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PURPOSE. Retinal prostheses are an approved treatment for vision restoration in retinal
degenerative diseases; however, present implants have limited resolution and simply
increasing the number of electrodes is limited by design issues. In cochlear implants, virtual
electrodes can be created by simultaneous stimulation of adjacent physical electrodes
(current steering). The present study assessed whether this type of current steering can be
adapted for retinal implants.
METHODS. Suprachoroidal electrode arrays were implanted in four normally sighted cat eyes.
Electrode pairs were driven simultaneously at different current levels and current ratios.
Multiunit spiking activity in the visual cortex was recorded. Spike distribution across channels
enabled generation of cortical activation maps and calculation of centroid positions. For each
current configuration, centroid shifts between two virtual electrodes were compared to shifts
obtained from physical electrode stimulation.
RESULTS. Using current steering, virtual electrodes with different cortical activation maps
could be created. Cortical centroids were found to shift as a function of the current ratio used
for virtual electrodes and were similar to the centroid shifts seen when using physical
electrodes. In addition, the cortical response to stimulation of a physical electrode could be
reproduced by applying current steering to electrodes on either side of the physical
electrode.
CONCLUSIONS. These results suggest that current steering can alter activation patterns in the
visual cortex and could enhance visual perception in retinal implants by eliciting phosphene
percepts intermediate between those elicited by physical electrodes. These results inform
development of new electrode arrays that can take advantage of current steering.
Keywords: retinal implant, current steering, visual cortex, resolution, electrophysiology

O

ne of the leading causes of blindness is the degeneration of
the retina due to a loss of photoreceptors caused by
diseases such as retinitis pigmentosa (RP).1 The prevalence rate
for RP is approximately one in 4000, which results in more than
1 million people worldwide who are blinded by this disease.2
Although there are several therapies being investigated, retinal
prostheses remain the only approved treatment for RP.3 Retinal
prostheses aim to restore vision by electrically stimulating the
surviving neurons in the inner retina. This is realized by an
implantable electrode array that is placed at either one of four
locations: epiretinal,4–6 subretinal,7,8 suprachoroidal,9,10 and
trans-scleral.11,12 With the presently available designs, it is
possible to regain orientation and mobility of patients to a
certain degree8,13 and in some patients even the ability to
perform spatiomotor tasks14 and letter and word reading15 are
possible. Although these results are very promising, more
advanced levels of visual perception like sentence reading and
face recognition, which require higher spatial resolution, are
still out of reach for most patients.3,16 Hence, there is a demand
for technologies that can improve the spatial resolution of
retinal implants, particularly when the electrode arrays are
located hundreds of microns away from the target neurons—for
example, with the suprachoroidal approach. One strategy is to

merely increase the number of physical electrodes which in
turn will increase the number of available ‘‘pixels.’’ However,
this approach involves engineering and safety challenges.16
Current steering describes numerous stimulation paradigms
which are applied in modern neuroprosthetics. In general,
current steering refers to the effect of simultaneous stimulation
of several electrodes on the overall electric field, which is
formed by overlapping of individual electrode fields. In neural
stimulation, current steering is either used for focusing the
current, thus narrowing the area of tissue excited, or for
redirecting the current to excite different tissue.17 In the scope
of this study, only the latter application will be addressed.
Figure 1 shows the principle of the simplest form of current
steering where simultaneous current versus a remote return is
applied to an electrode pair on a one-dimensional electrode
array to create an intermediate ‘‘virtual electrode.’’ When equal
current is applied to a pair of electrodes, the resultant field
peaks at a location midway between both electrodes (Fig.1A).
When a different current ratio is applied, the peak of the
resulting electric field shifts toward the electrode with the
higher current (Fig. 1B). Thus, the volume of tissue in between
the two physical electrodes can be preferentially stimulated.
This form of current steering has been successfully used in
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MATERIALS

AND

METHODS

The procedures for this study were approved by the Animal
Research Ethics Committee of the Royal Victorian Eye & Ear
Hospital and they complied with the ‘‘Australian code of
practice for the care and use of animals for scientific purposes’’
(seventh edition, 2004); the ‘‘Principles of laboratory animal
care’’ (NIH publication No. 85–23, revised 1985); and the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. The surgical techniques, electrode arrays, and
general procedures have been described in detail previously,19,20 and so will only be briefly described here.

Surgery

FIGURE 1. The concept of current steering using electrode pairs. The
electric fields expected from single electrode stimulation (E5 with solid
and E6 with dotted line), and simultaneous stimulation of two adjacent
electrodes (dashed line) are shown. Currents on each electrode are
represented by the relative height of triangles overlaying the electrode
sites. (A) Dashed line represents cumulative electric field for E5 and E6
each stimulated with 50% of the total current. (B) Dashed line
represents cumulative electric field when E5 is stimulated using 30%
and E6 is stimulated using 70% of the total current.

cochlear implants to produce virtual electrodes that elicit pitch
perceptions intermediate to those produced when stimulating
physical electrodes. In fact, several studies have shown that it
is possible to create on average four to seven such virtual
electrodes between two adjacent physical electrodes in the
cochlea.17 Although a similar form of current steering using
electrode pairs has been proposed for the retina when placing
the electrode array epiretinally,18 the degree to which current
steering is useful for other more distant electrode locations like
the suprachoroidal placement, and when using a stimulating
electrode array that is clinically relevant, is unknown.
As a first step toward determining whether current steering
using electrode pairs can be usefully applied in suprachoroidal
retinal implants, we assessed if it was possible to alter the
patterns of evoked activity in the visual cortex by stimulating a
pair of suprachoroidal retinal electrodes with different current
ratios. A successful implementation of current steering in
retinal implants could lead to an increase in effective resolution
without an increase in the number of physical electrodes, by
producing intermediate phosphene perceptions to those
produced by physical electrode stimulation.
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Animals were anesthetized using ketamine (20 mg/kg, intramuscular; Troy Labs, Glendenning, NSW, Australia) and xylazil
(2 mg/kg, subcutaneous; Troy Labs), and maintained using a
continuous intravenous infusion of sodium pentobarbitone (60
mg/kg/hour; Troy Labs). Core temperature was maintained at
37 6 18C. During the study, the eyes were protected against
dehydration with hypromellose gel (GenTeal; Novartis Pharmaceuticals, Sydney, Australia). Fluid replacement was provided by continuous intravenous infusion of compound sodium
lactate solution (Hartmann’s solution, 2 mL/kg/hour). Respiration rate, CO2 levels, and blood pressure were monitored
throughout the experiment. Dexamethasone (0.1 mg/kg,
intramuscular; Troy Labs) was administered for the prophylaxis
of brain edema, plus amoxycillin-clavulanate suspension
(Clavulox, 10 mg/kg, subcutaneous; Pfizer, Roma, Italy) as an
antibiotic every 24 hours. The experiments were typically
conducted over 2 to 3 days, after which the animal was killed.
One eye in each of four normally-sighted adult cats
(weighting 2.9–5.5 kg) was implanted with a clinical grade
array in the suprachoroidal space. A lateral canthotomy was
performed, followed by a full-thickness scleral incision 5 mm
posterior and parallel to the limbus. A pocket was opened
between the sclera and choroid and the electrode array was
inserted into this pocket and advanced 17 mm posteriorly.
Effort was made to place the tip of the array underneath the
area centralis as the distance of electrodes to the area centralis
has an important influence on evoking cortical responses.19

Suprachoroidal Electrode Array
The design of the suprachoroidal array used for the experiments was similar to what has been applied in previous
work.20 The array consisted of 21 platinum electrodes (600 lm
diameter) on a 19 3 8 mm silicone substrate. The electrodes
were arranged in a hexagonal pattern with a center-center
spacing of 1 mm. Two additional return electrodes with a
larger diameter ([ ¼ 2 mm) were located distal to the
stimulating electrodes.

Experimental Setup
After implantation, the animal was transferred to an electrically
shielded room and placed in a stereotaxic frame (David Kopf
Instruments, Tujunga, CA, USA). A craniotomy was performed
to expose the visual cortex. A large surface area platinum ball
electrode (1.5 mm diameter) was used in order to assess the
location with the lowest threshold evoked potential for
placement of the 60-channel (6 3 10) recording electrode
array (Blackrock Microsystems, Salt Lake City, UT, USA).19,21,22
The recording array sampled a cortical space area of 2 mm in
the mediolateral and 3.6 mm in caudorostral direction. The
penetration depth was approximately 1 mm. Multiunit cortical
recordings (band-pass filtered from 0.1–7500 Hz) were made
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FIGURE 2. Generation of steering tuning curves. (A) Spike recordings on a single cortical recording channel in response to current steering on an
electrode pair using a total current level of 1.5 mA and an R value of 0.7. A stimulus artifact (red asterisk) occurred at time zero followed by a burst
of spikes within the first 20ms poststimulus onset. (B) Peristimulus time histogram (1 ms bin width) for the recording channel in (A) across all
current levels used with an R value of 0.7. (C) Spike count (after artifact removal) in the first 20 ms post-stimulus onset plotted against total current
level and fitted using a sigmoid curve. (D) Spike activity on the same recording channel in response to current steering using all current levels and
current ratios. The total current level is depicted on the x-axis and current ratios are depicted on the y-axis. A steering tuning curve for the threshold
current values was appended as a white line. The threshold for this recording channel was lowest when using an R value of 0.8.

Ib ¼ It  Ia

using a multichannel data acquisition system (Cerebus; Blackrock Microsystems).

Simultaneous Stimulation for Current Steering
Pairs of electrodes on the suprachoroidal array were stimulated
by a custom built constant current source stimulator routed via
a cross-point switch matrix23 that delivered cathodic first
biphasic charge-balanced waveforms against a monopolar
return electrode. Stimulation pulses had a pulse width of 500
ls, an interphase gap of 25 ls, and a repetition rate of 1 Hz.
The current between the electrodes in each pair was split
according to the following Equation 1:
Ia ¼ R 3 It

ð1Þ

where Ia represented the current on the first electrode of the
pair and It the total current. The variable R (current ratio) was
varied between 0 and 1 (0.1 steps) and determined the
proportion of current which was allocated to the first
electrode. The remaining current was delivered to the second
electrode of the pair according to following Equation 2:
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ð2Þ

where Ib represented the current for the second electrode.
Thus current steering was applied for intermediate current
ratios (R ¼ 0.1 to 0.9), whereas single electrode stimulation
was applied for the extreme current ratios (R ¼ 0 or 1,
respectively). The total current amplitude (It) was randomized
between 0 and 1.5 mA (equating to a maximum charge density
of 300 lC.cm2) with increments of 50 lA (31 different levels).
A set of 10 repetitions were presented for each current level
and current ratio on a given electrode pair. A total of 32
electrode pairs across the four animals were stimulated within
this study. The physical distances between the chosen
electrodes for each pair were 1 mm (13 pairs); 1.7 mm (4
pairs); 2 mm (6 pairs); 2.6 mm (5 pairs) or 3 mm (4 pairs).

Data Analyses
Data were cleaned offline as per methods outlined in previous
studies19,21,22 and analyzed by using custom scripts with
technical graphing and data analysis software (IgorPro; Wave-
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FIGURE 3. Spatial activation maps and centroid determination. (A) Cortical spatial maps obtained when applying current steering to a pair of retinal
electrodes (only current ratios between 0.3 and 0.7 are shown). A gradual rostral shift of the cortical activity with increasing current ratio is
recognizable along with clear shift of the centroids (white asterisks). The dotted box in the leftmost panel represents the reduced area represented
in (B) to show the centroid positions for each R value. (B) The positions of the centroids of cortical activity (marked using ‘‘x’’) are depicted on a
map for each of the R values in (A). Note that axes have been readjusted and do not cover the whole range for x and y coordinates. C, caudal; R,
rostral; M, medial; L, lateral.

metrics, Lake Oswego, OR, USA). Artefacts were removed and
multiunit spikes (bandpass filtered, 0.3–5 kHz) were detected
and time-stamped when signal exceeded 4.2 times the root
mean square value.

intermediate current ratios (R ¼ 0.1 to 0.9) indicated that these
recording channels preferred steered current as opposed to
current only applied to one of the physical electrodes in the
pair (R ¼ 0 or 1).

Steering Tuning Curves for Single Channels

Cortical Spatial Maps and Centroid Shift

Figure 2A shows an example of a recorded signal from one
recording channel in response to stimulation. Average spike
rates across 10 repetitions were analyzed in the first 20 ms
from stimulus onset (Fig. 2B) at each current level to obtain a
current-level versus spike-rate input–output function and a
sigmoid curve was fitted (Fig. 2C). The threshold current was
defined as the current amplitude where the sigmoid curve
reached 50% of its maximum saturated spike rate.21,22
Recording channels were analyzed by plotting average spike
rates on a contour plot with the total current amplitude on the
x-axis and the current ratio on the y-axis (Fig. 2D). By joining
the thresholds for each cortical site to each applied current
ratio a steering tuning curve was computed. Only channels
where at least one current amplitude and ratio combination
elicited an average of two spikes per repetition or higher were
included. Steering tuning curves with the lowest threshold for

For each current ratio, a cortical spatial map was generated by
plotting the spike rate across all 60 recording channels at the
threshold current of the best cortical electrode (BCE; defined
as the recording channel with the lowest threshold for that
ratio21). Spike rates were normalized to the maximum spike
rate of each recording site across all measurements (Fig. 3A).
The centroid of activity for each map was defined as the spikecount-weighted center of mass across all channels.24 Centroids
for all current ratios of one electrode pair were plotted on a
single cortical map to assess the shift between centroids as a
function of current ratio (Fig. 3B).
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Cortical Selectivity
As a measure of the spread of cortical activation, a cortical
selectivity value was calculated for each spatial map generated
at the current level required to reach 90% of the maximum
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steering was more effective than single electrode stimulation in
activating that recording channel (Fig. 2D). In the remaining
channels the lowest threshold was found when using single
electrode stimulation (i.e., for the extreme current ratios R ¼ 0
or R ¼ 1).

Cortical Spatial Maps and Centroid Shifts

FIGURE 4. Cortical centroid shift for physical and virtual electrode
distances. (A) Data for all electrode pairs were combined in order to
compare virtual with physical electrode distances. R square values of
calculated regression lines showed a significant correlation between
electrode distance and centroid shift. Note: Regression analysis was
applied to the scatter plot and not to the mean values (individual data
points not shown). (B) Centroid shifts evoked by physical and virtual
electrodes with 1 mm distance are compared. No significant difference
was found indicating the ability of current steering to mimic physical
electrodes by applying current steering to either side. Error bars
indicate standard error.

spike rate on the BCE, according to the method described by
Cicione et al.21 The cortical selectivity for each current ratio
applied to each pair of retinal electrodes, represented the
degree of the drop in spike rate as a function of the distance
from the BCE. The drop in spike rate was fitted using an
exponential function and the inverse tau used to quantify the
cortical selectivity. Cortical selectivity was compared across
current ratios for all electrode pairs.

RESULTS
Steering Tuning Curves for Single Channels
A total of 931 recording channels were analyzed in response to
stimulation of 32 electrode pairs. In 8% of the channels, the
lowest threshold on the steering tuning curve was found when
using an intermediate current ratio indicating that current
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To quantify centroid shifts between each current ratio applied,
the distance between every pair of centroids in the cortex was
calculated in mm according to the difference between their
corresponding current ratios (DR). It was expected that higher
DR values would result in larger centroid shifts with maximum
shifts occurring when DR ¼ 1 (i.e., difference between
centroid positions when stimulating the two physical electrodes in isolation). Each DR value was expressed as a virtual
distance in the retina (in mm) by multiplying it by the physical
distance separating the two electrodes in the pair. Therefore,
when current steering was applied to two electrodes that were
physically 1 mm apart, a DR value of 0.2 would result in a
virtual distance of 0.2 mm, whereas the same DR value for a 2
mm physical electrode separation would result in a virtual
distance of 0.4 mm. All virtual distances were rounded to the
nearest 0.1 mm. To assess the variability in estimating centroid
positions from each cortical spatial map, the centroid shifts
seen as a result of repeated single electrode stimulation were
also estimated and plotted against a retinal distance of 0 mm.
Figure 4A shows the mean cortical centroid shifts as a
function of both virtual and physical distances using data from
all 32 retinal electrode pairs. Regression lines were fitted to the
raw data and showed significant (P < 0.001) positive
correlation coefficients (Pearson’s correlation25) both when
using virtual electrodes (r2 ¼ 0.14, slope ¼ 0.287 mm cortical
shift per mm retinal distance) and when using single electrodes
only (r2 ¼ 0.5, slope ¼ 0.255 mm cortical shift per mm retinal
distance). A general linear model on centroid shifts, with the
factor set as electrode type (physical or virtual) and the
covariate set as distance, showed that centroid shifts were
significantly dependent on the retinal distance (P < 0.001), but
not on whether they were a result of using virtual electrodes or
physical electrodes (P ¼ 0.529). While physical and virtual
shifts in the retina resulted in similar centroid shifts in the
visual cortex as seen in Figure 4A, the only distance for which
cortical centroid shifts from physical as well as virtual
electrodes could be directly compared was 1 mm (Fig. 4B). A
t-test showed that there was no significant difference in the
centroid shift between physical electrodes and virtual electrodes at a retinal distance of 1 mm (P ¼ 0.272).

Cortical Selectivity
Figure 5A shows cortical spatial maps at the current required
to reach 90% of the maximum spike rate on the BCE, generated
using current steering on a pair of retinal electrodes with the R
value set to 0.5 as well when one of the physical electrodes in
the pair was stimulated on its own. The BCE (channel with the
lowest threshold, black asterisks in Fig. 5A) was the same
regardless of using single electrode stimulation or current
steering. The drop in spike rate as a function of the distance
from the BCE and corresponding inverse tau values of the
exponential fits (cortical selectivity) were found to be similar
for both modes of stimulation (Fig. 5B).
Figure 6 compares the inverse tau values for all data
collected in this study across the different current ratios
applied. A one-way ANOVA comparing cortical selectivity
across the different R values and for all electrode pairs used for
stimulation, showed no significant difference in cortical
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FIGURE 5. Measurement of cortical selectivity. (A) Cortical spatial maps at the current level required to elicit 90% of maximum spike rate on the
BCE when stimulating a steered pair of electrodes using an R value of 0.5 (right) and when stimulating one of the physical electrodes of the pair
(left). Black asterisks denote the BCE. (B) Normalized spike rate as a function of the distance from the BCE. Spike rates were normalized to each
channel’s own maximum spike rate. Data points were fitted with a decaying exponential and the inverse tau value used as a measure of cortical
selectivity.21

selectivity (P ¼ 0.776) between physical (R value ¼ 0 or 1) or
virtual (R values between 0.1 and 0.9) electrodes.

DISCUSSION
The aim of this study was to assess if current steering, through
simultaneous stimulation of a pair of physical suprachoroidal
electrodes, could create virtual electrodes by preferentially
activating areas of the retina that lie intermediate to the
physical electrodes. We assessed the efficacy of current
steering by analyzing data on individual recording channels
as well as spatial activation maps across all recording channels
in the cortex. We found that a small percentage of individual
recording channels showed preference for a steered virtual
electrode compared with a physical electrode in terms of
requiring a lower threshold of activation. We also demonstrated that the centroid of spatial activation across the cortex
could be shifted by varying the current ratio, without affecting
the spread of activation.
While our results showed that only a small percentage of
individual cortical recording channels had a lower threshold
for a virtual electrode as opposed to the majority responding
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with a lower threshold to a physical electrode, this may have
been confounded by the relative position of each physical
retinal electrode to the location of area centralis. We have
previously shown that cortical channels tend to respond with
the lowest thresholds to retinal electrodes that are closer to
area centralis.19 In all the electrode pairs analyzed, one of the
physical electrodes was always closer to the area centralis than
the other electrode in the pair; hence the likelihood of paired
stimulation giving the lowest threshold was small. Furthermore, the odds of having individual channels from our
recording set receiving projections from only areas in between
physical electrodes were much lower than the odds of
retinocortical projections originating from areas directly
beneath or outside the physical electrodes. Therefore, we also
examined cortical spatial activation patterns and estimated the
centroid of activation across all recording channels to assess
the effectiveness of current steering.
The results of analyzing cortical activity maps showed that it
was possible to shift the centroid of cortical spike activation by
using current steering in the retina on electrode pairs over a
range of retinal distances. Generally, larger changes in
proportions of current and larger retinal distances (virtual
and physical) resulted in larger centroid shifts in the cortex.
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implants provide visual fields up to only 15 to 208.8,13
Furthermore, current steering could also be used in order to
overcome electrode failures (e.g., broken wires) by simultaneous stimulating surrounding electrodes and creating a virtual
electrode at the same position as the faulty electrode. Hence, a
loss in resolution could be avoided.

Limitations of the Current Study

FIGURE 6. Cortical selectivity as a function of R value. Data from all
pairs analyzed (n ¼ 32) showed no significant difference in cortical
selectivity (inverse tau) when using current steering on a pair of
electrodes (R ¼ 0.1–0.9) compared with when using single electrode
stimulation (R ¼ 0 or 1). Error bars indicate standard error.

Moreover, we found no differences in cortical spread of
activation between virtual and physical electrodes, which one
might have expected if simply a larger area of the retina was
being stimulated through an electrode pair compared to the
area stimulated by a single electrode. This makes it more likely
that the centroid shifts seen in the cortex were a result of
localized activation of intermediate areas of the retina that lie
in between physical stimulating electrodes as opposed to
widespread activation across the two stimulating electrodes.
Based on our results, it is expected that current steering will
enable the creation of virtual electrodes in a clinical setting,
which would elicit phosphene percepts intermediate to those
elicited by stimulating single electrodes. At this stage, the
number of possible virtual electrodes obtainable clinically is
difficult to estimate from our data; however, even with one
virtual electrode between each adjacent pair of physical
electrodes, the overall number of available pixels would be
doubled. It has been shown cochlear implant patients can get
on average between 4 and 7 virtual pitch channels between
each pair of physical electrodes,17 but the total number of
available channels could be estimated to be as high as 451
using only 12 physical electrodes.26 Of course for a retinal
prosthesis, numerous other factors such as electrode size,
pulse parameters, proximity of the electrode to excitable
tissue, as well as individual phosphene characteristics (shape,
size, etc.) will also play an important role in determining the
overall resolution.
It was also possible to mimic the centroid location of
cortical activation when stimulating physical electrodes, by
applying current steering to an electrode pair with a larger
spatial distance. For example by using electrode pairs with a
spatial distance of 2 mm one could create, using current
steering with an R value of 0.5, a virtual electrode whose
position would be 1 mm from both electrodes of the pair.
Future design of electrode arrays could take advantage of this
possibility by spreading electrodes further apart on the array
and using current steering to activate intermediate locations.
Ultimately this may enable patients to have a wider visual field
without a loss in resolution which could significantly improve
orientation and mobility. This is of even higher importance
when keeping in mind that present commercial retinal
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The present study was performed by implanting normallysighted eyes. However, a previous study performing suprachoroidal stimulation in a blind animal model showed that
threshold values and the activated areas in the superior
colliculus were approximately doubled compared with the
normally sighted model.27 These results emphasize the need to
investigate the findings of this study in a blind animal model,
although direct testing in patients would provide more
concrete evidence of current steering.
Although the results of this study suggest that the resolution
of retinal implants could be increased by current steering,
certain aspects of its impact on visual restoration remain
unclear. While cochlear implant patients are able to get
additional pitch information from virtual electrodes, a study
assessing the effects of current steering on speech performance28 has shown that these additional virtual channels do
not provide a significant improvement with speech recognition. For retinal implants this may suggest that while
generation of additional intermediate phosphenes may be
possible with current steering, it remains unclear whether this
will have any impact on visual performance outcomes such as
visual acuity. Another question which needs to be addressed is
the influence of phosphene overlap on current steering. In the
cases of significantly overlapping phosphenes from single
electrode stimulation of adjacent electrodes, current steering
on an electrode pair would likely provide no additional
advantages. However, the use of current focusing techniques
to minimize retinal current spread in combination with current
steering might be able to overcome this problem. Also, while
electrode pairs with different spatial distances were used in
this study, based on our results it was not possible to
conclusively determine the limit of electrode pitch for effective
current steering. In addition, as the method of current steering
described in this study will always require pairs of physical
electrodes to elicit phosphenes, during this time these physical
electrodes will not be available for eliciting their own
phosphenes. This may limit the rate at which phosphenes
can be presented to the visual system, particularly when using
high frame rates. While high frame rates of 50 to 60 Hz have
been desirable to avoid flicker perception and convey a quickly
changing visual scene, realistic frame rates used in present
commercial devices are in the order of 6 to 8 Hz,8,29 mainly
because of the problems found with fading of phosphenes
(Zrenner E et al. IOVS 2010;51:ARVO E-Abstract 4319). At these
slower frame rates, there should be sufficient time available to
interleave stimulation of physical and virtual electrodes within
a given video frame by using a short inter-pulse interval.
However, in such situations, the overall frame rate will also
depend on the stimulus parameters used (pulse width,
interphase gap, and pulse rate per electrode), the time
required for charge recovery through electrode shorting, and
the number of phosphenes required to be elicited in each
video frame. These questions require additional investigation
which would best be conducted in the form of psychophysical
experiments in retinal prosthesis recipients. Lastly, as one of
the next logical steps, two-dimensional current steering should
be investigated. Within the present study, current was only
divided between two electrodes while using more than two
electrodes during simultaneous stimulation could result in
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additional virtual electrodes whose positions may not be
constrained any longer to a linear intermediate space between
an electrode pair. Two-dimensional current steering might
offer an even more enhanced boost in resolution for retinal
prostheses.

CONCLUSIONS
The present study provides first proof of principle that current
steering on a pair of stimulating electrodes may be beneficial
for retinal implants in terms of being able to create virtual
electrodes that produce different activation patterns in the
cortex. Beneficial effects of current steering were observed in a
small number of cortical recording channels as well as a shift of
cortical activity centroids was demonstrated with varying
current proportions between electrodes. Mimicking of physical electrodes and generation of additional intermediate virtual
electrodes may be possible using current steering between two
physical electrodes. It remains to be investigated whether the
present results can be reproduced in blind animals and
enhanced by applying two-dimensional current steering.
Finally, the question whether ultimately virtual electrodes
and intermediate phosphenes can be evoked by current
steering in blind patients, and whether these phosphenes
could indeed improve patient performance, needs to be
addressed in human trials.
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