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PURPOSE. Current steering is a neural stimulation strategy that uses simultaneous stimulation of
adjacent electrodes to produce additional intermediate stimulation sites and thus improves
spatial resolution. We investigated the feasibility of current steering using electrophysiological
and computational methods after implanting paired penetrating electrodes into the rabbit’s
optic nerve (ON).

METHODS. Penetrating electrodes at different interelectrode distances were implanted into the
ON and electrically evoked cortical potentials (EEPs) in V1 recorded with a 6 3 8 array. The
current thresholds, EEP amplitudes, and spatial distributions were analyzed during current
steering. Computational simulation studies were performed based on finite element models to
calculate the area and spatial distribution of recruited ON fibers using a current steering
stimulation strategy.

RESULTS. Threshold reduction and EEP amplitude enhancement were found with simultaneous
stimulation of closely spaced electrode pairs. Spatially shifted cortical responses were
achieved using current steering, whereas the amplitudes and spatial spreads of the responses
were similar to that elicited by a single electrode. Computational simulations suggested that
the centroid of the ON recruitment area could be modulated by current steering while the
total recruitment area did not show any appreciable variability at a fixed current intensity.

CONCLUSIONS. Current steering is a useful strategy to enhance the spatial resolution of an ON
prosthesis without increasing the number of physical electrodes. This study provides useful
information for optimizing the design of stimulation strategies with a penetrating ON
prosthesis.

Keywords: visual prosthesis, optic nerve, electrical stimulation, current steering,
electrophysiology and simulation

Visual perception provides important information about the
outside world and is arguably the most relied on sense for

humans; thus, its deprivation markedly affects the quality of
life. Based on the development of modern biological micro-
electro-mechanical systems (MEMS) and the knowledge gained
from mature neural stimulation, scientists have tried to restore
some degree of visual sensation by bypassing the impaired
visual areas and electrically stimulating its residual functional
parts.1–8 Several research groups have been set up worldwide
to address this issue, and rapid development and promising
results have been achieved.1,2,4–6,9–17 Two devices, the Argus II
(Second Sight Medical Products, Sylmar, CA, USA) and Alpha
IMS (Retina Implant AG, Reutlingen, Baden-Württemberg,
Germany), have been clinically available in recent years.
Patients using these devices regained a certain degree of visual
function, such as locating and identifying objects, reading
letters, and even words.1,9,17 However, due to the limited

number of stimulating electrodes, which is constrained by
current engineering techniques and safety issues, the spatial
resolution of present day visual prostheses is still very limited.
For example, the best visual acuity measured for the Argus II
trial was 20/12601 and 20/546 for the Alpha IMS17; both were
within the range of ‘‘blindness’’ according to the World Health
Organization standard (visual acuity < 20/400).18 Thus, higher
acuity is still a necessary goal for artificial vision in future
prostheses.

There are various types of visual prostheses, and according to
the locations that are stimulated, they can be generally divided
into the following categories: epiretinal,1,3,19–22 subreti-
nal,2,8,13,23–25 suprachoroidal,4,15,26,27 intrapapillary,28 extraoc-
ular,12 thalamic,7 cortical,6,10,11 and optic nerve (ON).5,14

Among them, the ON approach may potentially achieve artificial
vision over a relatively large area of the visual field. Veraat et
al.5,29 first proposed using the ON as a prosthetic target for a
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blind patient and successfully implanted a cuff electrode with
four surface stimulating sites. A similar method was adopted by
our group to target the ON in animal experiments, but used a
penetrating electrode array as the neural interface.14,30–32 Prior
studies showed that visuotopically located cortical responses
could be evoked and a relatively low threshold could be
achieved by penetrating ON stimulation.31,32 However, given
the small size of the ON, and the compact arrangement of
retinal ganglion cell fibers, the problem of limited electrode
numbers remains particularly challenging.

Similar stimulation difficulties were also encountered in
other functional neural prostheses, such as cochlear implants,
and current steering was introduced to address the prob-
lem.33,34 Current steering is a subcategory of field shaping
strategies that is widely used in neural stimulation. The goal of
these strategies is to achieve precise control of the activated
tissue region by modulating the electrical field via simulta-
neous stimulation of multiple electrodes. In contrast to
traditional single-electrode stimulation, where only nearby
neural tissue centered at the active electrode is stimulated,
current steering activates neural regions that are positioned
between the physical electrodes; in other words, stimulation is
generated by a ‘‘virtual electrode.’’ Previous studies have
indicated that subjects with cochlear implants could hear
intermediate placed perceptual pitch using current steering,
and an average of four to seven intermediate pitches could be
induced by manipulating the current distribution applied to
two simultaneously stimulated component electrodes.33

Although current steering has achieved remarkable effects
with cochlear implants and other neural tissue stimulation, it is
still unknown whether it could be used in ON stimulation, nor
how well it will perform. The effect of its application may vary
widely according to different neural tissues, electrode types, and
stimulus parameters. Recently, current steering has been tested
to modify the activity of ganglion cells in the isolated retina, as
well as in vivo suprachoroidal retinal stimulation.35–37 In this
study, we implanted fine needle-type electrodes into the rabbit
ON and simultaneously stimulated the paired electrodes with a
current distribution that was between the two electrodes and
was varied with a steering coefficient, a. We assessed changes in
the pattern of cortical activity and systematically studied the
properties of the cortical response to the current steering
strategy. In addition, computational models based on the same
stimulating parameters were established to further investigate
the effect of current steering at the level of ON fibers.

MATERIALS AND METHODS

Animal Preparation and Surgical Procedures

Eight healthy adult white rabbits (Fengxian, Shanghai, China)
weighing 2–2.5 kg were used. Experiments received ethical
approval from Shanghai JiaoTong University, and all animal
procedures were conducted in accordance with the polices in
the Guide to the Care and Use of Laboratory Animals issued by
the National Institutes of Health and the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research.

Before anesthesia, animals received an intramuscular
injection of atropine sulphate (0.03–0.04 mg/kg) and dexa-
methasone phosphate (1.5 mg/kg) to reduce mucous secretion
and cortical edema, respectively. Anesthesia was achieved by
an intravenous injection of pentobarbital sodium (Urchem Ltd.,
Shanghai, China) at an initial dose of 5 mg/kg and then
maintained with 15 mg/kg�per hour; muscular paralysis was
achieved by an intravenous injection of 10 mg/kg�per hour
gallamine triethiodide (Sigma-Aldrich Co., St. Louis, MO, USA).
The animal was artificially ventilated by a pulmonary pump
(Matrx Model 3000; Midmark, Orchard Park, NY, USA), and

body temperature was maintained by a feedback heating pad
(Model H-KWDY-III; Xinxiaoyuan Biotech Ltd., Nanjing, China)
beneath the abdomen. Rabbits were placed in a stereotaxic
instrument (SN-3N; Narishige, Tokyo, Japan) to achieve stable
electrophysiological recordings. The rectal temperature was
maintained at ~388C, the end-expiratory CO2 was maintained
at 4%, and the electrocardiogram was continuously monitored
throughout the experiment.

The ON of the right eye was used for microelectrical
stimulation, and the primary visual cortex (V1) contralateral to
the stimulated ON was used for electrophysiological record-
ings (Fig. 1). A craniotomy extending from 1 to 9 mm lateral to
the midline and from 3 to 14 mm posterior to the bregma
suture was performed to expose the majority of the rabbit’s
V1.38 Epidural cortical responses to ON stimulation were
recorded using a custom-made 6 3 8 silver-ball electrode array.
The array had a center-to-center spacing of 1.5 mm, and each
silver ball was 0.3–0.4 mm in diameter with an impedance of
500–800 X. The visuotopic map in the rabbit V1 in relation to
the recording array has been shown previously in figure 3 of
Yan et al.39 A steel screw electrode inserted into the frontal
bone ipsilateral to the stimulated ON served as a reference
electrode for recording, and a stainless needle electrode was
inserted into the tip of ear as the ground.

The ON was exposed by making an incision ~3 mm above
the upper eyelid, and blunt dissection was used to separate the
orbicularis oculi and levator muscles, and the cartilage of the
upper orbit was then exposed. Another incision was made
between the cartilage and the frontal bone and then enlarged
along its bony edge (14 mm) so that a periorbital approach
could be achieved. The posterior part of the eyeball and a 3–4
mm length of the intraorbital ON were clearly visible after
cutting and retraction of the superior rectus and removal of the
fatty tissue around the ON.

Electrophysiological Recordings

V1 electrically evoked potentials (EEPs) in response to ON
stimulation were recorded using a neurophysiology worksta-
tion (RX7; Tucker-Davis Technologies, Alachua, FL, USA) at a 6-

FIGURE 1. Schematic diagrams showing electrical stimulation of the
rabbit’s ON and cortical recording sites. (A) Stimulating electrodes
were placed in the ON ~1–2 mm behind the globe. A needle-type
electrode was inserted in the canthus as a return electrode. (B)
Biphasic charge-balanced rectangular stimuli with a cathode-first phase
were used for electrical stimulation. During current steering, the total
current (It) was divided between the two electrodes with a steering
coefficient a. (C) Cortical potentials were recorded by a 6 38 silver-ball
electrode array (center-to-center spacing, 1.5 mm) placed epidurally
over the primary visual cortex (V1).
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kHz sampling rate per channel, amplified, and band-pass
filtered at 3–1000 Hz. Consecutive EEP responses were
averaged (n¼ 50) and then analyzed.

The amplitude of the first major positive peak (P1) of
the averaged EEP (measured as the difference between the P1
and the baseline) was used to represent EEP amplitude and
the strength of the response. The channel with the highest
amplitude (HCh) among the 48 recording channels was used
to represent the amplitude of the array and subsequent
threshold calculation. The EEP threshold was defined as
the current intensity eliciting a P1 that was approximately
two times the root mean square (RMS) of the baseline fluc-
tuation.

Electrical Stimulation

Polymer-insulted platinum-iridium electrodes (PI20030.1H3,
51 mm long and 81-lm shaft diameter; Micro Probe, Inc.,
Gaithersburg, MD, USA) were used for ON stimulation. The
electrode had an exposed 32-lm-long cone-shaped tip 12 lm in
diameter; thus, the calculated exposed area was ~6.14 3 10�6

cm2. The impedance of each electrode was 100 kX, measured
with a 1-kHz, 100-nA sinusoidal current (impedance meter:
model IMP-2MC; Micro Probe, Inc.). A stereotaxic microma-
nipulator (SM-11; Narishige) was used to implant electrode
pairs into the ON ~1–2 mm behind the eyeball at three
interelectrode distances: 200, 400, and 600 lm. The electrode
pairs were inserted perpendicular to the ON fiber orientation
and with a temporal-nasal (medial-lateral) arrangement (Fig.
1A). Stimulating current pulses were generated by an isolated
and programmable current-source stimulator (MS16; Tucker-
Davis Technologies). Biphasic charge-balanced rectangular
cathodic-first current pluses were used with a phase duration
of 0.5 ms, an interphase gap of 0, and at a frequency of 1 Hz.
All stimuli were monopolar and used a remote stainless steel
electrode placed at the canthus as the return electrode.

Single-electrode and current steering stimulation modes
were systematically applied to the electrode pairs. In the
single-electrode mode, only one electrode from the compo-
nent pair (i.e., electrode 1 [E1] or E2) was stimulated; E1 and
E2 were stimulated simultaneously in the current steering
mode, wherein the current distribution between E1 and E2
was determined by the steering coefficient, a, which was
defined as a fraction of the total current delivered through E1.
The total current applied through the pair was It; therefore,
the current applied to E1 is I1 ¼ It 3 a, whereas the current
applied to E2 is I2 ¼ It 3 (1 – a). Thus, a ¼ 0 indicates the
stimulation of only E2, and a ¼ 1 indicates the stimulation of
only E1. The current threshold for E1 (Thr1) and E2 (Thr2) in
each pair was tested separately. The current steering base
strength level Ib was set as Ib ¼ Thr1 þ Thr2; four current
strength levels, 0.5Ib, 0.75Ib, 1Ib, and 1.5Ib, were studied. To
explore the cortical response characteristics to current
steering, a typical coefficient where a ¼ 0.5 was used and
the EEP responses were compared with that evoked by the
single-electrode mode. The coefficient a was then gradually
changed in 0.1 steps to investigate the effect of the current
distributions on the EEP responses.

Statistical Analysis

The spatial distribution of the cortical responses was mapped
by plotting the 48 channel EEP amplitudes from the recording
array. To further quantitatively analyze the spatial characteris-
tics of EEPs evoked by certain stimuli, the EEP distribution map
was fitted by a standard two-dimensional (2D) Gaussian
function to determine the maximum response location (MRL)
relative to the recording array. The 2D Gaussian function is

f ðx; yÞ ¼ A exp � ðx � x0Þ2

2r2
x

þ ð y� y0Þ2

2r2
y

 ! !
ð1Þ

where the coefficient A is the amplitude, (x0, y0) is the center,
and rx, ry are the x and y spreads of the blob. rx and ry were
set to be equal, thus producing an isotropic Gaussian function.
The half-width at half-maximum (HWHM) of the function curve
was used to represent the extent of the spatial spread of the
cortical responses.

The results are shown as the mean and SD, and paired data
were compared with paired t-tests and a Student t-test for the
other data. Comparisons were considered statistically signifi-
cant when P � 0.05 for both tests.

Computational Simulation of Current Steering by
Paired Electrode Stimulation

Simulation models were established using a method that was
elaborated in a previous study by our group; for details, see Li
et al.40 In brief, finite-element models were established in the
COMSOL Multiphysics modeling environment to compute the
3D electric potential distribution generated by stimulation
using current steering. The calculated potentials were then
used as data in multicompartment cable models that were
constructed using NEURON software; the models used 10,000
ON fibers to predict response patterns under specific electrical
stimulus conditions. The shape and parameters of the
stimulating electrodes used in the simulation were the same
as those used in the above electrophysiology studies. The two
indices, recruitment area (RA) and shifting rate (SR), were
derived from the ON fiber ensemble response pattern and used
to measure the activities of the ON fibers with current steering.
RA refers to the size of the region within which the ON fibers
could be excited with a probability larger than 50%, SR was
calculated to quantify the position of the recruitment centroid
relative to the electrodes and thus was used to evaluate the
degree of current steering. SR was explicitly defined as the
ratio of the centroid shift from the midpoint between the two
electrodes against 50% of the interelectrode distance. The
values of RA and SR for a total of 5 3 3 3 4 cases were
calculated: a was varied from 0.1 to 0.5 in steps of 0.1, with
interelectrode distances of 200, 400, and 600 lm, and
stimulated by total current strength of It ¼ 0.5Ib, 0.75Ib, 1Ib,
and 1.5Ib, respectively. Here we stipulate that Ib¼ 14.0 lA, an
average value of the base strength levels measured in animal
experiments.

RESULTS

Electrically Evoked Cortical Potentials Response to
Single-Electrode Stimulation

Stable EEPs could be recorded from the contralateral V1
following electrical stimulation of the ON. The current
threshold was 6.8 6 3.0 lA with a phase duration of 0.5 ms
at 1 Hz and was equal to a charge of 3.4 6 1.5 nC per phase (n
¼ 28 in eight rabbits). Given the exposed area of the electrode
tip, the charge density threshold was 553.7 6 244.2 lC/cm2.
Figure 2 shows examples of EEP waveforms evoked by ON
stimulation and a typical EEP waveform contains a major
positive peak (P1) followed by a large negative peak (N1). The
implicit time for the P1 was 11.0 6 1.2 ms measured at two
times threshold current (n ¼ 28 in eight rabbits). The EEP
amplitudes varied among the 48 cortical channels (Fig. 2B),
and this is clearly demonstrated by the spatial distribution of
the cortical responses shown in the color-coded map of the P1
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amplitude recorded at each channel (Fig. 2C). Increasing the
current strength caused an increase in the EEP amplitude, as
shown in Figures 2A and 3A. The spatial spread of the response
across the V1, calculated by the HWHM of the Gaussian fitting,
also increased as the stimulation current increased (Figs. 3B,
3C).

Threshold and Amplitude of EEPs to Steering
Stimulation

A steering coefficient of a ¼ 0.5 was used to investigate EEP
thresholds to current steering stimulation; that is, the current is
evenly distributed between the two component electrodes.
Threshold reduction was seen for simultaneous stimulation of
electrodes pairs, such that EEPs were evoked with current
strengths that were lower than the threshold of either
electrode on its own. Although we did not measure the exact
threshold current for current steering, the threshold reduction
could be observed qualitatively from the minimum tested
current levels. Examples are shown in Figures 4A and 5C
through 5E from rabbit 03. The interelectrode distance of this
pair was 200 lm, and the thresholds for E1 and E2 were 7 and
5 lA, respectively. In current steering mode, cortical EEPs

could be evoked with a stimulating current of 0.5Ib ¼ 6 lA at
an a of 0.5; that is, 0.5 3 (Thr1 þ Thr2) with simultaneous
stimulation of E1 with 3 lA (i.e., 0.5 3 [Thr1þThr2] 3 a; 0.5 3

[7 þ 5] 3 0.5); note E1 and E2 were both below their single-
electrode thresholds. Four current levels, 0.5Ib, 0.75Ib, 1Ib, and
1.5Ib, were used to test EEPs responses to current steering, and
the detailed current levels that could evoke EEPs for different
electrode pairs are shown in Figures 4B through 4D after the
currents applied to E1 or E2 were normalized according to
their single-electrode thresholds. Statistical analysis of the
minimum currents is shown in Figure 4E. In 87.5% of
experiments with electrode pairs separated by 200 lm (7 of
8) and 100% of experiments with electrodes separated by 400
lm (4 of 4), the threshold in the steering mode was lower than
the threshold of either electrode alone (P < 0.05); however,
electrodes separated by 600 lm only produced EEPs when the
current applied to one of the electrodes was at or above that
electrode’s threshold (P > 0.05).

Figure 5 shows an example of the spatial distribution of the
cortical responses for electrodes 200 lm apart and stimulated
at 0.5Ib, 0.75Ib, 1Ib, and 1.5Ib current levels in the single-
electrode versus current steering modes with an a¼0.5 (rabbit
03). Different spatially distributed cortical responses could be

FIGURE 2. Typical EEPs elicited by a single electrode in the ON. (A) Typical EEP waveforms elicited by different current strengths ranging from sub-
threshold (sub-Thr, 4 lA) to three times threshold (3Thr; 1Thr¼ 5 lA). The arrow indicates stimulus onset. All EEPs are from the channel with the
highest P1 amplitude (i.e., HCh of the recording array), which is indicated by dashed box in B and asterisk in C. (B) Spatial distribution of EEPs
recorded from the 6 3 8 array (2Thr). (C) The P1 amplitude values derived from B were plotted as a pseudo-color map.

FIGURE 3. Plots of the amplitude and spatial spread of the cortical EEPs to ON stimulation by a single electrode and variable current strength. (A)
Strength–amplitude relationship. (B) An example of the spatial spread of EEPs in response to 2Thr stimulus to illustrate the Gaussian fit calculation
method for HWHM, which was used to represent the spatial spread of the cortical responses (from one single electrode). (C) Strength–HWHM
relationships from the same animals and recordings used in A. Mean 6 SD, n¼ 28 single electrodes in eight rabbits.
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evoked by separately stimulating electrode E1 (Figs. 5A, 5C) or
E2 (Figs. 5B, 5E). Current steering of E1 and E2 (Fig. 5D)
resulted in spatially different cortical responses in which the
HChs were intermediate between those evoked by E1 or E2
alone. The spatial distribution information for current steering
is statistically analyzed later in the following section.

Consistent with threshold reduction, the EEP amplitudes
were higher with current steering compared to single-
electrode modes with the same current. The example in
Figure 5 shows that current steering of E1 and E2 with 18 lA,
i.e. 9 lA at each electrode (1.5Ib current level, panel d), evoked
EEPs with higher amplitudes vs. stimulating either E1 or E2
with 9 lA. Further analysis showed that it was also higher than
the summation of the HCh amplitudes for E1 and E2. Figure 6
shows the EEP amplitudes during current steering versus
single-electrode stimulation at a 1.5Ib current level and with
different interelectrode distances. The EEP amplitudes with
current steering (current strength: It) at interelectrode
distances of 200 and 400 lm were significantly larger than
the summation of the independent EEP amplitudes evoked by
single-electrode stimulation at E1 and E2 (It/2 each) (P < 0.05;
Fig. 6); there was no amplitude enhancement with an
interelectrode distance of 600 lm (Fig. 6).

Responses to Steering Stimulation While Varying
the a Coefficient

Figure 7 shows three examples of cortical responses to
simultaneous stimulation of a pair of electrodes, 200 lm
(rabbit 03, the same data shown in Fig. 5), 400 lm (rabbit 06),

and 600 lm apart (rabbit 08), as a was varied from 0 to 1 in 0.1
steps. When the current distribution between the two
electrodes changed, the EEP response distribution showed a
gradual spatial shift representative of a shift in the ON
stimulation from one electrode to the other. A 2D Gaussian
fit was used to determine the cortical activity MRLs of the EEPs
evoked by the component electrodes at the various a values for
quantitative analysis of the spatial shifts (see Materials and
Methods). To normalize the data between different electrode
pairs, as shown in Figure 8, the MRL corresponding to
stimulation with a ¼ 0 was set as the original location for
each pair, and the distance between MRLs in response to
stimulation at a ¼ 1 versus a ¼ 0 was set as 1. Therefore, the
cortical shifts from stimulation of a¼ 0.1~0.9 were defined as
the difference of their MRLs compared with a ¼ 0 and
normalized by the MRL distance of between a ¼ 0 and a ¼ 1.
Regression lines were fitted to the data and showed that there
was a significant linear correlation between the various a
values and the cortical MRL shifts at all the three interelectrode
distances (Figs. 8A–8C: 200 lm: r¼0.90, P < 0.01, n¼8 in five
rabbits; 400 lm: r¼ 0.86, P < 0.01, n¼ 4 in two rabbits; 600
lm: r ¼ 0.93, P < 0.01, n¼ 2 in one rabbit).

Given that there is a linear relationship between the
cortical shifts in the steering mode (a ¼ 0.1~0.9) versus the
single-electrode mode (a ¼ 0 or 1) for all electrodes, the
cortical shifts of both modes were plotted together to
determine any quantitative relationship to shifts in the site
of stimulation within the ON (Fig. 8D). A virtual position for
the site of stimulation within the ON during the steering
mode with an a coefficient was calculated as a 3

FIGURE 4. The minimum tested current level needed to evoke EEPs using current steering at different interelectrode distances and at an a¼0.5. (A)
An example of EEPs evoked at the HCh by current steering and when using below-threshold currents at each single component electrode
(interelectrode distance¼ 200 lm, It¼ 0.5Ib, a¼ 0.5). (B–D) Normalized current levels applied to electrode E1 or E2 that evoked EEPs at different
interelectrode distances. Each line represents a different electrode pair. The shaded area represents below-threshold currents for both electrodes.
(E) Average minimum tested current needed to evoke an EEP at 200 (n¼16 electrodes), 400 lm (n¼8), 600 (n¼4), and single electrodes (n¼28).
*P < 0.05.
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interelectrode distance,37 for example, a ¼ 0 and a 600-lm
interelectrode distance in ON shifts the stimulation site 0 lm,
whereas an a ¼ 0.5 shifts the stimulus point 300 lm within
the ON and produces a corresponding shift in the location of
the maximal cortical response. The mean MRL shift for a 600-
lm ON separation was 4.44 6 0.92 mm (n¼ 2 in one rabbit);
for a 400-lm separation, this was 3.40 6 1.46 mm (n ¼ 4 in
two rabbits), and for 200 lm, this was 2.16 6 1.01 mm (n ¼
12 in seven rabbits, including stimulation of 400-lm pairs
with an a of 0.5). A virtual minimum ON shift in the site of
stimulation by 20 lm, using a step of 0.1 and electrode pairs
separated by 200 lm, produced a cortical shift of 0.28 6 0.17
mm (n ¼ 8 in five rabbits). The average cortical magnification
factor in the rabbit’s V1 is approximately 0.125 mm/deg38;
thus, the calculated shift in visual angle corresponds to 35.5
6 7.48, 27.2 6 11.78, and 17.3 6 8.18 by, respectively,

shifting the site of ON stimulation by 600, 400, and 200 lm; a
minimum shift of 2.2 6 1.48 is achieved by a current steering
shift of 20 lm.

While investigating the EEP amplitude and the spatial
spread for current steering, the electrode with the lowest
threshold in a pair was set as E1 (a¼ 1; E2, a¼ 0) to eliminate
differences between component electrodes among different
electrode pairs. For each electrode pair, we calculated the
averaged EEP amplitude (Ampavg) of E1 and E2 alone (a¼1 and
0, Amp1 and Amp2, i.e., Ampavg¼ [Amp1þ Amp2]/2), and the
EEP amplitudes at each a were normalized with Ampavg, that is,
normalized EEP amplitude¼ actual EEP amplitude/Ampavg. The
same mathematic procedure was also done to HWHM in the
spatial spread analysis when using current steering. The
amplitude and spatial spread of the EEPs in response to
different current coefficients are shown in Figures 9 and 10,

FIGURE 5. Spatial distribution maps comparing single-electrode versus current steering stimulation at different current strengths (interelectrode
distance¼ 200 lm, a¼ 0.5). Single-electrode stimulation at E1 (A) or E2 (B) was increased in steps equal to the four total steering mode current
levels: 6 (0.5Ib), 9 (0.75Ib), 12 (1Ib), and 18 lA (1.5Ib). (C, E) Single-electrode stimulation at half the steering current stimulation can be compared
with the result after combing stimuli in the steering mode (D) at a¼ 0.5. Asterisks indicate the HChs. Data from rabbit 03.
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respectively. Changes in the a while maintaining the same total

current resulted in EEP amplitudes and HWHMs that showed

regular gradual shifts between that evoked by E1 or E2 alone

(Figs. 9A–9C, 10A–C). Statistical analyses showed that there

was no significant difference in the amplitudes or the spatial

spread in response to single-electrode versus current steering

stimulation at interelectrode distances of 200, 400, and 600 lm

(P > 0.05 for both; Figs. 9D, 10D).

Simulation of ON Fiber Recruitment in Response to
Steering Stimulation

Figure 11 summarizes the RA and SR for the current steering
mode with different total currents It, steering coefficients a,
and interelectrode distances. As illustrated in Figure 11, the RA
increased with an increment in stimulating current intensity,
whereas a and interelectrode distance had a very small impact
on RA, especially at the lower current levels. The SR
representing the recruitment centroid of ON fibers gradually
shifted to the midpoint of two physical electrodes (SR ¼ 0) as
the a varied from 0.1 to 0.5, regardless of the variations of
current intensity and interelectrode distance.

DISCUSSION

Current steering is a widely applied field shaping strategy that
uses the interaction between multiple electrodes to stimulate
neural regions intermediate between the electrodes and thus
augments the number of possible stimulation sites and
improves spatial resolution. Our results clearly show that we
could shift the spatial location of the cortical response by
altering the simultaneous stimulation of closely spaced
electrode pairs with currents that were lower than the
thresholds of the component electrodes. The amplitudes and
spatial spreads of the maximum evoked responses remained
relatively stable as a was gradually changed at a fixed current
intensity, showing no difference between the steering and
single-electrode modes.

Current steering stimulation with a ¼ 0.5, that is,
simultaneous stimulation of E1 and E2 and evenly distributed
currents, was used to compare the threshold and amplitude
with single-electrode stimulation. Results demonstrated that
with interelectrode distances of 200 and 400 lm, cortical EEPs
could be evoked with a minimum current level that was lower
than the single-electrode thresholds. Threshold reductions are
commonly seen with simultaneous stimulation in cochlear
implants and retinal stimulation.41–44 In an animal study using
penetrating auditory nerve electrodes and recording from the
inferior colliculus, Middelebrooks et al.43 reported threshold

FIGURE 6. Comparison of EEP amplitudes using the single-electrode
stimulation mode versus current steering mode. To eliminate individual
differences between electrode pairs, data were normalized according
to the following equation:

Ampn ¼
Amp1 þ Amp2

Ampc

ð2Þ

where Ampc is the EEP amplitude from each pair with current steering
at It and an a of 0.5; Amp1 and Amp2 are the EEP amplitudes from
separate single-electrode stimulation with E1 or E2 at It/2, and the
Ampn is the normalized summation amplitude of Amp1 and Amp2,
which was expressed as the fraction of Ampc; thus, Ampn < 1 means
the amplitude with current steering is larger than the summation of
the independent amplitudes evoked by single-electrode stimulation of
E1 and E2: 200 lm, n¼ 8 in five rabbits; 400 lm, n¼ 4 in two rabbits;
600 lm, n¼ 2 in one rabbit. It¼ 1.5Ib. **P < 0.01; *P < 0.05, paired t-
test.

FIGURE 7. Distribution of cortical EEP amplitude following ON stimulation using various steering coefficients (a) and different interelectrode
distances. Asterisks mark the EEP HChs. Note the gradual shift in the spatial distribution as a changes in 0.1 steps. It¼ 1.5Ib; data were recorded
from three animals: 200 lm, rabbit 03; 400 lm, rabbit 06; 600 lm, rabbit 08.
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FIGURE 8. Shifts in the position of the relative cortical MRL to ON stimulation using various steering coefficients (a) and different interelectrode
distances. (A–C) Linear regression analysis between normalized MRL shifts and steering coefficient. The solid line represents the fitted function. (D)
Corresponding shift in cortical position and the converted visual angles for actual interelectrode distances in ON (circles) and the virtual
interelectrode distances (triangles) created by different steering coefficients. It¼ 1.5Ib; 200 lm, n¼ 8 pairs in five rabbits; 400 lm, n¼ 4 in two
rabbits; 600 lm, n ¼ 2 in one rabbit.

FIGURE 9. Cortical EEP amplitude changes in response to ON stimulation with various steering coefficients (a) and different interelectrode
distances. The EEP amplitudes with a¼ 0 and a¼ 1 were averaged and set to 1, and amplitudes were normalized with it. (A–C) Amplitude changes
and interelectrode distances. It ¼ 1.5Ib, 200 lm, n ¼ 8 pairs in five rabbits; 400 lm, n ¼ 4 in two rabbits; 600 lm, n ¼ 2 in one rabbit. (D) The
recorded amplitudes during steering (a¼ 0.1~0.9) and single-electrode modes (a¼ 0 or 1) were not significantly different. Single-electrode: n¼ 28
pairs, eight rabbits; steering mode: n ¼ 126; interelectrode distance data were combined from all experiments.
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reductions with interelectrode spacing of 200–600 lm, similar
to our results. Consistent with the threshold reduction, EEP
amplitudes with current steering and a current strength of It

were higher than the summation of the independent E1 and E2
amplitudes at a current strength of It/2. The lower thresholds
are believed to reflect an interaction between adjacent
electrodes.45,46 The EEP enhancement also indicates that it is
not simply due to amplitude summation of the component
electrodes, but due to increased fiber recruitment in the ON

due to the overlapping electric fields and neural interactions
that in turn lead to an augmented cortical response or
recruitment of more extensive cortical networks within
V1.42,46–49 The changes in the cortical threshold were a
conservative estimate of the ON interactions as it only revealed
the effect at threshold, that is, the lowest current strength
level. It cannot exclude the possibility of further interactions at
higher current levels, given that the electric field in the ON and
the cortical activation area are likely to increase.

FIGURE 10. Spatial spread of the cortical EEPs using various steering coefficients (a) and different inter-electrode distances. The EEP HWHMs with
a¼ 0 and a¼ 1 were averaged and set to 1, and HWHMs were normalized with it. (A–C) Spatial spread changes and inter-electrode distances. It¼
1.5Ib, 200 lm, n¼8 pairs in five rabbits; 400 lm, n¼4 in two rabbits; 600 lm, n¼2 in one rabbit. (D) The normalized EEP HWHMs during steering
(a¼0.1 ~ 0.9) and single-electrode modes (a¼0 or 1) were not significantly different. Single-electrode: n¼28 pairs, eight rabbits; steering mode: n

¼ 126; interelectrode distance data were combined from all experiments.

FIGURE 11. Simulation of ON fiber recruitment in response to steering stimulation. The RA and SR of paired stimulating electrodes using different
total current It , steering coefficient a, and interelectrode distances.
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Our results demonstrate that as current intensity gradually
changes from one electrode to the other there is a linear shift
in the location of the peak cortical response between the
responses evoked by the component electrodes. These results
imply that the visuotopic focus of the cortical response is
shifted with current steering, and thus, it is possible to create
multiple cortical representations in addition to those created
by single electrode stimulation. This creates the possibility of
increasing the spatial resolution of prosthesis through these
virtual electrode (stimulation) sites. In both single and steering
modes, larger ON interelectrode distances resulted in larger
shifts in the position of the peak cortical response. A ~178 shift
in the site of cortical activity could be seen with an
interelectrode distance of 200 lm, whereas current steering
at this interelectrode distance and a 0.1 a step, achieved a
much smaller cortical shift of ~2.28 with a virtual electrode
shift of 20 lm. Although these results are applicable only to the
rabbit, they do suggest that even finer spatial shifts may be
possible with human ON implants due to the higher density of
foveal fibers and the increased cortical magnification factor in
humans.50,51 However, whether these spatial shifts of MRL
could lead to changes in the visual percept should be
confirmed in additional animal and, ultimately, human studies.
Further studies in nonhuman primates will provide information
about the possibilities of increasing prosthetic resolution using
current steering at different interelectrode distances in the ON.

Visuotopic correspondence of the electrical stimulation to a
retinotopic map is an important issue for visual restoration.
Histologic studies have showed that there is only a rough
retinotopic arrangement of retinal ganglion cell (RGC) fibers at
the ON head, and these fibers gradually scattered and degrade
the topographic map with the increasing distance from the
eyeball.52,53 We have implanted the stimulating electrodes ~1–
2 mm behind the eyeball, and Lu et al.32 showed that electrical
stimulation at multiple sites and different depths at this location
can result in the stimulation of a rough visuotopic map within
the cortex. Relatively regular spatial shifts were observed in
present study. However, due to the compaction of the RGC
fibers from the entire retina into the small area of the ON,
component electrodes with large interelectrode distances or
stimulating with high current strengths will decrease the
likelihood of creating a continuous retinotopic map and may
generate nonadjacent phosphenes when using current steering.

The EEP threshold reduction and amplitude enhancement
were only observed in current steering with interelectrode
distances of 200 and 400 lm, but not 600 lm. However, spatial
shifts in the cortical activity were found in steering stimulation
at all three interelectrode distances. Thresholds, amplitudes,
and spatial shifts of the cortical activity were relatively
independent indices that describe different aspects of the
electric field interaction. The former two are more likely to be
related to the number of recruited ON fibers involved in the
generation of the cortical response, whereas a spatial shift
reflects the variation in the activated cortical areas. The spatial
distribution of cortical responses could vary even if the total
activated area did not change, whereas the cortical activated
area is thought to be closely related to the recruited ON fiber
number. Our results suggest that the interelectrode distance
may have a different impact on the electric field interaction in
steering stimulation.

When the total current strength was kept fixed during ON
current steering, the spatial spread and amplitude of the
cortical responses remained relatively stable, and there were
no significant differences between current steering (a ¼
0.1~0.9) and single-electrode modes (a ¼ 0 or 1). For each a,
Dumm et al.37 analyzed spatial selectivity across all cortical
recording electrodes at a current level required to reach 90% of
maximum cortical response on the best cortical electrode

(cortical electrode with the lowest threshold) and thus
measured selectivity at the same point on the electrical
dynamic range for each a. They saw no differences in cortical
selectivity between physical electrodes (a¼ 0 or 1) and virtual
electrodes (a ¼ 0.1~0.9) in their study of current steering in
suprachoroidal retinal stimulation. In the computer modeling
studies on current steering of cochlear implants by Frijins et
al.,54 the spatial width of the excited region also remained
stable with varied a as the stimulus currents were applied
relative to the most comfortable level (MCL) of the respective
electrodes. Although similar phenomena have been observed
in these studies, the stimulation conditions were different. Our
results revealed the response properties using a fixed current
strength without matching the stimulating levels with respect
to the thresholds at varied a. It is a very important issue to
measure the threshold at each a during current steering and
compare the evoked responses using stimulus currents based
on the specific a thresholds to keep the stimulation at the same
region of dynamic range for both steering and single-electrode
modes. This investigation needs to be explored further in a
future study to acquire a more comprehensive understanding
of current steering for the penetrating ON prosthesis.

Finally, we established computational models to evaluate
the effects of current steering on ON fibers. The simulation
results show that the SR changes with the steering coefficient;
this revealed that the distributions of electric fields and
recruited ON fibers could be spatially modulated by current
steering, which is a necessary condition for generating virtual
electrodes within the ON. However, when current intensity is
fixed, the RA is basically stable with different steering
coefficients, indicating that the number of the ON fibers
involved did not change to any considerable degree and is
consistent with our electrophysiological results in which the
cortical response amplitude and spatial spread remained stable
with steering stimulation. The RA and SR only reflected the
effect of current steering on the ON fibers; however, whether
this influence will be changed and to what extent it will be
changed during the information processing of the downstream
neural network, that is, the lateral geniculate nucleus and
visual cortex, remains unknown. Therefore, our simulation
results can only be interpreted as a limited and conservative
estimation of the effect of current steering in the ON, and this
should be considered when comparing these results with the
cortical responses.

In summary, our electrophysiological and simulated results
confirm the viability of using closely spaced penetrating ON
electrodes and current steering to alter the visuotopic focus of
evoked cortical responses. A penetrating ON prosthesis has
merit due to its potential to elicit cortical responses within a
large area of the visual field. However, the limited number of
electrodes within a possible array constrains visual resolution;
thus, current steering may prove to be a very efficient tool to
improve spatial resolution. Only a linear arrangement of
electrode pairs was investigated in this study as a first step in
exploring the feasibility and basic characteristics of current
steering for a penetrating ON prosthesis. However, ON
anatomy makes it possible to implant a more complex 3D
pattern of electrodes, for example, incorporating different
depths within the ON. Our future studies will investigate
current steering with this multidimensional arrangement in our
quest to further improve the virtual spatial resolution of a
prosthetic device.
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