Journal of Neural Engineering

PAPER

In vivo feasibility of epiretinal stimulation using ultrananocrystalline
diamond electrodes
To cite this article: Mohit N Shivdasani et al 2020 J. Neural Eng. 17 045014

View the article online for updates and enhancements.

This content was downloaded from IP address 101.176.65.218 on 16/04/2021 at 00:08

J. Neural Eng. 17 (2020) 045014

https://doi.org/10.1088/1741-2552/aba560

Journal of Neural Engineering
PAPER

RECEIVED

25 February 2020
REVISED

13 July 2020
ACCEPTED FOR PUBLICATION

13 July 2020
PUBLISHED

3 August 2020

In vivo feasibility of epiretinal stimulation using
ultrananocrystalline diamond electrodes
Mohit N Shivdasani1,2, Mihailo Evans1, Owen Burns2, Jonathan Yeoh3,4, Penelope J Allen3,4,
David A X Nayagam2,5, Joel Villalobos2, Carla J Abbott3,4, Chi D Luu3,4, Nicholas L Opie6,
Anu Sabu2, Alexia L Saunders2, Michelle McPhedran2, Lisa Cardamone2, Ceara McGowan2, Vanessa Maxim2,
Richard A Williams5, Kate E Fox7, Rosemary Cicione8, David J Garrett7,8, Arman Ahnood7,
Kumaravelu Ganesan8, Hamish Meffin9,10, Anthony N Burkitt9, Steven Prawer8, Chris E Williams2
and Robert K Shepherd2
1
2
3
4
5
6
7
8
9
10

Graduate School of Biomedical Engineering, University of New South Wales, Kensington,
2033, Australia
The Bionics Institute of Australia, East Melbourne, VIC 3002, Australia
Centre for Eye Research Australia, Royal Victorian Eye and Ear Hospital, East Melbourne, VIC 3002, Australia
Ophthalmology, Department of Surgery, University of Melbourne, Parkville, VIC 3010, Australia
Department of Pathology, University of Melbourne, Parkville, VIC 3010, Australia
Department of Medicine, University of Melbourne, Parkville, VIC 3010 , Australia
School of Electrical and Biomedical Engineering, RMIT University, Melbourne, VIC 3000, Australia
School of Physics, University of Melbourne, Parkville, VIC 3010, Australia
Department of Biomedical Engineering, University of Melbourne, Parkville, VIC 3010, Australia
National Vision Research Institute of Australia, Australian College of Optometry, Carlton, VIC 3053, Australia

NSW

E-mail: m.shivdasani@unsw.edu.au
Keywords: retinal implant, electrophysiology, visual cortex, electrical stimulation, diamond, retinitis pigmentosa, bionic eye
Supplementary material for this article is available online

Abstract
Objective. Due to their increased proximity to retinal ganglion cells (RGCs), epiretinal visual
prostheses present the opportunity for eliciting phosphenes with low thresholds through direct
RGC activation. This study characterised the in vivo performance of a novel prototype monolithic
epiretinal prosthesis, containing Nitrogen incorporated ultrananocrystalline (N-UNCD) diamond
electrodes. Approach. A prototype implant containing up to twenty-five 120 × 120 µm N-UNCD
electrodes was implanted into 16 anaesthetised cats and attached to the retina either using a single
tack or via magnetic coupling with a suprachoroidally placed magnet. Multiunit responses to
retinal stimulation using charge-balanced biphasic current pulses were recorded acutely in the
visual cortex using a multichannel planar array. Several stimulus parameters were varied including;
the stimulating electrode, stimulus polarity, phase duration, return configuration and the number
of electrodes stimulated simultaneously. Main results. The rigid nature of the device and its form
factor necessitated complex surgical procedures. Surgeries were considered successful in 10/16
animals and cortical responses to single electrode stimulation obtained in eight animals. Clinical
imaging and histological outcomes showed severe retinal trauma caused by the device in situ in
many instances. Cortical measures were found to significantly depend on the surgical outcomes of
individual experiments, phase duration, return configuration and the number of electrodes
stimulated simultaneously, but not stimulus polarity. Cortical thresholds were also found to
increase over time within an experiment. Significance. The study successfully demonstrated that an
epiretinal prosthesis containing diamond electrodes could produce cortical activity with high
precision, albeit only in a small number of cases. Both surgical approaches were highly challenging
in terms of reliable and consistent attachment to and stabilisation against the retina, and often
resulted in severe retinal trauma. There are key challenges (device form factor and attachment
technique) to be resolved for such a device to progress towards clinical application, as current
surgical techniques are unable to address these issues.

© 2020 IOP Publishing Ltd
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1. Introduction
The quest to restore vision to the blind using artificial electrical stimulation has accelerated markedly in
the last two decades. Retinal prostheses or so called
‘bionic eyes’ are no longer outside the realms of reality and have provided genuine hope for patients with
little to no light perception caused by inherited retinal
disorders such as retinitis pigmentosa and dry agerelated macular degeneration [1]. The basic premise
of any retinal prosthesis is to electrically stimulate
neurons in the retina that survive after photoreceptors have degenerated, resulting in artificial light percepts known as phosphenes. Phosphenes have been
widely considered as the basic building blocks for artificial vision, thus leading researchers to think about
the design of electrode arrays in the form of a large
collection of ‘pixels’. With the underlying assumption
that the visual acuity provided through artificial vision is directly correlated with the number of independent pixels, devices that exist today either commercially or in development, have been designed with
electrode arrays containing from few tens to more
than a thousand electrodes. Commercialised devices
including the Argus II and the Alpha IMS/AMS have
shown the ability to restore significant, but varying
degrees of functional vision in otherwise completely
blind patients, ranging from simple light perception
and localization, to reading of large fonts, recognition of common objects and other activities of daily
living [2, 3]. Unfortunately, due to multiple factors
including modest benefits provided to patients, the
complexity of surgery resulting in significant risk of
post-operative complications, high expectations of
patients and their ophthalmic physicians, and the
challenges of dealing with reimbursement entities, in
2019, these devices were discontinued from the market [1, 4]. A newer device named the PRIMA system from Pixium Vision in France is yet to reach
the market. This device has electrodes placed in the
subretinal location and has been recently trialled in
patients with dry AMD in Europe as well as the
United States [1]. The device aims to address many
of the challenges faced by its predecessors, but perhaps its highest appeal is its goal to help AMD patients
with a large central scotoma and with an otherwise
intact retina, to achieve significantly higher levels of
visual acuity than achievable with their residual vision alone. Several other devices are also in the clinical
phase of testing or are going through several phases of
preclinical testing—for an overview of these devices,
the reader is directed to several recent review publications [1, 5–11].
While the various existing devices differ in many
aspects, one thing common to nearly all of them
with the notable exception of the PRIMA device, is
the requirement for a cable that breaches the scleral
wall. This cable is necessary either for power and
data delivery to an electronics chip inside the eye
2

(Alpha AMS for example) [3], or to provide a direct
connection between the stimulator and individual
electrodes (Argus II for example) [2]. In addition to
the obvious risk of cable breakage in these devices
due to intraocular movements, the greatest risk of
requiring a cable is the potential for leakage through
the eye causing chronic hypotony, particularly in the
case of the Argus II device since its electrode array is
placed epiretinally. Indeed, a recent study [12] reported a 13.3% incidence of hypotony and two explantations of Argus II devices directly linked to intractable hypotony. A second common requirement is the
need to transmit power and data from an external
video processor to an internal receiver using traditional inductive power delivery techniques. This further requires that a hermetic capsule containing specialised electronics is placed on the surface of the eye
(Argus II) or extraorbitally (Alpha AMS). The former
carries with it a significant risk of conjunctival erosion
as also shown to occur multiple times with the Argus
II device. In addition, both these requirements (cable
and placement of electronics capsule) have resulted
in the need for complex and lengthy surgical procedures. It can be therefore argued that a fully wireless intraocular device is a much-preferred solution to
overcome these limitations. To this effect, one solution that has been proposed is to place an intraocular receiver chip in place of the eye lens and the electrode array placed epiretinally. The EPIRET system
was one such device that was trialled in six patients for
a period of 4 weeks almost a decade ago [13]. However, because of the lens placement of the chip, this
approach presented a new risk of causing inflammatory reactions in the anterior chamber, that required
topical and systemic steroids and antibiotics, and one
patient in the trial even developed acute endophthalmitis. This leads to the notion that integration of the
electrode array along with the stimulator chip and the
power and data receiver circuitry may alleviate these
issues. The PRIMA device whilst being fully integrated contains photodiodes activated by near infrared
light, causing photocurrents to flow through electrodes [7]. However, this design precludes the ability to have direct microprocessor control of electrodes
and subsequently the ability to customise any spatiotemporal patterns of electrode stimulation. In addition, such photodiode-based devices lose the advantages that image processing techniques can offer, in
precisely controlling the level of visual information
that is conveyed to the retina by the devices.
In 2010, an Australian consortium named Bionic
Vision Australia (BVA) received a substantial amount
of federal funding to develop multiple devices—one
of these was named the BVA high acuity device. The
concept of this device has been described in detail by
Ahnood et al [14], consisting of epiretinal and suprachoroidal components that are coupled using hermetically sealed rare earth magnets. A unique feature of this device is the use of diamond to create a
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fully integrated monolithic device with 256 electrodes
(120 × 120 µm electrode size) made of conductive nitrogen-incorporated ultrananocrystalline diamond (N-UNCD), a custom chip with 256 current
drivers bonded to the electrode array to enable full
independent control of each electrode, and the substrate and hermetic capsule surrounding the electronics chip made from non-conductive polycrystalline
diamond. While the device described in Ahnood et al
[14] does require a cable for power and data delivery, the group have been working on a newer generation device that will be fully wireless with power and
data transmission achieved through optical methods [15], thus creating a true monolithic fully integrated retinal prosthesis. To date, multiple feasibility
studies have been undertaken to realise the fabrication of and perform preclinical testing of such a
device including; the development of conductive electrodes [16] and a hermetic feedthrough array [17],
using N-UNCD electrodes to stimulate retinal neurons ex vivo [18, 19], modifying the electrode surface to
enhance its electrochemical properties [20, 21], bonding a custom-designed electronics chip to the electrode array [22] and finally, developing a hermetic
diamond capsule including bonding it to the electrode array using active brazing techniques [23]. The
ex vivo studies conducted with this technology in particular, demonstrated that activation of retinal ganglion cells (RGCs) with very low thresholds was possible [19] and that high-resolution focal stimulation
of the retina was also possible [18]. However, because
of the monolithic design, it is imperative that a reliable surgical technique including attachment of such
a device to the epiretinal surface in vivo, be developed.
Towards this goal, a feasibility study was undertaken
to assess whether a novel magnetic attachment technique could stabilise inactive diamond devices on the
epiretinal surface in both acute and chronic in vivo
preparations [24]. Another critical step prior to moving to chronic studies using active devices is to confirm that N-UNCD electrodes can evoke neural activity in vivo with enough fidelity to warrant further
development of this device. From a stimulation perspective, ex vivo studies seldom provide a realistic prediction on the charge levels that may be required to
evoke phosphenes, due to a more ideal scenario of
the retina often being in perfect apposition to the
electrode array in these experiments. Therefore, the
primary goals of this study were (a) to assess if an
array of functional N-UNCD electrodes could be successfully and consistently attached to the retina in vivo
in a large animal model and (b) if acute stimulation
of these electrodes could elicit neural activity in the
visual cortex at safe stimulus levels. In addition, we
also studied the effects of varying various stimulation
parameters on cortical activity including; stimulus
polarity, the method of return configuration, phase
duration and the number of electrodes simultaneously stimulated. To enable this, prototype devices
3

were manufactured which included individual wired
connections to an array of electrodes as the custom
electronics chip, hermetic sealing techniques for the
chip and optical power delivery methods were not yet
at a stage ready to be trialled in vivo. Also, at the time
of beginning these acute experiments, the magnetic
coupling attachment technique was not yet developed
and therefore in approximately half of the animals
used for these studies, attachment of the device was
made using a traditional tacking method.

2. Methods
2.1. Device fabrication
The prototype epiretinal diamond implants were partially manufactured in the School of Physics at the
University of Melbourne and partially at the Bionics
Institute, where final assembly was also performed.
The implant consisted of a diamond device embedded in a medical grade silicone substrate with an
integrated cable system developed to accommodate
the anatomy of the eye. The diamond device had
two components: an electrode array and a fanout
feedthrough array, which were electrically connected
using flip chip bonding. The medical grade silicone
assembly consisted of a paddle-shaped housing for
the diamond components, a flat ribbon cable with an
S-bend (intraocular cable), a Dacron scleral patch and
a cylindrical cable (extraocular cable) ending in a connector. The two cables contained 25 Pt-Ir wires that
were attached to the diamond device (figure 1).
For the electrode array, a 5 × 5 mm, 250 µm
thick, non-conductive, polycrystalline (PCD) diamond substrate was polished and subject to laser
milling on one side to create a central pattern of 5 × 5
vertical, 80 × 80 µm pits (150 µm deep) and 10 µm
holes within the pits that extended to the other side
of the substrate [17]. Residues were removed from
the substrates by boiling under reflux in a mixture of
5 ml of 98% sulfuric acid (H2 SO4 ) containing 0.5 g
of NaNO3 for 60 min at 300 ◦ C, followed by 30 min
of 3:1 Ar:O2 plasma (Diener FEMTO LF). Conductive, nitrogen-incorporated ultra-nanocrystalline diamond (N-UNCD) was then grown over the face with
the exposed holes using microwave chemical vapour
deposition (iPlas, Cyrannus Plasma source, 1000 W
microwave power, 70 Torr chamber pressure and a
stage temperature of 800 ◦ C), in the presence of 20%
N2 , 79% Ar and 1% CH4 gas. Gold (100 nm thick)
was deposited onto the N-UNCD surface using a
Thermionics VE-180 electron beam coating system
to protect the freshly deposited N-UNCD layer from
contamination. Electrodes were then created by laser
milling 30 µm (depth and width) trenches through
the gold and N-UNCD surface and slightly into the
PCD substrate followed by 4–8 h of 3:1 Ar:O2 plasma
to remove residues of conductive graphite. A 11 × 11
pattern of 120 × 120 µm square shaped electrodes
with 30 µm trenches in between was thus created on
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Figure 1. Prototype device construction. (A) Photographs of the constructed diamond components. Left image shows the array
face and right image shows the fanned-out feedthrough face with the platinum tubes for connecting wires. The 11 × 11 grid of
electrodes are marked on the array face with only the central 5 × 5 electrodes on this grid available for stimulation. (B) Final
prototype device for the tack experiments viewed from above the silicone housing assembly. The hole for the tack is marked by
the black circle. Inset shows a photograph of the titanium tack. (C) Final prototype device for the magnet experiments viewed
from above the silicone housing assembly. Inset shows a photograph of the suprachoroidal magnet component (magnet marked
by ‘S’), implanted 2 weeks prior to the epiretinal surgery. (D) Final prototype device viewed from the side showing the S-bend on
the intraocular flat ribbon cable, the scleral dacron patch and the extraocular helically coiled cable. (E) and (F) Scanning electron
micrograph images of the diamond electrode array depicting the high charge capacity rough N-UNCD surface.

the electrode surface which would be exposed to the
retina (see figure 1(A)). The central 5 × 5 electrodes
on this surface lined up exactly with the 5 × 5 pits
exposed on the other side so only these 25 electrodes
had an electrical pathway through the substrate. The
pits were then backfilled with conductive silver active
braze alloy (ABA) paste and heated to 830 ◦ C under
vacuum to allow the braze to fully melt and fill the
pits and the holes. Excess braze was then removed
through mechanical polishing using a 1200 grit diamond impregnated steel polishing wheel, making the
electrode array ready for final assembly.
The fanout feedthrough array was fabricated
using a similar process to the electrode array. Vertical feedthrough holes with a diameter of 150 µm
were milled around the edge of a 500 µm thick PCD
substrate. Laser micromachining was used to realise
trenches to connect the feedthroughs around the edge
of the feedthrough array to contact pads at the centre
of the array on the other side. The contact pads were
arranged to match the braze contact pads at the centre
of the electrode array. Following removal of residues
by acid boiling, the feedthrough holes and laser milled
trenches were filled with silver ABA, platinum tubes
were inserted into the feedthrough holes and the array
was heated to melt the braze and fill up the ‘fannedout’ pits. The platinum tubes inserted into the pits
before brazing extended beyond the edges of the feedthrough array to enable later attachment of lead wires.
The full diamond device assembly was completed
by making an electrical connection between the diamond array and feedthrough array using flip chip
bonding, and strengthening the connection using
4

underfill epoxy (figure 1(A)) [22]. For this, the
diamond and feedthrough arrays were mounted on
a carrier wafer. Shadow masks were aligned with the
contact pads and used to pattern the under-bump
metallisation (50 nm/50 nm/20 nm Ti/Ni/Au) and
Indium (10 µm) layers. The e-beam evaporator was
used to deposit the under-bump metallisation whilst
a thermal evaporator (PVD-75, Kurt J Lesker Inc.)
was used for the indium deposition. Following the
patterning of under-bump metallisation and indium
above the contact pads, thermocompression flip chip
bonding was used to make electrical connections
between the indium bumps on the two arrays. Flipchip bonding was performed at a maximum stage
temperature of 170 ◦ C for 30 s using a force of 25 N
in a formic acid atmosphere to remove any indium
oxide formed. Both prior to, and after the flip-chip
bonding step, the samples underwent a reflow step at
a maximum temperature of 200 ◦ C for 60 s in a formic
acid atmosphere to improve the bump adhesion, and
allow the sample to self-align to address any marginal
misalignment. Following flip-chip bonding, underfill
epoxy was applied to the gap between the chip and
diamond array using capillary force. The epoxy resin
EpoFix (Struers) was chosen due to its low temperature curing of 30 ◦ C ∼ 40 ◦ C, low viscosity of 550 cP,
and excellent adhesion to diamond and silicon.
The third and final component of the device
was the silicone housing assembly and cable. Medical grade silicone and injection moulding techniques
were used to fabricate this component. The different sub-parts of this component differed depending
on the attachment technique that was planned to be
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used in surgery to attach the device to the retina (i.e. a
titanium tack or a suprachoroidally placed magnet).
The housing sub-part was shaped in the form of a
paddle with a built-in recess to hold the fully bonded diamond electrode and feedthrough assembly,
called the ‘diamond casing’. If the planned attachment technique in surgery was a tack, a hole was
provided within the housing (figure 1(B)). If a magnetic attachment technique was planned, a parylenecoated neodymium magnet, 3 mm in diameter and
300 µm thick was glued on the top of the paddle
housing (figure 1(C)). The housing sub-part also held
25 Pt-Ir wires in place with each wire laser welded
to the 25 exposed platinum pins that extended from
the diamond box (figures 1(B) and (C)). The wires
were then coupled together into a flat ribbon cable
section that was ∼12 mm long and pre-moulded in
an S-shape to an optimised grade of stiffness (figure
1(D)). The diamond box together with the housing
and the flat ribbon cable formed the intraocular part
of the full device. The purpose of the S-bend in the
ribbon cable was to enable the device to naturally sit
flat inside the eye with the N-UNCD electrode side
of the diamond box always facing the inner retina.
The flat ribbon cable continued extraocularly as an
∼10 cm long cylindrical cable with the 25 wires helically coiled to provide maximum strain relief. At the
junction between the intraocular and extraocular sections of the cable, a dacron patch was glued to enable
suturing to the sclera during surgery (figure 1(D)),
thus allowing the cable to pass through the sclera. The
distal end of the extraocular section of the cable was
finally soldered to a suitable connector to enable stimulation of any of the individual electrodes or groups
of electrodes on the diamond array. The weight of the
final intraocular portion of the device (i.e. diamond
box, silicone housing, magnet and intraocular cable
section) was ∼120 mg with the diamond component
weighing ∼70 mg. For some early experiments (4/16
animals), devices were built with only 6 functionalised single electrodes while for later experiments all
devices were built with 25 functionalised electrodes.
In these devices, while the cable contained 25 wires,
only 6 of these were welded, thus the wire-electrode
mapping was always one to one.
Prior to use in an experiment, all devices were
tested in 0.9% saline to identify open and shortcircuited electrodes. This was done using an automated switching system and impedance monitoring software [25] developed in LabVIEW (National
Instruments, TX, USA) that cycled through each electrode, presenting a single charge-balanced biphasic
current pulse (500 µA, 250 µs per phase) and measuring the voltage developed on the electrode against
a platinum needle return electrode also immersed in
the solution. If the voltage reached the compliance
voltage of the stimulator (24 V), the electrode was
deemed to be open-circuited. Measurements were
also repeated in bipolar mode, where the return path
5

for the current was chosen to be every other electrode
on the array apart from the test electrode to identify
if the test electrode was shorted with any other electrodes. These open and short-circuited electrodes
were deemed non-functional and not used for stimulation in the experiments. Typically, there were two to
three non-functional electrodes found in each device.
2.2. Anaesthesia
All procedures were in accordance with the Australian
Code of Practice for the Care Use of Animals for
scientific purposes, the Association for Research in
vision and Ophthalmology’s Statement of the Use
of Animals in Ophthalmic and Vision Research and
approved by the Bionics Institute Animal Research
Ethics Committee (Project #14 304AB). Normally
sighted adult cats (n = 16) were pre-medicated with
Ketamine (intramuscular [i.m.], 20 mg kg−1 ) and
Xylazil (subcutaneous [s.c.], 2 mg kg−1 ). Surgical
anaesthesia was maintained for up to 72 h with
a continuous intravenous (i.v.) infusion of sodium
pentobarbitone (Nembutal, 3–8 mg kg−1 h−1 ). A
tracheostomy was performed and the animal intubated with an appropriately sized cuffed endotracheal
tube. Respiration rate, end-tidal CO2 , blood pressure using a non-invasive cuff and body temperature
were monitored consistently and maintained within
normal ranges. Hartmann’s solution (sodium lactate,
2.5 ml kg−1 h−1 ) was delivered throughout the experiment through a second i.v. line and daily injections
of Dexamethasone (i.m. 0.1 mg kg−1 ) to reduce brain
swelling, and Clavulox (s.c. 10 mg kg−1 ) to minimise infection risk, were also administered. Pupils were
dilated by regular topical application of Phenylephrine hydrochloride (2.5%), Tropicamide (0.5%) and
Atropine Sulphate (1%) (Bausch and Lomb, Chatswood, NSW, Australia). Eyes were kept lubricated
throughout using Hypromellose gel (HPMC PAA gel,
Alcon, Macquarie Park, NSW, Australia).
2.3. Surgery
As mentioned above, two attachment techniques were
tested in this study to attach the prototype device to
the inner surface of the retina. The first technique
made use of a single titanium tack (Heimann retinal tacks, Geuder AG, Heidelberg, Germany, with
a customised shaft to compensate for the thickness
of the array) as shown in figure 1(B) and was used
in seven animals. The second technique made use of
magnetic coupling as described in a previous study
by our group [24] and used in nine animals. This
technique required a magnet to be pre-inserted into
the suprachoroidal space two weeks prior to epiretinal surgery. The suprachoroidal magnet component was fabricated on a biocompatible silicone
substrate and consisted of a single parylene-coated
magnet at the tip and two small Dacron patches at the
other end (figure 1(C)). The implantation procedure
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is detailed in our previous study [24]. Briefly, following a lateral canthotomy, scleral incision, and dissection of a pocked between the sclera and choroid, the
magnet was inserted ∼15 mm into the suprachoroidal
space until the tip was beneath area centralis, confirmed through fundus imaging. The scleral wound
was sealed using Nylon sutures with the sutures also
passing through the Dacron patches on the distal end
of the suprachoroidal silicone substrate to mechanically secure the component into place. The animal
was allowed to recover after the suprachoroidal surgery for a minimum of two weeks.
The epiretinal surgical procedure, first involved
dissection of the nictitating membrane along with a
conjunctival peritomy. A 20-G three-port pars plana
approach was taken with the vitrectomy infusion line
placed ∼4 mm from the limbus on the temporal side.
20-G ports were used due to the need to perform a
lensectomy before the vitrectomy and it was found
that the debris were able to be aspirated through a
20-G cutter more effectively than a 23 or 25-G cutter. Other reasons included the inability to remove the
lens using a fragmatome as it caused the lens to calcify,
and the fact that 23 or 25-G cannulae were not easily
able to be stabilised in the thin sclera of cats. Nasal
and superior sclerotomies were performed for insertion of the light source and ocutome, respectively. A
complete lensectomy and vitrectomy were performed
using a contact lens to visualize the posterior segment. Adrenalin was administered as required (0.25–
0.5 ml) to dilate the pupil if miosis occurred. Following removal of the lens and vitreous gel, an ∼6 mm
incision was created ∼5 mm from the limbus through
which the epiretinal component was inserted, positioned, and attached. The silicone housing assembly
was held using small forceps and advanced towards
the retina. If a tack attachment was used, the tack was
preloaded into the housing within the provided tack
hole. Once the device was seen to gently touch the retina, the tack was inserted using the same forceps. The
tack length was chosen such that the head would penetrate the retina, choroid and sclera [26]. If a magnetic
attachment was used, the device was simply advanced
towards the retina with the surgeon aligning the epiretinal magnet visually with the approximate position of the suprachoroidal magnet. When the surgeon
observed that the magnets coupled (i.e. observation
of the device touching the retina), the forceps were
withdrawn. Scleral wounds were then sealed using
a combination of sutures and either histoacryl (B.
Braun, Sydney, NSW, Australia) or ultraviolet-crosslinked fibrinogen glue. To assist in sealing of the
wound, the eye was in some instances filled with air,
then refilled with either balanced salt solution or silicone oil to keep the eye inflated [24]. The device was
surgically positioned at or immediately superior to
the area centralis, to get the best chance of a measurable response in the visual cortex. All implantations
were performed by a team of skilled vitreoretinal
6

surgeons (Yeoh J and Allen PJ) with more than two
decades of experience.
Following epiretinal surgery, fundus images
(figure 2) were obtained using a microscope fitted
with a camera and a Volk quadraspheric lens (Volk
Optical Inc., OH, USA). Some of the animals were
then taken to an imaging laboratory to perform spectral domain optical coherence tomography (SD-OCT,
Spectralis Heidelberg Engineering GmbH, Heidelberg, Germany) imaging, depending on availability
and time constraints. SD-OCT B-scans and corresponding infrared images were used to confirm the
distance of the epiretinal device from the inner retina, whether surgical implantation caused any retinal
trauma and whether the device compressed the retina. OCT images were obtained overlying the silicon
substrate to the sides of the electrode casing as the casing itself prevented the underlying retina from being
imaged. After imaging, the animal was transferred to
the electrophysiology laboratory for the remainder of
the experiment.
For electrophysiology, the animal was placed in
a stereotaxic frame using ear bars inside a darkened
electrically shielded room. Visual inspection of the
eye and fundus imaging were repeated to confirm eye
health and positioning of the array. A craniotomy
(15 mm rostral and 5 mm caudal from the interaural
line, and 7 mm lateral from the sagittal suture on the
side contralateral to the implanted eye) was then performed to expose the visual cortex. The dura mater
was carefully excised and two parylene-based flexible platinum electrode arrays were placed on the
cortical surface [27, 28]. Electrically evoked potentials (EPs) in response to cathodic-leading biphasic
charge-balanced current pulses delivered to the epiretinal device were mapped along the surface of the
visual cortex to determine the cortical region with the
lowest evoked potential thresholds. A 6 × 10 multichannel planar penetrating microelectrode arrays
(Blackrock Microsystems, Foxborough, MA, USA)
were then inserted in the cortical region with the lowest evoked potential thresholds to a depth of approximately 1 mm. The recording electrodes on the cortical array were separated by 400 µm and the array
sampled ∼7.2 mm2 of the visual cortex.
2.4. Experimental protocols
All electrical stimuli were generated with a custom
in-house built constant current stimulator routed
through a cross-point switch matrix (National Instruments, TX, USA) and connected to the epiretinal
array. The switching system allowed any combination
of electrodes on the epiretinal array to be used either
as an active or return electrode. A separate platinum
needle inserted into the eyelid of the animal served as
an extraocular monopolar return electrode. In each
animal, all available single electrodes were tested, and
a large variety of stimulating configurations were
evaluated, whereby configurations were distinguished
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Figure 2. Fundus images post-surgery. (A)–(C) Images obtained from three experiments where a tack was used. Tacks are
indicated by the arrows. A second arrow shows the platinum wire bundle that connected to the diamond device where clearly
visible. (D)–(F) Images obtained from three experiments where magnetic coupling was used. A double-arrow indicates the
position of the epiretinal magnet. Asterisks in all panels denote the position of the optic disk where clearly visible.

by varying the: stimulating electrode, phase polarity (cathodic first [CF] or anodic first [AF]), phase
duration (250, 500, or 1000 µs), return electrode
(Monopolar [MP] or Common Ground [CG]), and
the number of electrodes stimulated simultaneously
(Gang size). For CG stimulation, all remaining electrodes apart from the active electrode on the array
were chosen as the return. For each of these configurations, cortical activity (0.1–7500 Hz bandpass
filtered) was recorded (Blackrock Microsystems Cerebus System) in response to a discrete range of charge
values from 0 nC to a maximum of 160 nC per electrode presented to the retina in a random order at
1 Hz, with each charge level repeated 10 times. The
maximum charge corresponded to a charge density of
1.1 mC cm−2 , shown to be the limit with N-UNCD
electrodes [21]. A selected subset of stimulating electrodes was re-tested on the second day of the experiment to assess the effects of time on cortical spiking
measures.
2.5. Histology
Complete techniques for termination, tissue preparation/registration, processing, sectioning and
staining retinal samples adjacent to implants have
been described previously [29, 30]. Briefly, electrophysiology measurements continued until the end
of the experiment at which time the subjects were
terminated with barbiturate overdose (Pentobarbitone, 150 mg kg−1 , Ilium, Troy Laboratories Pty
7

Ltd, Australia), intravenously (i.v.) heparinised (DBL
Heparin Sodium injection BP; 0.1%; Hospira Aust
Pty Ltd, Victoria Australia) and transcardially perfused with warm (37 ◦ C) saline followed by cold
(4 ◦ C) neutral buffered formalin. Eye globes were
extracted together with implanted electrode arrays
and leads immediately post-perfusion. The enucleated globes were post-fixed in Davidson’s fixative
and dehydrated in ethanol. Scleral tissue adjacent to
the implant location was identified and dyed. The
eyes were dissected, and full thickness tissue strips
were collected at implant-adjacent sites. Tissue strips
were processed according to standard histological
procedures [29]. 5 µm thick paraffin embedded serial
sections were collected from each of the dyed tissue
regions and mounted on slides. Haematoxylin and
eosin (H&E) staining was performed on serial sections. All sections were imaged using an Axio Imager
2 upright microscope (Carl Zeiss) and Axio Vision
software (version 4.8.2; Carl Zeiss). Samples were
assessed in collaboration with an independent clinical pathologist (Williams RA).
2.6. Cortical data analyses
All data was analysed offline using custom scripts
written in Igor Pro (Wavemetrics, Lake Oswego,
OR, USA) and MATLAB (Mathworks, Natick, MA,
USA). Signal artefacts from electrical stimulation
were removed using previously established techniques [27]. The signal was then bandpass filtered

J. Neural Eng. 17 (2020) 045014

M N Shivdasani et al

Figure 3. (A) Example of spikes (∗ ) recorded on one recording site in response to a single biphasic current pulse delivered to the
retina through the N-UNCD array. (B) Average number of spikes per pulse as a function of stimulation current level. Threshold
for this stimulating electrode was determined to be 2.5 nC. (C) Peri-stimulus time histogram of spiking activity built up over
multiple current levels. Spiking responses were counted in a window 3–20 ms from stimulus onset. Dashed lines in (A) and (C)
indicate onset of stimulus. (D) Method of deriving cortical spread shown for one stimulating electrode. In this example cortical
spread was determined to be 2 mm.

(Butterworth filter, 300–5000 Hz) and background
activity was estimated by calculating the root mean
square (RMS) value every 60 s. Spikes on each
cortical channel were detected (figure 3(A)) and
timestamped if the signal exceeded −4xRMS. Only
spikes detected within a 3 to 20 ms window from
stimulus onset were included in analyses as these
are assumed to result from both direct activation of RGCs and synaptically-mediated activation of RGCs via bipolar cell activation, consistent with the latencies recorded by Boinagrov et al
[31] ex vivo in the retina using synaptic blockers,
and consistent with our previous studies employing suprachoroidal stimulation [27, 28, 32, 33].
For each set of cortical responses to a given stimulation configuration, a spike count (within
3–20 ms post-stimulus onset) versus current level
input-output function was derived (figures 3(B) and
(C)). Only configurations where at least one cortical
channel fired a minimum of 1 spike/trial at any current were considered.
Three spiking features were subsequently derived
from the data. Firstly, threshold for each cortical
channel was defined as the lowest current required
to exhibit spike rates greater than the baseline
8

spontaneous activity (typically zero), only if all
currents above this threshold current showed an
increase in spiking activity from threshold (figure
3(B)). This definition of threshold does not rely on
spike rate saturation within the cortex and was therefore used, as the majority of cortical responses in this
study did not saturate. This definition of threshold is
also consistent with our most recent study assessing
suprachoroidal stimulation where a significant number of non-saturating responses were observed [28].
The cortical channel requiring the lowest thresholds
for activation was deemed as the best cortical electrode (BCE) for that stimulus configuration. All BCE
thresholds were expressed as a charge value [28].
Secondly, a first spike latency (FSL) was calculated
as the time (ms) between the onset of a given stimulus pulse and the first neural spike detected in the
response on the BCE at the maximum charge presented in a given stimulus configuration.
Finally, a cortical spread measure was determined for each stimulation configuration based similar
to our previous study using suprachoroidal stimulation [28]. For this measure, we first quantified the
growth of neural response on each cortical channel
by calculating the discrimination index (D-prime, d’)
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Table 1. Success rate of single electrode stimulation across nine animals where cortical responses were obtained.

Subject#

Number of wired Number of func- Number of func- Number of
electrodes in
tioning electrodes tioning electrodes electrodes
fabrication
post-saline testing post-implantation stimulated

Number of
electrodes yielding a response

A41
A42
A44
A45
A46
A57
A58
A60
A61
Total

6
6
6
6
25
25
25
25
25
149

6
2
0
4
18
17
10
22
14
93

6
3
5
4
21
24
10a
24
22
119

6
3
5
4
21
24
10
22
22
117

6
3
5
4
21
24
10
22
22
117

Success rate of
single electrode
stimulation
100.0%
66.7%
0.0%
100.0%
85.7%
70.8%
100.0%
100.0%
63.6%
79.5%

a

Likely due to either poor flip chip bonding, poor welding of wires to the feedthroughs or poor welding of wires to the externalised
connector

of spike rates at each current level compared with
spiking activity at threshold. D-prime values were
derived from signal detection theory. A receiver operator curve was constructed for each channel using the
spike rates for threshold and supra-threshold stimulus intensities. The area underneath the curve was
converted to a standard deviate and multiplied by √2
to calculate d’. The charge level at which a channel
reached d’ = 1 above threshold on the BCE was then
derived through linear interpolation. At this charge
level the d’ values on all other cortical channels were
estimated and their distance from the BCE was calculated [28]. The cortical spread was finally estimated
by calculating the shortest distance from the BCE at
which the d’ value reached 0.1 (i.e. 10% of the d’ on
the BCE), provided the d-prime values on all cortical
channels beyond this distance also had a d’ value of
less than or equal to 0.1 (figure 3(D)). In this manner, the lowest possible cortical spread was estimated
to be 0 mm. In these cases, it was determined that at
the charge level at which the BCE reached a d’ value
of 1, no other cortical channels had a d’ value of more
than 0.1, however we confirmed that there was spiking activity on these cortical channels at higher charge
levels. The maximum possible cortical spread would
be 4.12 mm (this would only occur if the BCE was at
one corner of an electrode array while the first cortical channel to have a d’ value of 0.1 was located at
the other corner of the array), although this never
occurred in any of the experiments and typical maximum values of cortical spread were less than 2.5 mm.

2.7. Statistical analyses
All statistical analyses were performed using IBM
SPSS v25. The effects of time, stimulus polarity,
return configuration and phase duration on BCE
thresholds, cortical spread and FSLs were analysed
through separate paired t-tests along with multiple comparisons as a posthoc. The effects of gang
size on BCE thresholds, cortical spread and FSLs
were analysed using one-way Analysis of Variance
9

(ANOVAs) followed by Tukey pairwise comparisons
as a posthoc.

3. Results
Due to complex surgical procedures, primarily necessitated due to the significant rigidity, size and weight
of the overall device, the surgery and device implantation was not successful in all 16 animals. In six animals that were considered as unsuccessful implantation, multiple issues were encountered associated
with; difficulties in attaching or stabilising the device
primarily due to conflicting forces between the silicone paddle that housed the diamond component
and the intraocular cable, and difficulties in sealing
the eye effectively leading to eye deflation and multiple retinal folding/detachments. Therefore, in these
six animals (two tacks and four magnets), no electrophysiology was attempted, and the animals were used
for another project. In one additional animal where a
tack was used, cortical electrophysiology was attempted but no responses were obtained to any of the stimulus configurations. Visual inspection of the fundus
confirmed that the device had become dislodged in
this animal, possibly during setup for the electrophysiology experiment. Successful cortical responses
were therefore obtained in 9/16 animals and analysed
further.
3.1. Single electrode stimulation
In nine animals (table 1), a total of 117 single
120 × 120 µm functional electrodes were stimulated.
The typical phase duration used for stimulation was
500 µs although for some electrodes, multiple phase
durations were tested. Also, the default return configuration used was monopolar stimulation (i.e. against
the extraocular platinum needle electrode) with some
electrodes additionally being tested using a common
ground configuration. Finally, the default stimulus
polarity was cathodic-first however some electrodes
were also tested using anodic-first pulses. Of the 117
electrodes tested, 93 electrodes (∼79.5%) from eight
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Figure 4. Variation between experiments. BCE thresholds (A), cortical spread (B) and FSLs (C) are shown for the 8 experiments
where BCE responses were obtained through single electrode MP stimulation using a phase duration of 500 µs. The number of
stimulating electrodes that evoked responses in each experiment are indicated below the corresponding experiment number in
each panel.

animals produced a response in the visual cortex on
at least one cortical channel within the maximum
160 nC charge limit, and therefore a BCE and a BCE
threshold were obtained.
In one animal (A44, table 1), responses could not
be evoked through single electrode stimulation (combinations of multiple electrodes did yield responses
10

in this animal). BCE thresholds and numbers of
electrodes where responses were seen, were found
to highly depend on the individual experiment
(figure 4(A); Experiments #A41 to #A46 used tacks
and #A57 to #A61 used magnets). Due to a large variation in cortical measures between animals and therefore to enable a fair comparison between the tack
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Figure 5. Retinal imaging showing retinal status after surgical implantation of device. (A) Infrared (IR) and SD-OCT images of an
example of an eye with a device implanted using a tack (Experiment #A45). (B) IR and SD-OCT images of an eye with a device
implanted using magnets (Experiment A#60). The diamond electrode casing is showing in magenta, the silicone housing shown
in orange, and the innermost retinal position shown in blue. The SD-OCT scan position is shown by a green arrow in the
accompanying IR image. A red asterisk shows regions of retinal compression. A white arrow shows a gap where there is significant
distance between the inner retina and the epiretinal device component. In both cases there was retinal compression at the tip of
the device, more severe in the tack example (complete) than in the magnet example (partial). There is a gap (∼200 µm) between
the device and the retina in the tack example when scanning the inferior edge of the device. There is significant shadowing of the
underlying retinal signal from the device, so the retina cannot be identified for the full length of the scan. In the magnet example,
the device and the retina are in ideal, close alignment when scanning the inferior edge. However, a significant gap between the
inner retina and the device (∼400 µm) is seen when scanning the superior edge. There are many factors affecting final thresholds
determined including device position, device distance from the inner retina and amount and location of retinal compression.
Both these devices were implanted superior to the area centralis.

and magnet attachment techniques, we combined
all data from each attachment technique and used
separate Mann-Whitney U tests (as data were nonnormal) to test for significant differences in cortical measures. Using an alpha level of 0.05, median
BCE thresholds were found to be significantly higher
(Tacks: x� = 15 nC, n = 30; Magnets: x� = 40 nC,
n = 63; p < 0.0001, β = 0.99), median cortical spread
significantly lower (Tacks: x� = 1.35 mm, n = 28; Magnets: x� = 0.73 mm, n = 50; p = 0.042, β = 0.45) and
median FSLs significantly longer (Tacks: x� = 6.7 ms,
n = 30; Magnets: x� = 8.3 ms, n = 63; p < 0.0001,
β = 0.99) when using magnets compared to tacks.
Single electrode thresholds ranged from as low
as 2.5 nC to as high as 160 nC with the mean
threshold across all electrodes being 43.5 ± 4.4 nC
(mean ± SEM). Of the 93 electrodes where a
threshold was obtained, a cortical spread could only
be calculated on 78 electrodes as for the other 15
electrodes, responses were only obtained on a single
cortical channel (i.e. the BCE) and no other cortical
channels showed spiking responses within the charge
limit. Of the 78 electrodes where spread was calculated, 21 electrodes resulted in a cortical spread of
0 mm (i.e. only the BCE had a d’ value of above 0.1).
Similar to the result obtained with thresholds, cortical
spread (figure 4(B)) and FSL (figure 4(C)) also highly
depended on individual experiments. The mean
11

cortical spread from single electrode stimulation was
1.1 ± 0.1 mm and mean FSL was 8.1 ± 0.2 ms.
Figure 5 shows example SD-OCT images from one
animal with a tack-mounted device and one animal
with a magnet-mounted device. Thresholds and cortical spread values did not appear to depend on the
attachment technique used but were presumed to
depend more on the position of the device relative to
the area centralis, distance of electrodes to the inner
retina (i.e. if the device is elevated from the retina)
and/or acute trauma to the retina during implantation as revealed by OCT imaging (figure 5). OCT
imaging clearly showed compression of the retina by
the epiretinal device in some cases (red asterisks in
figure 5), while in other cases the active region of the
electrode array was presumed to be elevated above
the retina due to a significant gap seen between the
edges of the silicone housing and the inner limiting
membrane (white arrows in figure 5). Often, one edge
of the device would be in good alignment with the
retina, whilst the opposing edge would be elevated.
Retinal compression appeared to occur near to the
tacked region, or in the case of the magnet attached
devices, near the tip of the silicone. Subsequent histological results (figure 6) confirmed trauma to the retina ranging from severe compression and buckling at
the edges of the implant to retinal folds, focal detachments and in some cases, trauma to photoreceptors.
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Figure 6. Histological results. (A) Red double-ended arrow indicates approximate extent of the epiretinal implant substrate in the
current plane. Black arrows indicate displaced retina at edges of array. Double arrow shows inspissated vitreous artefact. Scale
bar = 1 mm. (B) Black arrows show buckled retina with compression and decompression of the retinal laminae—particularly the
outer nuclear, outer plexiform and inner nuclear layers. Black-white arrow shows amorphous remnants of photoreceptor outer
segments which have detached from the retinal pigment epithelium. Gross degeneration of photoreceptors is visible in this region.
Double arrow shows possible thickening of the inner limiting membrane. Scale bar = 50 µm (also applies to panel C). (C)
Black-white arrow shows intact photoreceptor outer segments, suggesting an artefactual detachment of the retina in this location.
Double arrow shows inspissated vitreous artefact as per panel A. (D) Asterisk shows the space created by the suprachoroidal
component of the implant. The red arrow shows the approximate extent of the epiretinal implant component in the current
plane. Black arrow shows buckled and displaced retina at the edge of the epiretinal implant boundary. Double arrows show
cutting artefact of haemorrhage in the suprachoroidal location. Scale bar = 500 µm. (E) Black-white arrow shows partial retinal
detachment. Less pronounced disruption of the retinal lamination than panel B is also visible in this image (arrow). Larger folds
with characteristic buckles such as those described in panels A and B are nevertheless evident in panel D. Scale bar = 50 µm (also
applies to panel F). (F) Black-white arrow shows mostly intact photoreceptors at the interface with pigmented epithelium. Double
arrow shows inspissated vitreous. Evidence of disruption to the retinal ganglion cell layer was also visible beneath the device (E)
compared to the periphery (F), likely caused by either implantation or explantation.

Stimulus polarity did not affect either of the
cortical measures derived. On a subset of 28 electrodes tested with both polarities, the mean threshold
using CF pulses (18.6 ± 2.8 nC) was not significantly different (paired t-test, p = 0.8, n = 28) to
that found when using AF pulses (19.5 ± 3.8 nC).
Similarly, CF pulses elicited responses with a cortical
spread (1 ± 0.3 mm), that was not significantly different (paired t-test, p = 0.44, n = 11) to the spread
elicited when using AF pulses (0.7 ± 0.3 mm). Finally,
both stimulus polarities elicited responses with similar FSLs (paired t-test, n = 28; CF: 9.3 ± 0.4 ms;
AF: 9 ± 0.3 ms). Return configuration was found
to affect BCE thresholds and FSLs but not cortical
12

spread values. As shown in figure 7(A), monopolar
stimulation as expected, resulted in significantly
lower BCE thresholds compared to CG stimulation
(paired t-test, n = 42 electrodes, p = 0.001). However, it was surprising that for the same 42 electrodes, MP stimulation also resulted in shorter FSLs
on the BCE than those elicited by CG stimulation
(figure 7(B), paired t-test, p = 0.002). The effects
of varying phase duration were only tested in two
animals where magnets were used (#A58 and A60,
figure 8). Three different phase durations (250 µs,
500 µs and 1000 µs) were compared. Phase duration was found to significantly affect BCE thresholds
(figure 8(A)) and cortical spread (figure 8(B)), albeit
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Figure 7. Effect of return configuration. BCE thresholds (A) and FSLs (B) were significantly dependent on the method of return
configuration chosen. ∗ indicates p < 0.005. MP: Monopolar return, CG: Common Ground return.

Figure 8. Effect of phase duration. (A) BCE thresholds (n = 32 electrodes) and (B) Cortical spread (n = 31 electrodes) were
significantly dependent on the phase duration chosen when using MP stimulation. ∗ indicates p < 0.05.

with very small to moderate effects sizes, but not FSLs.
A one-way repeated measures ANOVA (F2,62 = 3.74,
p = 0.03, η p 2 = 0.1), using data from 32 electrodes
tested, showed that a phase duration of 1000 µs on
average required less than 25% charge required to
elicit activity on the BCE compared to a 250 µs
phase duration. A phase duration of 500 µs also
required less charge to elicit a BCE response, however it required more charge as compared to 1000 µs.
A similar analysis for cortical spread (n = 31 electrodes, F2,60 = 3.74, p < 0.001, η p 2 = 0.44) showed
that a phase duration of 500 µs elicited the least cortical spread followed by phase durations of 1000 µs
and 250 µs respectively.
Lastly, in order to test whether cortical measures were stable throughout the experiment, several electrode combinations were re-tested 24 h later.
Separate paired t-tests on the three cortical measures showed that over time, only BCE thresholds
marginally increased (figure 9, paired t-test, p = 0.03,
13

n = 61 electrodes), however cortical spread and FSLs
were unaffected.

3.2. Multiple electrode stimulation
The main purpose of this test was to assess if stimulating groups of electrodes simultaneously would
affect cortical measures in a systematic manner. A priori, we expected that BCE thresholds, whilst being
higher in terms of overall charge for multiple electrode stimulation as compared to single electrodes,
would result in much less charge per electrode and
therefore a significantly reduced charge density. For
cortical spread, we predicted that larger groups of
electrodes would cause more current spread in the
retina, resulting in greater cortical spread. Finally, for
FSLs we expected that they would be independent of
the number of electrodes used for stimulation. To perform multiple electrode stimulation, groups of electrodes were shorted together using the cross-point
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Figure 9. Effect of time. BCE thresholds (n = 61
electrodes) were found to have significantly increased
when tested ≥24 h after the first test. ∗ indicates
p < 0.05.

number of electrodes ganged together (figure 10(C);
F4,102 = 1.855, p = 0.1), but overall with multiple
electrode stimulation, spikes were on average detected 0.3–1.3 ms later in comparison to the lowest FSLs
obtained with single electrodes. On the other hand,
cortical spread was found to significantly increase as
the number of electrodes stimulated simultaneously
increased (figure 10(B); F4,93 = 2.942, p < 0.05), confirming our original prediction. Posthoc tests (Tukey)
however, did not show statistically significant differences between any of the multiple comparisons. Cortical spread for small groups of electrodes (two and
three electrodes) increased by 0.6–0.8 mm on average compared to the lowest spread seen with single
electrode stimulation. Larger groups of electrodes
resulted in 1.4–2 mm more cortical spread on average.

4. Discussion
switch matrix and connected to the active line of the
stimulator with the extraocular platinum needle electrode as the return (i.e. MP stimulation). The number
of electrodes stimulated simultaneously were either
groups of 2, 3, 4, 5 or 9 electrodes. When ‘ganging’
electrodes together, we ensured that the electrodes in
each group were always contiguous. Ganged combinations of four electrodes included those arranged in
a line or groups of 2 × 2 electrodes. Ganged combinations of nine electrodes always included groups
of 3 × 3 electrodes. When analysing data, as we
found cortical measures to vary in each experiment, we normalised the cortical measures found
with multiple electrode stimulation to those found
with single electrode stimulation. To perform normalisation for BCE thresholds, charge values obtained
through multiple electrode stimulation were divided
by the lowest single electrode threshold obtained in
that experiment. To perform normalisation for cortical spread and FSL, the lowest values obtained with
single electrode stimulation were subtracted from
those obtained with multiple electrode stimulation.
The normalization process thus allowed us to compare cortical measures across experiments despite the
variance. Figure 10 shows our findings with multiple
electrode stimulation.
With regards to BCE thresholds, a one-way
ANOVA showed that while there was a trend
for thresholds to increase with the number of
ganged electrodes, this effect was not significant
(figure 10(A); F4,102 = 2.184, p = 0.08). Overall,
thresholds on average increased by a factor of 1.6–5.5
higher than the lowest single electrode thresholds.
As the number of ganged electrodes became substantial (five to nine electrodes), the charge density required for cortical activation decreased as the
charge per phase did not increase by the same factor.
Similarly, FSLs did not significantly depend on the
14

The primary goal of this study was to assess whether
in vivo acute epiretinal stimulation of the retina, using
relatively small electrodes made of conductive diamond on a monolithic array, can activate visual cortex neurons with low charge thresholds and high spiking fidelity. A secondary goal was to assess if cortical spiking measures varied in an expected manner
when retinal stimulus parameters were varied, based
on known observations from previous studies assessing retinal stimulation. On a positive front, we confirmed both these results in our study in several cases,
providing confidence that nitrogen-incorporated diamond can be a viable material for a monolithic epiretinal prosthesis. However, as a corollary, a major
finding of this study turned out to be that obtaining high fidelity responses is highly challenging and
experimental outcomes are highly dependent on the
surgical outcome. The challenges of attaching a rigid,
weighty device in close proximity to the neural retina
are many and have not yet been solved. The present
form factor of the device necessitates a large tack,
which is not a viable option in humans and the magnetic coupling method was also found to be unreliable
even in the acute setting, due to the high incidence of
retinal compression caused. Despite housing the rigid
structure in soft silicone, this alone was not enough to
protect the retina as demonstrated in the fundus and
OCT images and histopathology.
In total, only half of the 16 experiments where
device implantations were performed, yielded cortical activity from single electrode stimulation. Of
these, responses (a valid threshold and a valid cortical spread measure) were only obtained on 69%
of the electrodes stimulated. Thresholds were generally consistent within a given experiment, but highly
varied across experiments. In 5/8 experiments, average thresholds obtained were around 20 nC or less.
This charge level corresponds to a charge density of
∼140 µC cm−2 , which may be the upper limit from
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Figure 10. Effect of multiple electrode stimulation on cortical measures. (A) There was a trend for BCE thresholds to increase as a
function of the number of simultaneously stimulated electrodes, but this trend was not significant. (B) A significant increase in
cortical spread was found from multiple electrode stimulation compared to the lowest spread evoked by single electrode
stimulation. (C) FSLs were found to be independent of the number of electrodes stimulated but were higher for multiple
electrode stimulation overall. Number of measurements in each case were as follows: 2 electrodes (n = 25), 3 electrodes (n = 6), 4
electrodes (n = 38), 5 electrodes (n = 33) and 9 electrodes (n = 5).

a safety perspective. In the other three experiments,
average thresholds were either double this value or
very high, reaching close to the 160 nC charge limit
(corresponding to a charge density of 1.1 mC cm−2 ).
High charge density thresholds clearly pose a safety
challenge as it has been shown that with epiretinal stimulation, charge densities ≥442 µC cm−2
can cause irreversible damage to the retina [34] but
chronic stimulation between 100–133 µC cm−2 is
typically safe [34, 35]. In some cases, thresholds
obtained in our study were as small as 2.5–5 nC
(charge density of ∼17.4–34.7 µC cm−2 ) proving
it is possible to achieve safe stimulation with small
sized electrodes placed epiretinally. The lower range
of thresholds found in this study are consistent with
several other studies where epiretinal stimulation
has been performed in normally-sighted animals;
30.5 µC cm−2 in cats [36], 8.92–14.8 µC cm−2 in
rabbits [37] and 1–12 µC cm−2 in rabbits [38]. In
addition, several other studies [39–41] have been able
to record cortical activity in response to epiretinal
stimulation in cats with high precision at similar low
charge levels (as low as 0.5 nC). The median charge
density thresholds in this study with tacks were 3–
8 times higher than the upper values found in other
epiretinal animal studies and median thresholds with
magnets were 9–23 times higher, highlighting the
issues with device attachment. However, high charge
density thresholds are not uncommon when using
small diameter epiretinal electrodes [39, 42]. In addition, these studies have also highlighted the challenges of fixing planar microfilm electrode arrays to
the retina as the lowest thresholds have only been
obtained with either placing electrodes on the retina
15

with the aid of a micromanipulator [37, 39–41], or
weighing down an electrode array using perfluorocarbon liquid [38]. In our study, device fixation was
also a major challenge. Overall, the use of magnets resulted in significantly higher thresholds than
using tacks, possibly due to the larger general distances between the device and retina as observed in
figure 4, however OCT imaging and measurements
were not able to be conducted in all animals so the
exact cause is unclear. Retinal folds and mechanical compression were the primary causes of retinal
trauma caused by device implantation, likely leading to the increased thresholds observed when some
electrodes were retested a second time. Importantly,
cortical spread and latency measurements did not
change over time suggesting that the distance between
the device and retina remained stable at least 24 h
post-op, although we did not perform OCT imaging
after commencement of electrophysiology so cannot
conclusively rule out increased distance as the cause
for increased thresholds. Collectively, the increased
thresholds and trauma lead to the notion that neither
retinal tacks nor magnets are optimal in getting consistent and reliable fixation of the device to the retina. While tacks have been successfully used in over
350 humans for the Argus II device [1], it is important to note that these have only been used to secure
a thin-film array to the retinal surface and not a solid
monolithic device as used in this study. To add to the
difficulty, the posterior sclera of the cat eye is very
thin as compared to a human eye and hence despite
penetrating through the sclera, our tack may not have
provided sufficient mechanical support to hold the
device in place. Thus, moving forward, it is imperative
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that an alternative suitable attachment technique be
developed for such devices, particularly for chronic
implantation.
With regards to cortical spread, we found that
with almost a third of electrodes that gave BCE
responses (25/78), we were able to drive the BCE significantly above threshold without evoking significant activity in adjacent cortical channels, or significantly driving only one other neighbouring cortical
channel (i.e. spread of 0 mm or 0.4 mm by our definition). This indicates that the true cortical spread in
these cases would have been less than or equal to
0.4 mm which was also the minimum spatial resolution of our recording arrays. Considering an average
cortical magnification factor of 0.707 degrees mm−1
up to a 10◦ eccentricity [43], this would correspond to
a cortical spread of ≤0.56◦ . From a retinal perspective, the pitch of our stimulating array was 150 µm,
which corresponds to 0.55◦ of visual space (assuming 275 µm in the retina covers 1◦ ) [44, 45]. These
visual angles suggest that for a small number of
cases, it may have been possible to achieve the 20/600
visual acuity limit of our stimulating array based on
a gap of one electrode. We cannot ignore though that
for most electrodes, average cortical spreads for 3/8
experiments were between 0.5–1 mm, corresponding to 0.7–1.4◦ and in the other four experiments
were greater than 1.5 mm (up to 2.4 mm), corresponding to 2.1◦ (up to 3.4◦ ). These numbers either
reach or exceed the dimensions of the entire stimulating array, which would have a significant detrimental effect on the degree of acuity conveyable by
the device. When comparing magnets and tacks, the
use of magnets resulted in significantly lower cortical spread i.e. a more focal cortical response compared to when using tacks. While this result would
be contrary to expectations, if we are to assume that
the higher thresholds with magnets were caused by
increased device to retina distances, the statistical test
did not have sufficient power with the current dataset
and therefore the comparisons in cortical spread are
inconclusive.
The mechanisms underlying the variable first
spike latencies in the present experiments is unknown
but may be due to a combination of varying degrees
of trauma caused to the retina from each implantation and varying separation between the device and
retina. The latter may have in turn resulted in varied
levels of activity evoked through direct stimulation
of retinal ganglion cells, leading to shorter cortical
latencies, and that evoked through activation of the
retinal network presynaptic to ganglion cells, leading
to longer latencies in each experiment. Aside from in
experiments A#41 and A#61, the average latencies we
recorded in this study are consistent with the range
of latencies we have previously observed with suprachoroidal stimulation of single electrodes using the
same phase duration of 500 µs [, 32, 46]. The significantly longer latencies observed when using magnets
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compared to tacks were consistent with the assumption that devices with magnets were generally further
away from the retina, leading to less direct activation
than when using tacks. In terms of stimulus configurations that were efficient in driving cortical activity with this device, we first found that monopolar
stimulation (using an extraocular return) was more
effective compared to common ground stimulation,
as it elicited activity with lower thresholds without
affecting cortical spread. This result is consistent with
our group’s previous experience using suprachoroidal
stimulation, both in preclinical [47] and clinical [48,
49] studies, and also consistent with the cochlear
implant literature [50, 51]. The shorter latencies and
lower thresholds seen with monopolar stimulation
when compared to CG stimulation are indicative of
the increased likelihood of activating retinal ganglion
cells directly, as opposed to via activation of the retinal network. Secondly, we found that stimulus polarity did not influence cortical activity in any way. Previous studies have shown that AF pulses provide a
marginal benefit in terms of thresholds when placing an electrode array suprachoroidally [48, 52] or
subretinally [31], but for an epiretinal location it has
been shown that CF pulses typically activate retinal
ganglion cells with lower thresholds [53, 54]. The
default stimulus polarity used clinically for epiretinal stimulation is CF [55–59]. Therefore, considering the above, whilst stimulus polarity may not play
a significant role in governing efficacy of the diamond device, it may be useful to keep CF pulses as
the default polarity for stimulation. Finally, while a
phase duration of 1000 µs resulted in the lowest average charge thresholds in our study, the difference in
average thresholds between phase durations of 500 µs
and 1000 µs was ∼2 nC. In addition, average cortical spread was lowest when using a phase duration
of 500 µs, but again the difference in average spread
obtained between 500 µs and 1000 µs phase durations compared to when using a 250 µs phase duration was much smaller. This result indicates that at
least in the range of phase durations up to 1000 µs,
≥500 µs may be most suitable for epiretinal stimulation. It is generally agreeable that shorter phase durations are conducive to increasing selective activation
of ganglion cells over activation of the retinal network [53]. However, shorter the phase, the higher will
be the current required to achieve threshold. Higher
currents may pose a significant challenge when using
smaller sized, higher impedance electrodes, resulting in significantly higher overall energy required
for stimulation and voltage compliance issues. It has
also been shown that very long phase durations in
excess of 8 ms can confine retinal activation by avoiding activation of passing ganglion cell axons [60].
However, such long phase durations, while concerning from a safety perspective, also clearly limit the
rate of stimulation that can be used, in turn limiting
the temporal resolution achievable with the device.
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Considering these facts, phase durations between
500–1000 µs for epiretinal stimulation maybe ideal
in balancing the energy required for retinal activation
and providing enough temporal resolution to convey
fast changes occurring in the visual scene. However,
the optimum phase duration will also depend on the
distance between the device and the retina, as longer
phase durations could be used to target neurons presynaptic to RGCs [59], if the implant is close enough
to the inner retina. Ultimately, whether a retinal prosthesis should target retinal ganglion cells directly or
target pre-synaptic bipolar cells is still an open-ended
question. Activating RGCs directly without activating
axon bundles is highly challenging, while on the other
hand, targeting inner retinal neurons may require the
use of non-traditional waveforms (non-square wave
or long phase durations that could be in the order
of 20–30 ms) which pose a safety challenge, as well
as impose a limit on temporal resolution. Adding to
this conundrum is the currently limited knowledge on
how the inner retinal circuitry is corrupted as a result of photoreceptor degeneration and more importantly, how these changes impact on the efficacy of
stimulation. While it is certainly possible to activate
both RGCs and pre-synaptic neurons from the one
location [31], it has been demonstrated that an epiretinal placement is most conducive to achieving direct activation of RGCs, and a subretinal placement to
achieving network-mediated activation.
A final parameter varied in this study was the
number of electrodes stimulated simultaneously. The
motivation behind this approach was to test a contingency plan should single electrodes not evoke
responses and to provide insight on the variation in
cortical measures if the number of simultaneously
stimulated electrodes were increased. Such ‘ganging’
of electrodes has been performed clinically [61], presumably due to the inability in evoking phosphenes
through single electrodes. We found that all our
cortical measures; thresholds, spread and latencies
increased when a larger region of the retina was stimulated as compared to when only single 120 µm2 electrodes were stimulated. These results were all found to
be as expected given we [48, 62] and others [56, 63]
have shown that thresholds for retinal stimulation
increase but do not scale 1:1 with electrode size. It is
also known that both retinal spread [54, 64] and cortical spread [41] scale linearly with electrode size, consistent with our results. Finally, a larger electrode area
would presumably have greater likelihood in selectively targeting the inner retinal network compared
to directly targeting ganglion cells resulting in longer
latencies, as it is known from modelling studies [61]
that stimulating a larger retinal region causes electric
fields to penetrate deeper into the retina. However,
whilst ganging of electrodes may be attractive from
a threshold perspective, its use will undoubtedly limit
spatial resolution. Therefore, it is recommended that
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ganging be used only when single electrode thresholds
are unable to be obtained (as in the one experiment
where we could not get single electrode thresholds
but were successful in obtaining multiple electrode
thresholds). The use of ganging (doublets or quads)
clinically in some Argus II patients [65] support this
recommendation.
A parameter that was not investigated in this
study was the effect of stimulation using pulse trains
as opposed to single pulses, simply due to time
constraints. Such paradigms would be important to
examine from a cortical perspective, given multiple
clinical studies have demonstrated the phenomenon
of perceptual fading of phosphenes associated with
repetitive stimulation. In addition, several ex vivo
studies have shown that RGCs exhibit desensitisation in firing upon repetitive stimulation [66, 67],
and it is hypothesised that this spiking desensitisation in the retina largely contributes to perceptual
fading.
In conclusion, the present study is the first to
demonstrate the viability of using small diamond
electrodes for acute retinal stimulation in vivo. Some
of the very low thresholds and cortical spread values
obtained in this study indicate the potential that high
acuity could be achieved with such a device. Variation
of different stimulation parameters also produced
predictable changes in cortical activation. However,
the challenges identified for future research are many,
primarily the avoidance of retinal trauma from a rigid
device but also the inability to consistently stabilise
the device. At least with contemporary epiretinal fixation techniques, stabilisation of this device in further
acute and chronic studies is impossible and hence the
device in its current form cannot be utilised, despite
its potential engineering advantages over other epiretinal devices. While the diamond device is rigid, it
is engineered to be small (5 × 5 mm) and slightly
recessed into the soft medical grade silicone housing that is pre-moulded to the approximate retinal
curvature. The intention of this design would allow
the silicone to gently touch the retinal surface with
the diamond array just above the retina for optimum
activation. However, despite this design, the overall
size, weight and form factor of the device proved to
be challenging to implant and stabilise. Therefore, in
addition to improved attachment techniques, it will
also be crucial to improve the overall form factor
of the device along with its housing component and
eliminate the intraocular cable section to minimise
the impact of rigidity and weight caused by the diamond box. Resolution of these issues must be made
before this technology can move out of the laboratory realm, as further preclinical and clinical studies
are not realistic at this point in time. Undoubtedly,
further development of this technology will be a challenging task.
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