch array is used to route the current pulses to the
electrode outputs. Each output can be individually connected
as either an active or return line using high-voltage 4-channel
MUXs (ADG5204, Analog Devices, USA). This facilitates
the unrestricted selection of electrode configurations for stim-
ulation. When not being used for stimulation, each output
can be set to be open circuit or connected to a common
point. The common-point connection allows electrodes to be
shorted together after stimulation, which is an established
method for removing residual charge in tissue due to charge
imbalance [21]. All high-voltage switches and MUXs used
in neuroBi feature trench isolation to prevent latch-up due to
electrode voltages beyond supply rails.

As stimulation safety was of paramount importance to
the design of neuroBi, coupling capacitors are used on each
output for protection against residual direct current (DC) due
to leakage and charge imbalance [21]. Including capacitors
also protects tissue in the event that an output stage fails
catastrophically by blocking DC from being applied to the
electrodes. Choosing an appropriate capacitor size is a
compromise between compliance voltage reduction and
physical size. A 10uF ceramic (X7R) capacitor was chosen
as for a 500nC per phase pulse, a stimulation level which
has been used preclinically to measure evoked responses
with a suprachoroidal array [15], [18], the compliance
voltage reduction is only 50mV whilst using a reasonably
sized surface-mount package (1210).

The outputs of neuroBi are connected to the patient’s
implanted electrode array via an electrode enable switch
box. This additional safety feature allows the electrodes to
be individually connected to or disconnected from neuroBi.
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The electrode enable switch box consists of an array of
momentary push buttons each connected to a low-voltage
normally-open relay. When the button for a particular
electrode is pressed, power is supplied to the coil of the
relay by a simple toggle on/off circuit and the connection is
established. An LED in the push button is powered through
a second pole of the relay to indicate that the electrode is
connected. Buttons are also included that concurrently
connect and disconnect all electrodes. A ‘stop’ button is
connected to the electrode enable box which removes the
power from the relays when actuated, causing them to
revert to the open state and completely disconnecting the
stimulator. This allows the patient or researcher to immedi-
ately cut off all stimulation in the event that any discomfort
or other unexpected effects occur.

To deliver a stimulus, commands are first sent from the
host PC to load neuroBi with the desired pulse param-
eters (phase width, interphase gap, rate) and electrode
configuration (Fig. 5). Up to 256 different stimulus param-
eter sets and 255 electrode configurations can be loaded.
Before each parameter set or electrode configuration is
stored, the nominated values are checked against defined
limits and any unacceptable values are rejected. Commands
can then be sent to trigger the delivery of a stimulus
using a particular parameter set and electrode configura-
tion with a specified current amplitude and number of rep-
etitions. Alternatively, stimuli can be buffered for delivery
as a sequence. Prior to any stimulus being delivered, the
charge per phase is calculated within neuroBi and compared
to a safe limit. Any stimuli that exceed the charge limit
are not delivered. The user can set the charge limit to an
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FIGURE 5. Stimulus delivery process. Electrode configurations and pulse parameters are first loaded into neuroBi. Stimuli comprising different
electrode configurations and pulse parameters can then be delivered, either one at a time or in a sequence.

appropriate value by sending a command message from the
host PC.

Ill. RESULTS

A. FUNCTIONAL & SAFETY TESTING

Prior to neuroBi being used clinically with patients, extensive
functional and safety testing was performed both internally
and by independent external engineers. Stimulation pulses
were delivered to a variety of test loads using a range of
parameters, with the resulting output waveforms verified for
accuracy (Fig. 6). From these waveforms the current out-
put was measured to be accurate to within 2% for currents
greater than 100uA. The output impedance and voltage
compliance were characterized for a range of output current
levels (Fig. 7). The charge injection, the amount of unwanted
charge injected into the output current path due to stray
capacitance within the switching integrated circuits, was also
measured and found to be less than InC.

The residual DC resulting from stimulation of the
suprachoroidal electrode array using neuroBi was measured
in vitro for a range of pulse parameters under various load
conditions. The DC was found to be less than 15nA in all
cases. Preclinical studies establishing a safe limit for resid-
ual DC in a suprachoroidal retinal prosthesis have not been
reported. However, DC levels of less than 100nA have been
shown to cause no damage when applied to the cochlea [21].
Based on this data the device was considered safe and highly
unlikely to cause any tissue damage.

A risk analysis was performed in accordance with
ISO 14971, covering failure modes and the use of neuroBi
with human subjects. Both neuroBi and the electrode
enable box passed electrical safety tested to Australian
Standard (AS) 3551 (2004) and the electromagnetic
emissions of neuroBi were found to conform with
AS CISPR11 (2011). Additionally, neuroBi passed
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FIGURE 6. Stimulation waveform recorded across a 10k test load using
a Fluke 190-204 Scopemeter (Fluke Corporation, USA). The measured
pulse parameters correspond with the defined settings of 200.s phase
width, 100us interphase gap, 1.5ms stimulation period and 1mA current
amplitude.

electrostatic discharge immunity testing in accordance with
AS 61000.4.2 (2002).

B. PATIENT TESTING

The initial application for neuroBi was to determine whether
visual percepts could be elicited in one patient with profound
vision loss wusing a suprachoroidal electrode array.
Measurement of electrode impedances was also required
to verify connectivity and to inform compliance voltage
requirements.

Following approval from the Royal Victorian Eye &
Ear Hospital Human Research Ethics Committee and trial
registration (www.clinicaltrials.gov, trial # NCT01603576),
one patient with profound vision loss due to retinitis
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FIGURE 7. (a) Measured output impedance as a function of output current. (b) Measured compliance voltage as a function of output current
using a 3ms phase width (worst case) with nominal settings of 10, 20, 30, and 40V. Voltage compliance is reduced for long phase widths

and large currents due to charging of the output coupling capacitors.

pigmentosa was selected through a clinical screening process.
The selected patient was a 52 year old female with rod-cone
dystrophy and approximately 20 years of light perception
only vision. Informed consent was obtained in accordance
with the Declaration of Helsinki. Following preliminary
testing with this patient, two additional patients were
scheduled to be implanted and tested at a later date. Further
details on patient selection are reported elsewhere [35].

The suprachoroidal electrode array (Fig. 1) consisted of
twenty platinum discs (17 x 600pm and 3 x 400m diameter)
arranged in a hexagonal grid within a silicone substrate.
These electrodes were intended primarily for use as active
current delivery sites. The implant also included thirteen
interconnected 600m platinum discs and two 2mm platinum
discs for use as return electrodes. Each electrode was
individually connected via a helical platinum/iridium wire
to the pins of a titanium percutaneous connector, which
was implanted behind the patient’s ear. The lead wire and
electrode array were tunneled subcutaneously to the orbit
and inserted into the suprachoroidal space through a scleral
incision. An additional electrode was also implanted adja-
cent to the percutaneous connector for use as a remote
return. Details of the surgical procedure have been published
previously [11], [35], [36].

Stimulation of the electrodes using neuroBi was performed
after approximately 8 weeks healing time. Stimulus delivery
was controlled using a purpose-built graphical user interface,
called EyeSee, running on the host PC. EyeSee was
responsible for managing experimental procedures,
communicating with neuroBi via a custom device driver
and applying additional safety features, including enforc-
ing charge limits. Ideally, the maximum charge that can
be safely delivered using a suprachoroidal array would
be defined through preclinical safety studies. However,
whilst chronic suprachoroidal stimulation safety studies have
been performed, they are yet to define a safe charge limit
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precisely [27]. In the absence of more appropriate data, the
Shannon model of safe levels of electrical stimulation [23]
with a k value of 1.85, as shown in [24], was used to define
maximum charge limits. If the specified charge per phase
exceeded the relevant limit, 447nC for a 600um electrode
and 298nC for a 400um electrode, EyeSee would not deliver
the stimulus. The compliance voltage required for a given
stimulus was also estimated before stimulus delivery using
the nominated current amplitude and measured electrode
impedances to ensure it was within range.

Electrode impedances were measured using biphasic
pulses and were defined as the voltage at the end of
the first phase divided by the current amplitude (Fig 8).
The voltage waveforms were recorded using the neuroBi
waveform capture circuit and an average of 50 pulses
was used to calculate the impedance for each electrode.
A common-ground configuration was used, where one
active electrode was stimulated against all others. In this
configuration, the parallel connection of multiple return
electrodes created a low-impedance path, so that the recorded
impedance value was dominated by the impedance of the
individual active electrode.

Stimulation parameters of 500us phase width, 20us
interphase gap, 75 A current amplitude and 500pps rate,
were chosen for measuring electrode impedances, based on
the results of preclinical studies [15], [17]. Using these
parameters, impedances were measured to be 16.5-20k2
(600um electrodes), 23.5-25.5k2 (400m electrodes) and
2.5-5.5k€2 (return electrodes). Two electrodes were initially
detected as open circuit, but those faults were traced to poor
contacts within the percutaneous connector that were
rectified later by replacing an externally accessible compo-
nent. Subsequently, all electrodes were available for use in
stimulation. The 600«m impedances measured were approx-
imately 5k€2 higher than those recorded preclinically [27],
however this can be attributed to different phase widths being
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FIGURE 8. Example current and voltage waveforms used to measure
electrode impedance. (a) Current waveform measured by stimulating a
test load and dividing the recorded voltage samples by the known
resistance. (b) Voltage waveform recorded from an implanted 600xm
electrode using a common-ground return. Both waveforms were recorded
using the neuroBi waveform capture circuit and are the average

of 50 pulses. Filled circles = averaged samples, open circle (marked by
arrow) = voltage data point used to calculate impedance. Samples

were not recorded during the interphase gap.

used (500us vs 25us) and differences between a sighted
feline model and a degenerate human retina.

Efficacy in eliciting visual percepts was assessed using
perceptual threshold measurements. An iterative stair-case
procedure was used, whereby stimuli with progressively
increasing charge per phase were delivered until a percept
was reported by the subject. The charge per phase was then
reduced until the percept was no longer observed. This pro-
cess was repeated until 8 turning points had been recorded,
with the average of the last six turning points used as the
perceptual threshold. If the charge per phase increased to the
safe charge limit, the procedure was aborted and the electrode
was considered to be unable to elicit a visual percept using the
stimulation parameters selected. Perceptual threshold values
were recorded in units of nC and also in dB re 10nC, as
perceived brightness is expected to be proportional to the
logarithm of stimulus intensity [37]. Further details on the
threshold procedure are reported elsewhere [38].

The threshold-estimating procedure was performed on
nineteen electrodes, with one 600um electrode excluded
as it was apparently open-circuit due to a poor contact in
the percutaneous connector. Based on results of preclinical
studies [15]-[17], stimulation parameters of 500us phase
width, 20us interphase gap, 50pps rate, and 0.5s duration
were chosen with a monopolar electrode configuration, where
an individual electrode was stimulated against one of the
2mm intraocular returns. Charge per phase was modulated
by adjusting the current amplitude. Visual percepts were
successfully elicited on all 600um electrodes tested, with
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threshold levels in the range 100-370nC (20-31.4dB). The
safe charge limit was reached before a perceptual threshold
could be obtained for two of the 400m electrodes, whilst the
other 400um electrode produced a percept with a threshold
of 190nC (25.6dB). Two 600um electrodes were also tested
using a common-ground configuration, producing perceptual
thresholds of 176nC (24.9dB) and 360nC (31.1dB).

The reported appearance of phosphenes varied depending
on the electrode stimulated. Shapes varied from simple ovals
filled with cream-grey light, to complex shapes with multiple
light and dark regions [39]. The location of phosphenes in the
visual field was also reported to vary in a manner consistent
with the layout of the electrode array. The return electrode
configuration did not appear to strongly affect phosphene
appearance. Detailed characterization of phosphene appear-
ance will be the subject of a future publication.

IV. DISCUSSION

An innovative neurostimulator, neuroBi, has been described.
Preliminary clinical test results have shown it to be effective
in eliciting visual percepts in a profoundly vision-impaired
subject with approximately 20 years of light perception
vision only, implanted with a suprachoroidal electrode array.
The final device is a highly configurable neurostimula-
tor in a relatively small form factor, with dimensions of
170mm x 130mm x 55mm and weight of 800g (Fig. 9).

FIGURE 9. Photo of neuroBi (top right), electrode enable switch
box (bottom) and ‘stop’ button (top left).

By stimulating individual electrodes with neuroBi, it was
possible to elicit distinct phosphenes using a suprachoroidal
implant. The perceptual thresholds are approximately
2 times higher than those measured using chronic epiretinal
stimulation in humans [38], however higher thresholds are
expected as a suprachoroidal implant is further from the
retinal stimulation targets. These results suggest that the
suprachoroidal space is a viable implantation site for a retinal
prosthesis.

Further work is required to characterize the phosphenes
elicited and to determine how they can be used to
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functionally improve the patient’s vision. Following this
successful preliminary testing, two additional patients have
been implanted with the suprachoroidal device and all three
patients have been subject to weekly psychophysics sessions.
Psychophysics testing is being performed to determine the
optimum stimulation parameters for a suprachoroidal retinal
prosthesis [38]; to characterize the appearance and location
of the visual percepts elicited; and to investigate how to build
useful visual information by stimulating multiple electrodes
closely in time. A head-mounted video camera has also been
integrated with neuroBi and the host PC to provide real-time
stimulation based on the visual scene in front of the patient.
This has allowed standard visual acuity tests to be performed
and enabled patient performance to be assessed in a number
of activities of daily living, such as navigation and object
recognition [35].

The initial results obtained suggest that the full capabilities
of neuroBi will be required to undertake psychophysics test-
ing with the prototype suprachoroidal electrode array. The
threshold levels measured (100-370nC) are approaching the
defined safe charge limit for a 600um electrode (447nC).
Subsequently, stimuli up to the limit will be required to
be able to stimulate at levels above threshold. The safe
charge limit corresponds to 894 A for a 500us phase width;
however, if shorter phase widths are used, higher currents will
be required. For example, if a 100us phase width is used the
safe limit would correspond to 4.47mA, which is still well
within the capabilities of neuroBi. The electrode impedances
measured suggest that the highest compliance voltage
setting (40V) will also be required. Using Ohm’s law as a
crude estimator of compliance voltage requirements, a series
combination of a 400um electrode (up to 25.5k2) and a
return electrode (up to 5.5k€2), as used in a monopolar
configuration, could require up to 31V when stimulated
at ImA. Whilst it is not expected that the electrode-tissue
interface will behave as a purely resistive conductor, this
approximation illustrates that a high voltage compliance
capability may be required in some conditions.

To the authors’ knowledge, the capabilities of neuroBi
in terms of current output, compliance voltage, electrode
configurability and portability are not achievable with com-
mercially available external or implantable stimulators. This
flexibility of neuroBi will be used with psychophysics testing
to explore and refine the stimulator specifications required for
a suprachoroidal implant. These can then be used to inform
production of a fully implantable stimulator device that is
designed to meet those requirements.

The applications for neuroBi are not limited to
suprachoroidal retinal prostheses. Its versatility makes it
suitable for use in stimulating any neural interface with an
externally accessible connection. Additionally, with rela-
tively minor modifications, the switch array can be expanded
to 128 channels and setup to route electrode connections
to external recording equipment when not being used for
stimulation. Currently, neuroBi is being used preclinically
to test spatiotemporally complex patterns of stimulation that
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have been proposed for suppressing epileptic seizures [40]
and is being integrated into an existing closed-loop system
for epileptic seizure detection and suppression [30], [40]. Itis
also intended that neuroBi will be used in a seizure predic-
tion system that probes cortical excitability using subdural
electrodes [31], for cortical mapping prior to surgical resec-
tion, and in a closed-loop deep brain stimulation system.

Future work may include the development of stimulators
capable of outputting arbitrary waveforms. Whilst the effec-
tiveness of symmetric biphasic waveforms (as in Figure 2)
for neurostimulation is well established, other wave-
forms, such as sine waves [41] or asymmetric biphasic
pulses [42], [43], may provide benefits such as greater
neuronal selectivity and/or reduced perceptual thresholds.
A stimulator with arbitrary waveform capabilities will allow
these concepts to be evaluated, including whether they are
safe for chronic use. Arbitrary waveform generation is feasi-
ble with neuroBi, requiring only changes to the firmware.

Development of neurostimulators with  multiple
independent current sources is another area for further work.
The capability to simultaneously deliver current to multiple
electrodes in a controlled manner would allow advanced
stimulation strategies to be applied, such as current steering
which has the potential to improve the spatial resolution of
retinal prostheses [44], [45]. A device with the necessary
capabilities is required to evaluate the safety and efficacy of
such strategies.

V. CONCLUSION

The initial application for neuroBi was to evaluate the capa-
bilities of a suprachoroidal retinal prosthesis in visually
impaired humans. Using neuroBi, reproducible phosphenes
were successfully elicited in one patient with light perception
vision only, suggesting that the suprachoroidal space is a
viable implantation site for a retinal prosthesis. The results
obtained from subsequent experiments performed using
neuroBi will guide the design of next-generation devices and
progress the development of a commercially viable visual
prosthesis that can provide functional vision to the profoundly
vision-impaired. The configurability of neuroBi also makes it
suitable for use in a number of other clinical neurostimulation
applications and it is already being used to develop treat-
ments for epilepsy and other neurological disorders. As such,
neuroBi is a valuable tool for translating clinical research into
therapeutic devices.
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