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Abstract
Background and Aims:  
Retinal prostheses have been suggested to restore vision for those with retinal diseases. This study 
aimed to identify the most effective stimulation approaches for retinal prostheses.

Methods: 
This study examined various return electrode configurations on a realistic retinal ganglion cell model. 
Two return electrode configurations, monopolar and hexapolar, were implanted on epiretinal side. 
There were four waveforms used to send electrical current through the active electrode. The study 
also compared two stimulation methods: single stimulation and concurrent (parallel) stimulation.

Results: 
Directly placing the retinal ganglion cell beneath the active electrode resulted in no significant differ-
ence in the required current for stimulating retinal ganglion cells between monopolar and hexapolar 
return electrodes, regardless of the stimulation waveform. For retinal ganglion cells located away 
from the active electrode, differences in the required current were noted between the two return 
electrode configurations. The study discovered that parallel stimulation with two or three active elec-
trodes lowered current requirements by up to 70% compared to single stimulation. Monophasic anod-
ic stimulation yielded the most effective pulse waveform, regardless of the configuration (monopolar 
or hexapolar) or stimulation mode (single or parallel). Moreover, monophasic cathodic stimulation 
usually targets retinal ganglion cells around the active electrode.

Conclusions: 
These results illuminate the best stimulation strategies for enhancing the efficacy of retinal prosthe-
sis. The study highlights the importance of electrode arrangement, waveform selection, and single or 
concurrent stimulation for improving retinal ganglion cell activation. 
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Introduction

Vision impairment was projected to have 
a worldwide prevalence of 596 million in-
dividuals in 2020, with 43 million of them 
being classified as blind. It is projected that 
the prevalence of blindness will reach 61 
million by 2050, as life expectancy con-
tinues to advance. Prolonged productiv-
ity losses in the United States alone are 
estimated to amount to 16.5 billion USD, 
which carries substantial economic ramifi-
cations on a global scale 1. Permanent vi-
sion loss is commonly attributed to retinal 
degeneration, which is distinguished by the 
progressive degradation and impairment 
of photoreceptor function. The two most 
prevalent forms of retinal degenerative 
diseases are age-related macular degen-
eration (AMD) and retinitis pigmentosa 
(RP). Around 30 to 50 million individuals 
are afflicted with AMD on a global scale, 
whereas in the United States, the number 
exceeds 2 million. An estimated 1.5 mil-
lion individuals globally are affected by 
RP 2. As advancements in bioelectronics 
systems and biomaterials technology con-
tinue to progress, researchers are exploring 
the potential of bionic methods to restore 
functional vision for individuals with RP 
3. Different therapeutic approaches, such 
as laser treatments, gene therapies, and 
pharmacological interventions, are being 

investigated for the treatment of various 
degenerative vision disorders 4.

Retinal prostheses devices offer a prom-
ising approach for restoring vision in peo-
ple with visual problems. These devices 
work by electrically activating the remain-
ing retinal neurons. Different approach-
es for stimulation have been investigated 
in the study of visual prosthesis, such as 
epiretinal, subretinal, suprachoroidal, tha-
lamic, extraocular, cortical, and optic nerve 
methods 5. The three primary categories of 
retinal prostheses that have been suggest-
ed are epiretinal, subretinal, and supracho-
roidal. The primary objective, irrespec-
tive of the particular variant employed, is 
to electrically stimulate the undamaged 
retinal ganglion cells in order to produce 
perceptual sensations that communicate 
visual data. Blind patients, following the 
implantation of retinal prostheses and par-
ticipation in rehabilitation training, have 
demonstrated the ability to see and recog-
nize basic shapes, as evidenced by clinical 
studies 6. Nevertheless, the present resolu-
tion of these devices is still restricted and 
necessitates future enhancement.

Various operational and safety issues 
have an impact on the performance of ret-
inal implants. An essential factor to con-
sider is the level of charge injected, which 
must be kept under a safe threshold for the 
electrodes 6. In order to avoid neurological 
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harm and electrode erosion, ensuring that 
the charge density on platinum electrodes 
does not exceed the established safe thresh-
old of 300 μC cm−2 7. Furthermore, var-
ious research studies have found that the 
duration of the pulse, as well as its length, 
kind, and symmetry, have a notable influ-
ence on neuronal electrical stimulation 8, 9, 

10. Retinal implants have effectively used 
shorter pulses (0.1 ms) or bigger pulses (25 
ms) to prevent the activation of passing 
axons, which can impact the resolution of 
the perceived picture 9. Moreover, research 
has demonstrated that pulse asymmetry 
can lower the threshold required to acti-
vate retinal neurons. Hence, the examina-
tion of efficacious stimulation paradigms 
can aid in improving the efficacy of retinal 
prostheses.

The selection of return electrodes em-
ployed during electrical stimulation signif-
icantly affects the activation threshold and 
spatial activation, as evidenced by research 
conducted on cochlear and visual implants 
6, 11. Different configurations of return 
electrodes, including monopolar, bipolar, 
tripolar, and hexapolar, have been suggest-
ed for cochlear and visual prostheses. In 
general, these investigations have demon-
strated that the monopolar arrangement 
stimulates neurons with a lower charge 
injection, whereas other configurations re-
sult in more localized activation 6, 11.

The effects of return electrode config-
urations on retinal electrical stimulation 
were investigated in this research. With 
epiretinal stimulation, this investigation 
employs a model of retinal ganglion cells 
(RGCs) that are morphologically realis-
tic. This study also investigates, besides 
the two distinct return electrode config-
urations, the influence of either single or 
concurrent stimulation and the influence of 
pulse waveforms.

Methods 

The finite-element simulation software 
(COMSOL AB, Sweden) was utilized to 
accurately reproduce the morphologically 
realistic model of a rabbit OFF retinal gan-
glion cell (RGC) as described by 12, with 
the necessary modifications. A semi-ellip-
soid shape was positioned around the OFF 
RGC cell in order to represent the extracel-
lular environment. This cellular structure 
was composed of the following compo-
nents: an axon, a soma, dendrites, an axon 
hillock, and an axon initial segment (AIS) 
(Fig. 1a). The electrodes were arranged in 
a hexagonal configuration in the shape of 
circular discs, each measuring 200 μm in 
diameter, with a distance of 400 μm be-
tween their centers (see Figure 1c). The 
active electrode in the hexagonal configu-
ration was the central electrode, while the 
return electrodes, denoted as six adjacent 
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local electrodes connected to the ground, 
functioned as return electrodes (see Figure 
1c). In the monopolar configuration, the 

return electrode was positioned at a con-
siderable distance, specifically at the lower 
boundary of the ellipsoid (Fig. 1b).

Fig. 1 The setup of the models used for epiretinal stimulation—(a) the realistic OFF RGC (b) the monopolar return electrodes 
(c) the hexapolar return electrodes and (d) the four stimulus waveforms employed in this study. The red circles indicate the 

active electrodes, while the black circles denote the return electrodes.

The four waveforms utilized were 
monophasic cathodic, biphasic anodic, 
and biphasic cathodic first pulses; all four 
were symmetric charge-balanced and had 
a duration of 0.5 ms without an interphase 
delay (Fig. 1d). In order to determine the 
thresholds required to activate the RGCs, 
the RGC was placed 120 μm below the ac-
tive electrode. Also, measurements were 
taken at three (single active electrode) or 
five (two and three active electrodes) dif-
ferent spots, both 120 μm vertically, 400 
μm, and 800 μm to the left and right of the 
active electrode’s plane.

It is necessary to clarify a few abbrevi-
ations that will be used more frequently in 
subsequent sections of this document. Four 
pulse waveforms were employed in this 
study: monophasic anodic (MA), mono-
phasic cathodic (MC), biphasic anodic 
(BA), and biphasic cathodic (BC). Addi-
tionally, there are five designated measure-
ment locations: center (C), right (R), left 
(L), far right (FR), and far left (FL). 

Mathematical Formulations

In our discrete model of the OFF reti-
nal ganglion cell (RGC), the distribution 
of extracellular voltage (V_e) was deter-
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mined by Poisson’s equation:
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RGC membrane, also expressed as a function of membrane area, is indicated by the symbol 𝑖𝑖=>?. 

For a more comprehensive understanding of the model, including the gating variables, detailed 

ionic current formulations, conductance, and kinetic parameter values for each rate and RGC 

compartment, please refer to 12. 

4.   Results  

Single Monopolar vs Single Hexapolar Electrodes Configuration 

To evaluate the required current for activating retinal ganglion cells (RGCs) through epiretinal 

electrical stimulation, we conducted assessments using both monopolar and hexapolar return 

electrode designs. Our simulations, depicted in Fig.2, revealed that there was no statistically 
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where in the equation, the electric con-
ductivity of the vitreous layer, denoted as 
σ_b and measured at 1.28 (S/m) 13, and the 
volumetric current density I resulting from 
the flow of cell membrane current, are con-
sidered.

Based on the varying-radius cable equa-
tion, the RGC activation was calculated 
using the following formula 14:

where in the equation, the membrane 
potential is denoted as V_m, x represents 
the axial cable distance, r describes the 
radius of the retinal ganglion cell (RGC) 
compartment (μm), ρ_i represents the in-
tracellular resistivity, which was set to 110 
Ω • cm, and the membrane capacitance 
(Cm) is expressed as a function of mem-
brane area (μF /cm2 ). The total ionic cur-
rent flowing through the RGC membrane, 
also expressed as a function of membrane 
area, is indicated by the symbol i_ion.

For a more comprehensive understand-
ing of the model, including the gating var-
iables, detailed ionic current formulations, 
conductance, and kinetic parameter val-
ues for each rate and RGC compartment, 
please refer to 12.

Results 

Single Monopolar vs Single Hexapolar 
Electrodes Configuration

To evaluate the required current for 
activating retinal ganglion cells (RGCs) 
through epiretinal electrical stimulation, 
we conducted assessments using both mo-
nopolar and hexapolar return electrode de-
signs. Our simulations, depicted in Fig.2, 
revealed that there was no statistically sig-
nificant distinction in current thresholds 
between monopolar and hexapolar con-
figurations when the RGC was positioned 
directly beneath the stimulating electrode, 
regardless of the four different stimulus 
waveforms employed. The threshold of 
RGC activation was the lowest with MA 
pulse in monopolar settings at all three lo-
cations and in hexapolar settings only in 
the center compared to other pulse wave-
forms. Measurements taken on the right 
side were lower compared to measurements 
on the left side when using either monop-
olar or hexapolar configurations with MA 
or BA pulses. In contrast, when MC or 
BC pulses were employed, no significant 
difference was observed between right 
and left measurements for either monop-
olar or hexapolar electrode configurations. 
This variation in the threshold between 
right and left measurements, even with 
the same distance of 400 μm could come 
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from the morphology of RGC dendrites 
or from the influence of the pulse wave-
form itself. In hexapolar settings when the 
RGC was moved to the left, the threshold 
was increased by more than 1255% (MA 
pulse), 800% (MC pulse), 800% (BA 
pulse), and 580% (BC pulse) compared 
to the center measurements. In hexapolar 
settings when the RGC was moved to the 
right, the threshold was increased by more 
than 1000% (MA), 770% (MC), 640% 

(BA), and 660% (BC) compared to the 
center measurements. In monopolar set-
tings when the RGC was moved to the left, 
the threshold was increased by more than 
660% (MA), 700% (MC), 550% (BA), and 
475% (BC) compared to the center meas-
urements. In monopolar settings when the 
RGC was moved to the right, the threshold 
was increased by more than 450% (MA), 
730% (MC), 400% (BA), and 515% (BC) 
compared to the center measurements.

Fig. 2 The three RGC measurement sites for the configurations of the single monopolar and hexapolar electrodes (a, b) and 
the current thresholds in (μA) for the single monopolar and hexapolar electrodes (c, d) with using the four pulse durations: 
monophasic anodic (MA), monophasic cathodic (MC), biphasic anodic (BA) and biphasic cathodic (BC). R is pointing to 

the right, C is pointing to the center, and L is pointing to the left. The red circles indicate the active electrodes, while the blue 
circles denote the return electrodes.

Two Active Monopolar vs Two Active 
Hexapolar Electrodes Configuration

In the two active monopolar and two 
active hexapolar electrodes configuration, 
the right and left locations are like the 

center location in the single monopolar 
configuration, whereas the far left and far 
right locations are like the left and right lo-
cations, respectively (Fig.3). The left and 
right measurements in the two monopolar 
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and two hexapolar configurations are al-
most similar to the center measurements 
in the single electrode configurations. MA 
waveform had the lowest threshold for both 
monopolar and hexapolar at all five loca-
tions compared to other pulse waveforms, 
except for the far left location of monop-
olar electrodes settings. When the active 
electrode was directly above the RGC (left 
& right locations), the required activation 
current was similar for both monopolar 
and hexapolar with using BA or BC wave-
forms. In the center measurements in two 
hexapolar settings, the threshold was re-
duced by around 50 % for all used pulse 
waveforms (MA, MC, BA, BC) compared 
to either far right or far left measurements. 
In the center measurements in two monop-
olar settings, the threshold was reduced by 
around 50 % for pulse waveforms (MA & 
BA) compared to either far right or far left 
measurements whereas there is no signifi-
cant variation when using MC or BC. In 
the two hexapolar electrodes configuration 
at the center location, the threshold was re-
duced by more 70% (MA), 50% (MC), 65% 
(BA), and around 50% (BC) compared to 
the left measurements of single hexapolar 
measurements. In the two hexapolar elec-
trodes configuration at the center location, 
the threshold was reduced by more than 
65% (MA), around 50% (MC), around 
60% (BA), and 50% (BC) compared to 

the right measurements of single hexapo-
lar measurements. In the two monopolar 
electrodes configuration at the center lo-
cation, the threshold was reduced around 
60% (MA), 10% (MC), 60% (BA), and 
14% (BC) compared to the left measure-
ments of single monopolar measurements. 
In the two monopolar electrodes configu-
ration at the center location, the threshold 
was reduced 45% (MA), 13% (MC), 45% 
(BA), and 20% (BC) compared to the right 
measurements of single monopolar meas-
urements. At the center location of two 
active electrodes settings, monopolar con-
figuration exhibited an increase in current 
threshold of 60% and around 50% when 
using monophasic cathodic and biphasic 
cathodic first, respectively, compared to 
the two active hexapolar electrodes con-
figuration whereas there is no significant 
difference between these two electrodes 
configuration when using either monopha-
sic anodic or biphasic anodic first. In the 
two hexapolar electrodes configuration at 
the far left (FL) location, the threshold was 
reduced by around 55% (MA), no differ-
ence (MC), 35% (BA), and increased by 
around 10% (BC) compared to the left 
measurements of single hexapolar meas-
urements. In the two monopolar electrodes 
configuration at the far left (FL) location, 
the threshold was almost similar for all 
pulses compared to the left measurements 
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of single monopolar measurements. In the 
two hexapolar electrodes configuration at 
the far right (FR) location, the threshold 
was reduced by around 42% (MA), 15% 
(MC), 33% (BA), and 20% (BC) com-
pared to the right measurements of single 

hexapolar measurements. In the two mo-
nopolar electrodes configuration at the far 
right (FR) location, the threshold was al-
most similar for all pulses compared to the 
right measurements of single monopolar 
measurements.

Fig. 3 The five RGC measurement sites for the configurations of the two active monopolar and two active hexapolar elec-
trodes (a, b) and the current thresholds in (μA) for the two active monopolar and two active hexapolar electrodes (c, d) with 

using the four pulse durations. FR is pointing to the far right and FL is pointing to the far left. The red circles indicate the 
active electrodes, while the blue circles denote the return electrodes.

Three Active Monopolar vs Three Active 
Hexapolar Electrodes Configuration

In the three active monopolar and three 
active hexapolar electrodes configuration, 
the center, right and left locations are like 
the center location in the single monopo-
lar configuration, whereas the far left and 
far right locations are like the left and 
right locations, respectively (Fig.4). The 
(MA) pulse almost had the lowest thresh-

old (68 µA) among all pulses and all five 
locations when using either three active 
monopolar or three active hexapolar elec-
trodes configuration. This value (68 µA) 
was the lowest measurement among all 
measurements in this study and there was 
a reduction in the current threshold by 30 
% and 20% for hexapolar and monopolar 
configuration compared to either a single 
hexapolar or monopolar electrodes config-
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uration. Moreover, there is a reduction in 
current thresholds extending from 10% to 
30% at the center location among all pulse 
waveforms when using either monopo-
lar or hexapolar electrodes configuration 
compared to the center measurements for 
either single monopolar or single hexapo-
lar electrodes configuration. Compared to 
the left measurement of the single hexap-

olar electrodes configuration, three active 
hexapolar electrodes configuration at the 
far left measurements exhibited a reduc-
tion in current thresholds ranging from 
11% to 33% among all pulse waveforms. 
Compared to the right measurement of the 
single hexapolar electrodes configuration, 
three active hexapolar electrodes configu-
ration at the 

Fig. 4 The five RGC measurement sites for the configurations of the Three active monopolar and three active hexapolar 
electrodes (a, b) and the current thresholds in (μA) for the three active monopolar and three active hexapolar electrodes (c, 
d) with using the four pulse durations. The red circles indicate the active electrodes, while the blue circles denote the return 

electrodes.

far right measurements exhibited a re-
duction in current thresholds ranging from 
18% to 36% among all pulse waveforms. 
Compared to the left measurement of the 
single monopolar electrodes configuration, 
three active monopolar electrodes configu-
ration at the far left measurements exhibit-
ed a reduction in current thresholds ranging 

from 10% to 20% among all pulse wave-
forms. Compared to the right measurement 
of the single monopolar electrodes config-
uration, three active monopolar electrodes 
configuration at the far right measurements 
exhibited a reduction in current thresholds 
ranging from 13% to 21% among all pulse 
waveforms. When the active electrodes are 
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positioned directly above the retinal gan-
glion cell (RGC) (center location), there 
is no notable distinction found between 
monopolar and hexapolar electrode con-
figurations among all pulse waveforms. In 
the three active electrodes settings at the 
far left location measurements, the mo-
nopolar electrodes configuration showed 
a decrease in current thresholds compared 
to the hexapolar electrodes configuration 
ranging from 7% to 27% among all pulse 
waveforms.

Discussion 

Regardless of the four different stimulus 
waveforms and the use of single or con-
current stimulation paradigms (with two 
or three active electrodes), our simulations 
did not reveal a statistically significant dif-
ference between the monopolar and hexa-
polar current thresholds when the retinal 
ganglion cell (RGC) was positioned di-
rectly beneath the stimulating electrode, as 
seen in (Figures 2,3 and 4). These findings 
appear to contradict the general agreement 
among in vitro and in vivo investigations 6, 

11, 15. Prior studies have demonstrated that 
the required current for activating RGCs 
using the hexapolar configuration is gen-
erally greater than twice as high as that for 
the monopolar configuration. However, 
the results of a previous study that used 
computer modeling and in vitro testing 

showed that the current thresholds needed 
to stimulate RGCs during suprachoroidal 
electrical stimulation are not significantly 
different between monopolar and multipo-
lar configurations and are closely aligned 
with our simulations 16. In addition, our 
simulations align with recent modeling 
studies that show the difference between 
monopolar and hexapolar approaches is 
minimal when the distance between the 
electrodes and the targeted tissue is greater 
than the diameter of the electrodes 7, 17, 18.

The disparity in current thresholds be-
tween monopolar and hexapolar return 
electrode configurations becomes appar-
ent when the retinal ganglion cell (RGC) 
is situated at a significant distance from 
the stimulating electrode, as illustrated in 
(Figures 2, 3, and 4). When the RGC is po-
sitioned 400 μm to the left, the hexapolar 
arrangement shows current thresholds that 
are 1.1 to 1.8 times greater than those of 
the monopolar design for all pulse dura-
tions. Similarly, when the RGC is placed 
at the same distance on the right side, the 
hexapolar configuration shows a range of 
current thresholds that is 1.05 to 2 times 
higher than the monopolar configuration. 
This indicates a more significant difference 
in current thresholds between the two set-
ups of return electrodes (Fig. 2). In the two 
active electrodes settings measurements, 
monopolar and hexapolar configurations 
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showed almost similar current thresholds 
in the far right location. In contrast, the 
monopolar configuration exhibited high-
er current thresholds than hexapolar with 
anodic pulses by 1.2 times with MA and 
1.08 times with BA, whereas the hexapo-
lar configuration showed higher thresholds 
than monopolar with cathodic pulses by 
1.24 times with MC and 1.35 times with BC 
in the far left location (Fig. 3). In the three 
active electrodes settings measurements, 
hexapolar electrode settings displayed an 
increase in current threshold compared to 
monopolar electrode settings in all pulses, 
ranging from 1.06 to 1.44 times in either 
the far right or far left locations, with the 
obvious variation coming with the anodic 
pulses (Fig. 4). This finding suggests that 
a significant distinction exists between the 
two types of return electrodes, but only for 
those RGCs positioned at a considerable 
distance from the active electrode, even 
when the distance between the active elec-
trode and the RGC is smaller than the di-
ameter of the electrode. These significant 
findings integrate and provide an explana-
tion for several in vivo and in vitro exper-
iments 6, 11, 15. These experiments generally 
found that the monopolar configuration 
necessitated lower current thresholds than 
the hexapolar configuration. In contrast, 
a few in vitro and modeling studies 7, 17, 18 

concluded that there is no significant dis-

tinction between monopolar and hexapolar 
configurations.

The retinal electrical stimulation might 
be substantially altered by concurrent (par-
allel) stimulation. During concurrent stim-
ulation, the interaction in the electric field 
between two monopolar or two hexapolar 
active electrodes is evident for all pulses 
employed. As shown in Figure 3, this in-
teraction has the potential to substantial-
ly decrease the current needed to activate 
RGCs by as much as 70% and 60% for 
hexapolar and monopolar configurations, 
respectively,

in comparison to measurements tak-
en with a single monopolar or hexapolar 
electrode configuration. Furthermore, it 
is observed that the center measurements 
for stimulation of three active electrodes 
with a monopolar or hexapolar electrode 
configuration result in 30% lower current 
thresholds across all pulse waveforms, in 
comparison to the center measurements 
obtained with a single monopolar or sin-
gle hexapolar electrode configuration (see 
Figures 2 & 4). These findings are consist-
ent with the results of an in vitro experi-
ment conducted on feline retinae 15 which 
demonstrated that concurrent monopolar 
stimulation decreased the thresholds by 
20%, and with a modeling study 7 which 
found that parallel stimulation reduced the 
required current by as much as 53%. Par-



Majmaah Journal of Health Sciences ,Vol. 12,  Issue 2  ,  April - 2024, Shawwal - 1445

119Investigating Different Paradigms of Electrical Stimulation for Retinal Prosthesis

allel stimulation appears to induce signif-
icant interference between adjacent elec-
tric fields, according to these findings. It 
is noteworthy that a clinical trial involving 
blind participants and epiretinal implants 
documented this effect 19.

The predominant type of pulses used in 
retinal prostheses is biphasic charge-bal-
anced pulses, which typically begin with 
a cathodic initial pulse 20, 21, 22. The anodic 
phase of the pulse hyperpolarizes nearby 
neurons 20, while the cathodic phase de-
polarizes neurons in close proximity to the 
stimulating electrode, leading to the gener-
ation of action potentials. When the elec-
trode is in close proximity to neural cells, 
a cathodic pulse requires a lower charge to 
elicit an action potential 21. However, some 
in vitro studies using subretinal prostheses 
have shown that

anodal stimulation requires a lower 
charge to elicit an action potential com-
pared to cathodal stimulation 20, 22. The 
proximity and positioning of the stimulat-
ing electrode with respect to retinal neurons 
play crucial roles in neuronal responses 7, 

22. Our simulations extensively elucidated 
the effects of pulse duration on epiretinal 
electrical stimulation of retinal ganglion 
cells (RGCs). We found that, in general, 
the current threshold was lowest for mono-
phasic anodic pulse duration, regardless of 
the location and whether single or parallel 

stimulation (involving two or three active 
electrodes) was used. This observation is 
consistent with recent research findings 8, 

10, 20, 22 (Figures 2, 3 & 4). Furthermore, in 
hexapolar configurations, the biphasic ca-
thodic pulse was found to be more efficient 
in initial charge injection, except when the 
RGCs were directly beneath the stimulat-
ing electrode. This aligns with the findings 
of an experimental study conducted by 23 
on optimization, as illustrated in Figure 
2b. Furthermore, it was observed that the 
monophasic cathodic pulse duration, as 
opposed to all other pulse durations that 
target the RGC axon, successfully stimu-
lated the RGCs situated beneath the stim-
ulating electrode (results not shown). This 
pulse specifically targets the soma or axon 
initial segment (AIS) of the RGC rather 
than its distal axon, which is consistent 
with the findings of 10. The activation of 
the axon occurred prior to the soma or AIS, 
irrespective of the duration of the applied 
pulse, when the RGC was positioned away 
from the stimulating electrode (results not 
shown). One of the challenges associated 
with retinal implants is preferable retinal 
activation; this discovery will be beneficial 
in addressing this issue.

Conclusion 

The effect of return electrode configu-
ration on retinal electrical stimulation was 
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examined under two forms of stimulation 
(single and parallel) and four distinct cur-
rent pulse types. When the distance be-
tween the stimulating electrode and the 
RGC is less than the diameter of the elec-
trode (RGC is positioned directly below 
the stimulating electrode), current thresh-
olds for both hexapolar and monopolar 
return electrode configurations are compa-
rable. When RGC is positioned remotely 
from the stimulating electrode on the left 
or right, monopolar return configuration 
requires less current for activating RGCs 
compared to hexapolar configuration. For 
nearly all locations and for both single 
and parallel stimulation (two to three ac-
tive electrodes), the monophasic anodic 
current waveform was more effective in 
both hexapolar and monopolar configura-
tions. Concurrent or parallel stimulation, 
using two or three active electrodes, can 
decrease the necessary current for activat-
ing retinal ganglion cells (RGCs) by up to 
70% compared to single stimulation.
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