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Optimizing the Electrical Stimulation of
Retinal Ganglion Cells
A. E. Hadjinicolaou, C. O. Savage, N. V. Apollo, D. J. Garrett, S. L. Cloherty, M. R. Ibbotson, and B. J. O'Brien

Abstract—Epiretinal prostheses aim to restore visual perception
in the blind through electrical stimulation of surviving retinal
ganglion cells (RGCs). While the effects of several waveform
parameters (e.g., phase duration) on stimulation efﬁcacy have
been described, their relative inﬂuence remains unclear. Further,
morphological differences between RGC classes represent a key
source of variability that has not been accounted for in previous studies. Here we investigate the effect of electrical stimulus
waveform parameters on activation of an anatomically homogenous RGC population and describe a technique for identifying
optimal stimulus parameters to minimize the required stimulus
charge. Responses of rat A2-type RGCs to a broad array of
biphasic stimulation parameters, delivered via an epiretinal stimulating electrode (200 200 m) were recorded using whole-cell
current clamp techniques. The data demonstrate that for rectangular charge-balanced stimuli, phase duration and polarity
have the largest effect on threshold current amplitude—cells were
most responsive to cathodic-ﬁrst pulses of short phase duration.
Waveform asymmetry and increases in interphase interval further reduced thresholds. Using optimal waveform parameters,
we observed a drop in stimulus efﬁcacy with increasing stimulation frequency. This was more pronounced for large cells. Our
results demonstrate that careful choice of electrical waveform
parameters can signiﬁcantly improve the efﬁcacy of electrical
stimulation and the efﬁcacy of implantable neurostimulators for
the retina.
Index Terms—Electrophysiology, epiretinal stimulation, patch
clamp, rat, retinal prosthesis.
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I. INTRODUCTION

R

ETINAL prostheses aim to restore visual perception to
patients suffering vision loss caused by degenerative diseases of the retina. These devices employ electrical stimulation
of the retina in an attempt to replicate the afferent neural signal
normally conveyed from the retina to the brain to affect vision.
The primary neural target for epiretinal electrical stimulation in
the degenerate retina is the surviving population of retinal ganglion cells (RGCs), which forms a set of parallel pathways into
the visual system. Each morphological RGC type conveys a speciﬁc type of visual information to speciﬁc targets in the brain [1].
While clinical trials to date have achieved considerable success, the vision conveyed to implant recipients has been rudimentary at best (for review, see [2]). Realizing the full potential of retinal implants is critically dependent on improving our
understanding of the neural response of the retina to electrical
stimulation. To this end, a number of studies have investigated
the effect of different waveform parameters on the efﬁcacy of
RGC activation. Broadly, cathodic current pulses are reported
to result in lower absolute thresholds when stimulating in the
epiretinal space [3], [4], short duration pulses are reported to
activate RGCs directly while longer pulses cause additional activation of presynaptic neurons [4]–[6] and thresholds for repetitive stimulation are reported to increase as pulse rate increases,
although the precise relationship is seemingly dependent on cell
type [7], [8].
Despite this emerging picture, to date there has been no systematic study of the relative impact of different waveform parameters on RGC activation and no attempt to objectively identify optimal stimulus waveform parameters for a speciﬁc morphological RGC class. Notably, prior studies have often comprised relatively few cells of any given type and have typically
explored the effect of only one stimulus parameter in isolation.
Further, in most prior studies recorded cells are classiﬁed based
on functional signatures of their response to light stimuli (e.g.,
ON or OFF, transient or sustained responses). These groupings
are likely comprised of multiple RGC types and are therefore
confounded by variability that could plausibly be attributed to
intrinsic differences among different morphological RGC types
[9]–[12].
In this study we employ whole-cell patch clamp recordings
from morphologically identiﬁed A2-type retinal ganglion cells
in the rat retina to explore the effect of stimulation waveform parameters (polarity, phase duration, interphase interval and asymmetry) on the efﬁcacy of epiretinal electrical stimulation. We
ﬁrst quantify the relative sensitivity of stimulus efﬁcacy to the
different waveform parameters. We then demonstrate a strategy
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for identifying optimal stimulation parameters, minimizing the
injected charge for a target stimulus efﬁcacy. This constitutes
the ﬁrst reported attempt to objectively identify optimal stimulus waveform parameters for a single target RGC type. Using
optimal stimulus parameters we then explore the effect of frequency on the efﬁcacy of repetitive stimulation. Notably, we observe differential effects even within a single morphological cell
type.
II. METHODS
All experimental procedures were performed according to the
policies of the National Health and Medical Research Council
of Australia and were approved by the Animal Experimentation
Ethics Committee of the Faculty of Science at the University of
Melbourne (approval 1112196).
A. Retinal Wholemount Preparation
Data came from 26 pigmented Sprague-Dawley rats ranging
in age from 3–5 months. Animals were anaesthetized with a
mixture of Ketamine (100 mg kg ) and Xylazine (10 mg
kg ) and enucleated. Rats were sacriﬁced with an overdose
of Sodium Pentobarbitone (350 mg, intracardiac) after enucleation. Retinal wholemounts were placed ganglion cell layer up
in the recording chamber and held in place with a stainless steel
harp ﬁtted with Lycra threads (Warner Instruments, CT USA).
Once mounted in the chamber, the retina was perfused (4–6 ml
min ) with carbogenated Ames' medium (Sigma-Aldrich, St.
Louis, MO) and heated to 34 C. The chamber was mounted
on the stage of an upright microscope (BX51WI, Olympus)
ﬁtted with a 40 water-immersion lens. The microscope was
ﬁtted with a CCD camera (Ikegami, ICD-48E), which was used
to visualize the retinal tissue on a monitor with 4 additional
magniﬁcation.
B. Physiological Data Collection
To obtain a whole-cell recording, a small opening was ﬁrst
made in the inner limiting membrane and optic ﬁber layer covering a ganglion cell [9], [13], [14]. Large-diameter RGCs with
smooth surfaces and agranular cytoplasm exposed during this
procedure were targeted for recordings. The pipette internal solution contained (in mM): K-gluconate 115, KCl 5, EGTA 5,
HEPES 10, Na-ATP 2, Na-GTP 0.25; (
) including Alexa Hydrazide 488 (250 M) and biocytin
(0.5%). Whole-cell current-clamp recordings were obtained according to standard procedures [15], and the pipette series resistance was measured and compensated for using bridge balance
circuitry. Initial pipette resistance ranged from 3–7 M . Prior
to recording, the pipette-offset voltage in the bath was nulled.
After obtaining a gigaohm seal and rupturing the cellular membrane, the pipette series resistance was measured again to conﬁrm break-in. Resting potentials were corrected for the change
in liquid junction potential [16] that occurs upon break-in and
cell dialysis. The liquid junction potential was measured directly
as 11 mV. Capacitance compensation was not employed.
Membrane potential was ampliﬁed (BA-1S, NPI), digitized with 16-bit precision at 50 kHz (USB-6221, National
Instruments) and stored in digital form. Collected data were
analyzed off-line with custom software developed in MATLAB

(MathWorks). Extracellular stimuli were generated by an
external constant current source (MCS-4004, Multi-Channel
Systems) and delivered through a single 200 200 m square
nitrogen-doped diamond electrode (described in [17]) placed
upon the inner limiting membrane of the retina immediately
adjacent to the recorded cell. Contact with the inner limiting
membrane was evident when surface deformation of the retina
could be seen under the microscope. Stimulating electrode
resistances varied between 4–6 k . A silver chloride-coated
silver ball electrode situated approximately 5 mm from the cell
provided an electrical return.
C. Electrode Fabrication
Thin ﬁlms (50 m) of nitrogen doped ultra-nanocrystaline
diamond (N-UNCD) were grown in an Iplas microwave plasma
assisted chemical vapor deposition (CVD) system. Samples
were grown with a gas mixture of 20 : 79 : 1 N : Ar : CH
under conditions previously described [18]. The 200 200
m square electrodes were glued to stainless steel shafts with
conducting silver epoxy (Circuit Works). The assembly was
cleaned by sequential ultrasonication in acetone (10 min),
isopropyl alcohol (1 min), and deionized water (1 min). Finally,
the metal shaft and the back and sides of the diamond electrode
were insulated by hand application of epoxy resin (Araldite).
Electrical connection between the electrode and the stimulator
was made by way of the stainless steel shaft. The electrodes
were electrochemically activated using the procedure outlined
by [18].
D. Immunocytochemistry and Morphological Identification
Following recordings, the retinal tissue was removed from
the chamber, mounted onto ﬁlter paper, ﬁxed for 45 minutes
in phosphate-buffered 4% paraformaldehyde, and stored in the
dark for up to 2 weeks in 0.1 M phosphate-buffered saline (PBS;
pH 7.4) at 4 C. The tissue was subsequently processed on Superfrost plus slides to reveal biocytin-ﬁlled cells by incubation
in 0.5% Triton X-100, 20 mg mL
streptavidin conjugated
to Alexa 488 (Invitrogen) in PBS overnight at room temperature. Tissue was thoroughly washed in PBS and stained with
propidium iodide for roughly 8 minutes revealing the boundaries of the inner plexiform layer (IPL) by staining the nuclei of
cells in the inner nuclear (INL) and ganglion cell layers (GCL).
After additional washes in PBS, samples were protected in 60%
glycerol using a coverslip. Filled cells were scanned by confocal microscopy (Zeiss PASCAL) and their morphology reconstructed in 3D (Fig. 1). Cells were classiﬁed according to previously established morphological parameters for rat RGCs [11],
[19]–[21].
E. Experimental Protocol
The primary aim of this study was to characterize the most
effective electrical waveform for extracellular activation of
RGCs. Stimulus waveforms were limited to trains of rectangular current pulses, as employed by current-generation
retinal prostheses [2]. All stimuli employed here were biphasic
and charge-balanced so as to prevent the production of toxic
chemical species and maintain electrode integrity [22]. Such
waveforms can be fully described by ﬁve parameters—phase
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Fig. 1. Confocal reconstruction of an A2 (outer) retinal ganglion cell, with
en face (top) and lateral (bottom) views. The cell was ﬁlled with biocytin and
labelled with streptavidin-Alexa 488 (green). Cells in the ganglion cell layer
(GCL) and inner nuclear layer were labelled with propidium iodide (red) to
reveal the laminar extent of the inner plexiform layer (IPL). The yellow lines
reveal the polygon used to determine the dendritic ﬁeld area. Vertical scale bar:
20 m.

duration (
and
), asymmetry (deﬁned by phase duration
ratio
), interphase interval (ipi), polarity (negative-leading biphasic pulses are referred to as cathodic-ﬁrst),
and frequency [Fig. 2(A) and (B)].
Prior to performing the experiment, each cell was subjected
to brief depolarizing currents delivered by way of the recording
pipette to ensure viability of the cell and stability of the
recording. Viable cells, which produced a robust response to
intracellular current injection (consistency and positive spike
overshoot), were then subjected to further investigation using
extracellular stimulation. A supra-threshold biphasic current
pulse delivered through the stimulating electrode almost always evoked a single spike [Fig. 2(C)], although for a small
number of cells, bursts of two or three spikes were observed on
occasion. Efﬁcacy was deﬁned as the percentage of delivered
biphasic stimuli that evoked at least one spike. Prior to pursuing
an optimized stimulus waveform, we ﬁrst surveyed the available parameter space using a fractional factorial design [23] to
address the question of which waveform parameters have the
greatest effect on charge threshold, the output metric of this
survey. Stimulus efﬁcacy of a given stimulus amplitude (or
charge) was computed online during the experiment. Typically,
this was done by starting with a small current amplitude and
successively increasing amplitude over subsequent trials until
the stimulus evoked an action potential on approximately 50%

Fig. 2. (A) Schematic of a rectangular, biphasic waveform, demonstrating the
, phase
parameters (pd , ﬁrst and second phase durations;
duration ratio; ipi, interphase interval; and frequency) under consideration in
.
this study. All waveforms are charge balanced such that
(B) Set of waveform parameters used in the preliminary investigation. Phase
durations and interphase interval are in units of microseconds. Cathodic-ﬁrst
pulses are indicated with a minus symbol, anodic-ﬁrst with a plus symbol.
(C) Raw RGC membrane potential traces of two responses to a cathodic-ﬁrst,
symmetric, biphasic pulse with 120 s phase duration, with stimulus onset at
ms. Gray trace shows an isolated stimulus artifact (indicated by the
time
arrowhead) and features no biological response. Black trace shows the stimulus
artifact and a subsequently evoked action potential.bar: 20 m.

of the pulses in the trains. Owing to the intrinsic variability
of neural responses, ﬁnding the stimulus amplitude leading
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to exactly 50% efﬁcacy would have required an impractical
number of trials (adjusting the stimulus amplitude by increasingly smaller amounts each time). We thus accepted efﬁcacy in
the range of 40%–50% to deﬁne the threshold stimulus current
amplitude. The mean efﬁcacy at “threshold” across all cells in
our sample was 45% 5%.
The results from this preliminary investigation were used to
inform the design of a baseline waveform, which served as the
starting point for the subsequent waveform optimization protocol in which stimulus waveform parameters were optimized
to maximize efﬁcacy. In the ﬁnal stage of the experiment, the
frequency protocol, the optimized stimulus waveform was employed to investigate the effect of stimulus frequency. Stimulus
waveform efﬁcacy was the output metric of the waveform optimization and frequency protocols.
1) Preliminary Investigation: The charge balanced biphasic
stimulus waveform is completely described by ﬁve parameters
(
, ipi, polarity and frequency). Charge
thresholds were measured for both cathodic- and anodic-ﬁrst
stimuli with four levels of ﬁrst-phase duration (
s,
200 s, 340 s, 480 s), four levels of asymmetry
, and four levels of interphase interval (
s,
240 s, 420 s, 600 s). An exhaustive search of this parameter
space for a given frequency would involve the testing of
different waveforms—a prohibitively large number for
intracellular recordings. We therefore used a minimal set of 12
electrical waveforms [Fig. 2(B)] deﬁned by a fractional factorial
design (see [24] for a review of several biotechnological applications of this methodology) to quantify ﬁrst-order parameter
effects. Although this process greatly reduced the time commitment, the protocol still required up to 30 minutes for each
recorded cell, which was achievable during recordings for 29
cells. The waveforms were presented in random order in the
form of trains of ten biphasic current pulses delivered at a rate
of 2 Hz. Each stimulus condition was delivered at threshold amplitude and repeated three times.
2) Waveform Optimization Protocol: Broad ﬁndings from
the preliminary investigation were used to deﬁne a baseline
waveform consisting of a symmetrical, cathodic-ﬁrst pulse
of short phase duration with no interphase interval. A phase
duration of 120 s was conservatively chosen to avoid using
stimuli with excessively high current amplitudes (and the risk
of exceeding the voltage compliance of the stimulating current
source). In spite of this, we encountered a small number of cells
(3 out of a total of 48 cells patched) for which threshold current
amplitudes were sufﬁciently high that 40% efﬁcacy could not
be reached using phase durations of less than 100 s. These
cells were excluded from analysis. Beginning with this baseline
waveform, the following procedure was then used to derive an
optimized waveform:
1) Find threshold (40%–50% efﬁcacy) for the baseline waveform.
2) Using threshold stimulus amplitude, test interphase intervals from 0–800 s.
3) Update the baseline waveform with the most effective interphase interval between 0–100 s.
4) Find threshold amplitude
for the updated waveform
(
s).

5) Test all combinations of phase durations (60 s, 120 s,
240 s, 480 s) for both phases while preserving the charge
per phase (
s) of the baseline waveform.
6) Update the waveform with the most effective phase
durations.
7) Deﬁne this waveform as the optimized waveform.
During the waveform optimization protocol, stimuli consisted of trains of ten biphasic current pulses delivered at a rate
of 2 Hz. Each stimulus condition was repeated at least three
times.
3) Frequency Protocol: The optimized waveform, scaled to
achieve at least 90% efﬁcacy at 1 Hz was then used to investigate the effect of stimulus frequency. In the frequency protocol, stimuli consisted of pulse trains containing a maximum
of 50 pulses, delivered at frequencies ranging from 1–200 Hz.
Each stimulus frequency was repeated at least twice. For each
stimulus frequency, efﬁcacy was quantiﬁed as the percentage of
stimulus pulses that evoked an action potential.
F. Data Analysis
All data analysis was performed using custom software developed in MATLAB (MathWorks). Efﬁcacy curves were generated by ﬁtting a two-parameter logistic function to the data.
In all cases, efﬁcacy was deﬁned as the proportion of stimulus events that evoked at least one action potential from the
recorded cell.
When we varied stimulus frequency we also explored the effect of cell size. Two subsets of cells (large and small) were identiﬁed on the basis of either: 1) dendritic ﬁeld size or 2) soma size.
Cells with dendritic ﬁeld diameters exceeding 460 m were designated as large cells, while cells with dendritic ﬁeld diameters
less than 360 m were designated as small cells. In terms of
soma size, cells were deﬁned as large if their soma diameters
were 23 m or greater, while soma diameters of 20 m or less
were classiﬁed as small. The relationship between soma diameter and dendritic ﬁeld diameter was conﬁrmed by computing
Pearson's linear correlation coefﬁcient
.
Each trial consisted of 50 pulses delivered at a given frequency. Efﬁcacy was calculated over two analysis windows. At
each stimulus frequency the duration of the analysis windows
was such that each contained ten stimulus pulses. Thus, at 5 Hz,
each window was 2 seconds in duration while at 50 Hz each
window was 0.2 seconds in duration. The start of the ﬁrst (or
early) window was coincident with the onset of the stimulus
pulse train. The start of the second (late) window was delayed,
with respect to the ﬁrst, by an interval equal to the window duration. In effect, the early window quantiﬁed efﬁcacy over pulses
1–10 of the stimulus pulse train while the late window quantiﬁed efﬁcacy over pulses 21–30.
Efﬁcacy for large and small cells was compared within these
windows at each stimulus frequency tested. The statistical signiﬁcance of any observed difference in efﬁcacy between large
and small cells was determined with a random permutation test
[25]. Speciﬁcally, efﬁcacy within the two analysis windows was
calculated for each cell. Cells were then randomly assigned to
one of two groups with the size of the two groups being equal
to the size of the original large and small cell groups (i.e., group

HADJINICOLAOU et al.: OPTIMIZING THE ELECTRICAL STIMULATION OF RETINAL GANGLION CELLS

assignment was randomly permuted). Efﬁcacy was then averaged across cells within each group and the difference calculated. This permutation of group assignments was performed
a minimum of 10 000 times, resulting in a null distribution of
the expected difference in mean efﬁcacy assuming cell size had
no effect. The observed difference in the unpermuted data (i.e.,
the difference in the mean efﬁcacy averaged across the original
subsets of large and small cells) was deemed signiﬁcant if the
proportion of samples in the null distribution that exceeded the
observed difference was less than 5% (i.e.,
).
Multilinear regression (regress in MATLAB) was used to
construct a model for charge thresholds using data from the
initial parameter survey. All model coefﬁcients were nonzero
over a 95% conﬁdence interval.
III. RESULTS
We recorded physiological responses selectively from
A2-type RGCs (5 ON cells and 35 OFF cells), which were
classiﬁed on the basis of their morphological reconstructions
(e.g., Fig. 1). We found no signiﬁcant difference in threshold
current amplitude for our sample of ON and OFF cells (
,
two-sample t-test; also see [5], [26], [27]), and so combined
and analyzed all cells as a single population.
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Fig. 3. Threshold current amplitude data from the preliminary investigation
. (A) Calculated versus actual charge thresholds. (B) Normalized
charge thresholds averaged across all cells. White bars indicate anodic-ﬁrst
stimuli and black bars indicate cathodic-ﬁrst stimuli. The data are ordered from
top-to-bottom by increasing ﬁrst-phase duration, which is listed for each group.
The stimulus numbering scheme corresponds with that of Fig. 2(B).

A. Preliminary Investigation
Charge thresholds associated with each stimulus waveform
described in Fig. 2(B) were measured and averaged across 29
RGCs. We employed multilinear regression to identify those
factors contributing to the lowest charge thresholds. The analysis identiﬁed three regressors (
, PDR, polarity) as signiﬁcant factors (i.e., coefﬁcients for these factors were signiﬁcantly
different from zero,
) in determining charge thresholds. Based on these three parameters, observed charge thresholds
were well predicted by a surface given by

(1)
where phase durations (
and
) are in units of microseconds, charge thresholds are in units of nanocoulombs, and polarity (pol) is either 1 (cathodic-ﬁrst) or 1 (anodic-ﬁrst).
Fig. 3(A) demonstrates the agreement between predicted and
average observed charge threshold for each of the 12 waveforms
tested
.
We can better assess the relative efﬁcacy of each waveform
by normalizing charge thresholds such that for each cell the
lowest threshold has a value of 0 and the highest a value of
1. Normalized charge thresholds for each stimulus waveform,
averaged across all 29 cells, are displayed as a bar graph in
Fig. 3(B). Cells were most responsive to waveforms 3 and 9,
which were both cathodic-ﬁrst, asymmetric, and had the shortest
ﬁrst-phase duration [60 s, see Fig. 2(B)]. The two waveforms
resulting in the highest charge thresholds (waveforms 6 and 10)
were anodic-ﬁrst, asymmetric, and had long ﬁrst-phase durations (340 s and 480 s).
This parameter survey demonstrates that cathodic-ﬁrst pulses
of short ﬁrst-phase duration are effective in evoking neural activity with minimal charge. However, the effects of asymmetry

Fig. 4. (A) Efﬁcacy curves
ﬁtted to experimental data. The median
efﬁcacy curve is indicated by the thick dark line. (B) Strength-duration curves
. The average strength-duration curve is indicated by the thick dark
. Error bars indiline. C: Efﬁcacy as a function of interphase interval
cate plus/minus one standard error. Note that while addition of short interphase
s) does increase efﬁcacy, longer durations have little effect.
intervals (

(responsible for both the highest and lowest charge thresholds)
and interphase interval, which was not found to be a signiﬁcant
factor in the regression, remain unclear. Based on this result,
we deﬁned a baseline waveform as a symmetric, cathodic-ﬁrst
pulse of relatively short (120 s) phase duration with no interphase interval. This baseline waveform provided a starting point
for the waveform optimization protocol.
B. Waveform Optimization Protocol
Using the baseline stimulus waveform described previously,
we generated efﬁcacy curves and estimated threshold stimulus
amplitudes for 40 A2-type RGCs. Efﬁcacy curves for each cell
are plotted in Fig. 4(A). All ﬁtted curves had an of
, with
the median value being 0.99. The median threshold stimulus
amplitude was 164 A. Strength-duration curves [Fig. 4(B)]
were also generated for each cell by varying the phase duration
(40–480 s) of a symmetric cathodic-ﬁrst biphasic pulse with
no interphase interval. Threshold-versus-duration was well described by the Lapicque equation
, as
(2)
where threshold current (I ) is in units of microamps, phase
duration (pd) is in units of microseconds, and with rheobase
current
A and chronaxie
ms.
1) Interphase Interval: To evaluate the impact of interphase
interval on waveform efﬁcacy, for each cell we ﬁrst determined
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Fig. 6. (A) Charge savings for an example cell. Efﬁcacy for the baseline stimulus waveform (dashed gray curve) can be improved by either increasing the injected per-phase charge (arrow 1) or by optimizing for interphase interval. The
charge savings achieved after optimization effectively shift the efﬁcacy curve
to the left (arrow 2, solid black curve). (B), (C) Per-phase charge savings after
. (B) Raw charge savings. Median charge
waveform optimization
savings after optimizing interphase interval and phase duration were 2.1 nC and
4.2 nC, respectively. (C) Charge savings as a percentage of the pre-optimization
charge. Median charge savings after optimizing interphase interval and phase
duration were 14% and 20%, respectively.

Fig. 5. (A) Efﬁcacy as a function of phase duration for the waveform matrix
. Red: asymmetric waveform preference. Blue: symmetric waveform
preference. Gray: short ﬁrst-phase duration preference. Lighter shading indicates greater efﬁcacy. An illustration of the waveforms in the matrix is seen
in (B). Phase durations of 60 s, 120 s, 240 s, and 480 s were tested for
both phases. Waveform highlighted by the red box indicates the baseline waveform at threshold amplitude. All waveforms maintain the per-phase charge of
the baseline waveform. (C)–(E) Average efﬁcacy as a function of phase duration for the waveform matrix, for each response category. Efﬁcacy for selected
waveforms is indicated as a percentage. Lighter shading indicates greater efﬁcacy. Most cells preferred an asymmetric waveform (C) with
.

the threshold stimulus amplitude (at least 40% efﬁcacy) for the
baseline waveform, which had no interphase interval. We then
added progressively longer interphase intervals and examined
the consequent change in efﬁcacy. The data show that efﬁcacy
was improved with the inclusion of an interphase interval
[Fig. 4(C)]. At threshold amplitude, efﬁcacy increased on average from 44% to 66% when increasing the interphase interval
from zero to 20 s. An additional increase to 40 s increased
efﬁcacy to 74%. Introducing interphase intervals beyond 40
s yielded only trivial improvements in efﬁcacy. It is clear
that the use of an interphase interval reduces threshold current
amplitudes. However, improvement in efﬁcacy saturates for
interphase intervals greater than 100 s.
2) Asymmetry: Prior to optimizing stimulus waveform asymmetry for each cell, the baseline waveform was updated to include the cells' optimal interphase interval. Threshold stimulus
amplitude for each cell was then determined using this updated
waveform. To identify optimal phase durations, we tested phase
durations of 60 s, 120 s, 240 s and 480 s, while preserving
the per-phase charge of the threshold stimulus amplitude. We
present an illustration of the 4 4 waveform matrix evaluated
using this protocol [Fig. 5(B)]. Fig. 5(A) shows efﬁcacy matrices for 40 RGCs. Almost without exception, efﬁcacy was
greatest for waveforms with the shortest tested ﬁrst-phase duration (
s). We identiﬁed three general stimulus preferences among our sample of A2-type RGCs. The majority of cells
(26/40 cells; 65%) preferred an asymmetric stimulus waveform

(
s,
s). For these cells, the observed efﬁcacy of the asymmetric waveform was at least 10% greater than
that of the symmetric waveform (
s). The
efﬁcacy matrices for these cells are shown in red [Fig. 5(A)]. A
small proportion of cells (7/40 cells; 17.5%) preferred a symmetric stimulus waveform [blue efﬁcacy matrices: Fig. 5(A)].
The remainder of our cell sample (7/40 cells; 17.5%) exhibited
no clear preference for either symmetric or asymmetric stimulus waveforms [gray efﬁcacy matrices: Fig. 5(A)]. For these
cells, efﬁcacy was determined almost entirely by the duration
of the ﬁrst phase, with a weak preference among some cells for
asymmetric waveforms. To capture the mean efﬁcacy signature
for each of these three stimulus preferences (asymmetric, symmetric or indeterminate) we have averaged the cells within each
group to create the matrices shown in Fig. 5(C)–(E).
3) Relating Efficacy to Charge: We can translate increases
in efﬁcacy to per-phase charge savings by using the efﬁcacy
curve generated in Fig. 4(A) to determine: 1) the threshold current before optimization, and 2) the amount of current required
to achieve the same efﬁcacy as the optimized waveform. The
current difference is then converted to charge and expressed as
a percentage of the per-phase charge before optimization [see
Fig. 6(A)]. The efﬁcacy curve for a single cell, generated using
the baseline waveform parameters, is shown by the dashed gray
curve. The predicted efﬁcacy curve for this cell after optimizing
the interphase interval (assuming the slope remains unchanged)
is shown by the solid black curve. The threshold criterion (50%
efﬁcacy in this example) prior to waveform optimization deﬁnes
the baseline-per-phase charge (15.3 nC). After waveform optimization, efﬁcacy at this per-phase charge was increased from
50% to 97%. The amount of additional charge that would be
required to generate an equivalent efﬁcacy using the baseline
waveform (2.4 nC, indicated by arrow 1) is then interpreted as
charge saved. Waveform optimization effectively shifts the efﬁcacy curve to the left (arrow 2). We present box-and-whisker
plots of the charge savings as a result of optimizing interphase
interval and phase duration for 40 RGCs [Fig. 6(B) and (C)].
Optimizing interphase interval led to a median charge saving of
14% and optimizing phase duration resulted in a median charge
saving of 20%.
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C. Frequency Protocol
The optimized stimulus waveform for each cell, obtained
after optimizing the interphase interval and phase duration of
the baseline waveform, was used to test the effect of stimulus
frequency on efﬁcacy. Fig. 7(A) plots efﬁcacy as a function
of pulse number for stimulus frequencies ranging from 5–200
Hz. Efﬁcacy decreases for consecutive stimulus pulses, converging to a frequency-dependent level after approximately 20
pulses. By the 20th pulse, efﬁcacy for 20 Hz and 200 Hz had
fallen to roughly 65% and 30% of efﬁcacy at 1 Hz, respectively. Regardless of pulse number, increased stimulation frequency resulted in decreased efﬁcacy [Fig. 7(A)]. In a subset
of ten cells, we also investigated the effect of frequency on the
stimulus current amplitude required to elicit at least 90% efﬁcacy. For each cell, the stimulus current amplitude required to
achieve at least 90% efﬁcacy at each stimulus frequency was
normalized to that required at a stimulus frequency of 1 Hz.
We plot this normalized current amplitude, averaged across all
, at each of the stimulus frequencies tested
cells tested
[Fig. 7(B)]. This analysis shows that increased levels of current
are required to sustain suprathreshold efﬁcacy as frequency is
and
increased and that this relationship is linear
described by
(3)
The data show that A2 cell size impacts upon its ability to
follow a train of electrical stimulus pulses. To quantify this, we
partitioned our sample according to dendritic ﬁeld (DF) size and
compared the efﬁcacy of different frequencies over two analysis windows: an early window and a late window. The early
window quantiﬁed efﬁcacy over the ﬁrst ten stimulus pulses in
a given stimulus train, while the late window quantiﬁed efﬁcacy over pulses 21–30. Fig. 7(C) plots efﬁcacy over the early
analysis window as a function of stimulus frequency for cells
with large (black) and small (gray) dendritic ﬁeld sizes. Over
the duration of the early analysis window [Fig. 7(C)], cells with
smaller DFs are highly responsive to stimulation at all frequencies. Conversely, cells with large DFs exhibited a decrease in
efﬁcacy with increasing stimulus frequency. On average these
cells managed to respond to only half of the stimulus pulses
delivered at 100 Hz. This difference persisted over the duration of the late analysis window [Fig. 7(D)], where again small
cells sustained activation at the highest stimulation frequencies
tested. A similar analysis was performed after partitioning the
cell population on the basis of soma diameter. Again, smaller
cells were better able to sustain activation at high stimulus frequencies [Fig. 7(G), and (H)].
Histograms illustrating the distribution of dendritic ﬁeld
53 m; mean
std. dev.) and soma diameter
size (416
(22 2.5 m; mean std. dev.) are shown (Fig. 7(E) and (I),
respectively) for the 37 RGCs tested (for three cells data for
all frequencies could not be collected, so they were excluded
from this analysis). Efﬁcacy curves for large and small cells,
based on dendritic ﬁeld size and soma diameter, are shown in
Fig. 7(F) and (J), respectively. The distributions of efﬁcacy

Fig. 7. Frequency dependence of stimulation. (A) Efﬁcacy, plotted against con. Curves were treated with
secutive pulse number, falls with frequency
a moving average (ﬁve points). (B) Normalized suprathreshold stimulus ampli. Error bars indicate plus/minus one
tude as a function of frequency
standard error. (C), (D) Differences in frequency response as related to denm
dritic ﬁeld size. Small dendritic ﬁeld diameters are deﬁned as being
, large dendritic ﬁeld diameters
m
. Error bars indicate plus/minus one standard error. Gray and black dots indicate statistically
signiﬁcant differences in the responses of the two cell populations (
and
, respectively). Part (C) considers efﬁcacy over the early analysis
window (ﬁrst ten stimuli pulses), while (D) considers pulses over the late analysis window (pulses 21–30). (E) Histogram of dendritic ﬁeld diameter. Black:
large somas, gray: small somas. (F) Efﬁcacy curves [as in Fig. 4(A)], highlighting data from large dendritic ﬁeld (black) and small dendritic ﬁeld (gray)
cells. (G), (H) Differences in frequency response as related to soma size. Small
m
, large soma diameters
soma diameters are deﬁned as being
m
. Error bars indicate plus/minus one standard error. Gray
and black dots indicate statistically signiﬁcant differences in the responses of the
and
, respectively). Part (G) considers
two cell populations (
efﬁcacy over the early analysis window (ﬁrst ten stimuli pulses), while (H) considers pulses over the late analysis window (pulses 21–30). (I) Histogram of
soma diameter. Black: large somas, gray: small somas. (J) Efﬁcacy curves [as
in Fig. 4(A)], highlighting data from large soma (black) and small soma (gray)
cells.

curves for large (black) and small (gray) cells in each case
suggest that thresholds are largely independent of cell size.
Accordingly, we found no signiﬁcant difference in threshold
stimulus current amplitudes for large and small cells deﬁned
either according to dendritic ﬁeld size (Wilcoxon rank sum
) or soma diameter
. While the
test,
relationship between cell size and threshold did not reach
signiﬁcance in our sample, the trend for large-ﬁeld cells to have
lower median thresholds (83 A, compared with 247 A) is in
line with previous work [28], [29]. We observed no systematic
relationship between optimal interphase interval or optimal
phase durations and cell size.
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Fig. 8. (A) Normalized charge thresholds from the preliminary investigation
and their relation to PDR and ﬁrst-phase duration, regardless of other parameter
values. The legend indicates ﬁrst-phase duration. The gradients of the ﬁtted lines
suggest that asymmetry serves to reduce thresholds when the ﬁrst phase is short
s). (B) Data from the waveform optimization protocol
enough (
illustrate the relationship between efﬁcacy and PDR, and how this varies with
the duration of the ﬁrst phase (indicated by the legend).

IV. DISCUSSION
This study sought to determine the waveform parameters of
greatest inﬂuence on RGC threshold stimulus amplitudes and
then characterise the most efﬁcacious charge-balanced biphasic
current waveform. We restricted our attention to a single morphological RGC type: the rat A2-RGC. The main ﬁndings were
as follows: 1) threshold stimulus amplitudes are most sensitive to waveform polarity and phase duration; 2) the effect of
asymmetry depends on phase duration; and 3) cell size is correlated with the ability to sustain repetitive stimulation at high frequency, even within cells of a single morphological class. The
electrodes used were constructed from nitrogen-doped ultrananocrystaline diamond [18]. Previous tests have shown that
electrodes made from this material behave in a similar fashion
to electrodes made from more conventional stimulating materials [17]. Therefore, our results likely have broader relevance
to other types of stimulating electrodes.
1) Waveform Parameters: We found cathodic-ﬁrst biphasic
current pulses to be more effective than anodic-ﬁrst pulses for
evoking spiking responses in A2-cells. This is consistent with
predictions from computational modelling [30], [31] and with
previous studies involving epiretinal electrical stimulation of
retinal ganglion cells in other species (e.g., rat, guinea pig and
monkey retinae: [32], rabbit retina: [33]). All evoked action potentials were initiated within a millisecond of stimulus onset,
consistent with direct activation of the retinal ganglion cell [5].
Stimulus waveform asymmetry has been previously shown
to reduce charge thresholds for electrical stimulation of cat and
guinea pig auditory nerve ﬁbers [34], [35]. However, asymmetry was reported to be inconsequential during electrical stimulation of rat auditory cortex [36]. In the present in vitro study
of the rat retina, we found that the effect of asymmetry largely
depends on the duration of the ﬁrst phase. The regression model
ﬁtted to our data (1) predicts that charge thresholds increase
with asymmetry and yet the two most effective waveforms are
asymmetric [Fig. 3(B)]. To reconcile this, Fig. 8 shows normalized charge threshold plotted against phase duration ratio for
each ﬁrst-phase duration. For phase durations
s, waveform asymmetry results in higher normalized charge thresholds.
Fig. 8(A), however, suggests that asymmetry serves to reduce
charge thresholds if the ﬁrst-phase duration is small enough

[
s, solid black line in Fig. 8(A)]. Results from the
phase duration optimization experiments (Fig. 5) are summarized in Fig. 8(B) and support the assertion that asymmetry reduces charge thresholds (and, conversely, increases stimulus efﬁcacy) over the range of phase durations considered (60–480
s). The shortest ﬁrst-phase duration always gave rise to the
smallest charge thresholds [i.e., highest efﬁcacy; solid black line
in Fig. 8(B)]. Moreover, for the majority of cells, stimulus efﬁcacy was further increased (i.e., threshold reduced) with increasing waveform asymmetry. These data demonstrate that the
interactions between parameters also play a signiﬁcant role in
determining waveform efﬁcacy.
We also found that stimulus efﬁcacy improves with greater
temporal separation between each phase. Increasing the interphase interval from 0 to 20 s offers the largest gain in efﬁcacy [from 44% to 66%; Fig. 4(C)], with successive increases
in interphase interval resulting in smaller gains. Increasing interphase interval beyond 100 s offers negligible improvement
in efﬁcacy. Our observation that a moderate interphase interval
improves stimulus efﬁcacy is congruent with previous reports
of electrical stimulation thresholds for RGCs (tiger salamander:
[37]) and auditory nerve ﬁbers (cat: [34]; guinea pig: [38]).
2) Implications for Retinal Prostheses: The notion of “optimal” in this study relates to a waveform that evokes a certain
level of neural activity using minimal charge. We found the optimal waveform to be a charge-balanced cathodic-ﬁrst, asymmetric biphasic pulse of short phase duration with a short interphase interval. What kind of prosthetic vision might be afforded an implant wearer by such a stimulus waveform? Several
groups have reported that responses to extracellular electrical
stimulation of the retina consist of two components: a transient,
short-latency response, attributed to direct RGC activation, and
a slower longer-latency response, attributed to indirect RGC activation by way of the retinal network (isolated rabbit retina: [5],
[6], [27]; isolated rat retina: [4]; in vivo cat cortex: [39]). Further, short-latency responses attributed to direct activation are
reported to be preferentially evoked by stimuli of short duration
while long-latency responses, attributed to indirect activation,
are preferentially evoked by stimuli of longer duration [4], [6],
[40]. Therefore, it seems likely that the optimal waveform we
identiﬁed will preferentially activate RGCs directly. Indeed, the
efﬁcacy metric employed in our study, and which underlies our
waveform optimization, reﬂects short-latency spiking responses
of the recorded RGCs.
Although our epiretinal study of electrical RGC activation
has found a cathodic-leading waveform to be most effective, it is
likely that an alternative site of stimulation (e.g., subretinal electrode placement) will result in a different optimal waveform.
Cathodic-ﬁrst pulses are reported to be more effective than anodic-ﬁrst pulses when the stimulating apparatus is positioned on
the epiretinal surface, while the reverse is reported when stimuli
are delivered in the subretinal space [4], [5], [32], [41].
Which approach ultimately yields better outcomes in the
clinic remains to be seen and will likely depend on the site of
intervention and the nature of degeneration in the patient. One
advantage of subretinal and suprachoroidal implant placement
is the potential for utilization of surviving retinal circuitry
for visual processing—the electrical activation of bipolar and
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horizontal cells over, or in addition to, retinal ganglion cells
may lead to more localized phosphene generation [42], [43].
However, degenerative retinal diseases such as retinitis pigmentosa are characterized by extensive retinal reorganization
in addition to widespread neuronal death [44]. It is likely that
for severe degeneration, the function of surviving interneurons
will be compromised. This assertion is supported by reports
that synaptic responses from retinal interneurons are absent in
late-stage degenerate mice [45]. It is conceivable that there is
value in selectively achieving both direct and indirect activation
of surviving RGCs. For example, it may be advantageous to
target retinal interneurons in the early stages of disease and to
target surviving retinal ganglion cells directly in later stages.
By employing a suitable efﬁcacy metric, e.g., one reﬂecting
long-latency response components, the approach to stimulus
waveform optimization demonstrated here could be used to
identify optimized waveforms for achieving indirect activation
of RGCs by way of retinal interneurons.
We found that stimulus efﬁcacy fell with increasing stimulus
frequency (Fig. 7). This is consistent with previous reports involving electrical stimulation of isolated rabbit retina [7], [8],
[27], [46]. Fried et al. reported that short-duration ( 150 s
per phase) pulses could be used to evoke reliably a single spike
per pulse (i.e., direct RGC activation) at stimulation frequencies of up to 250 Hz [6]. However, higher stimulation frequencies necessitated greater stimulus amplitudes to reach threshold.
The variability of this effect is considerable, not only across different functional cell types, but even within ganglion cells of a
single functional class [8], [46]. Notably, this desensitization is
observed in the absence of inhibitory amacrine cell input, which
had previously been thought to play a key role in the suppression of the synaptic response [46]. Here we characterized the efﬁcacy of repetitive stimulation for stimulus frequencies ranging
from 1–200 Hz [Fig. 7(B)]. Over the range of frequencies considered, the relationship between threshold stimulus amplitude
and stimulus frequency was linear.
There may be a connection between desensitization of RGC
activation and the fading of visual percepts over time in human
implant recipients [43], [47]. As suggested by Freeman and
Fried, this fading may arise from the desensitization of a subset
of RGCs, and not necessarily from desensitization of the entire
ganglion cell population [46]. Consistent with this, they also reported a considerable amount of variability in the level of desensitization they observed, even among ganglion cells of a single
functional class. Among the A2-RGCs we recorded, we found
that small cells were better able to sustain repetitive activation
when driven by trains of electrical stimuli at frequencies up to
200 Hz (Fig. 7). Our data suggest that variability in soma and
dendritic ﬁeld size has a substantial effect within cells of a single
morphological type and that the subset of cells most susceptible to desensitization may be distinguished by size. Rat A2
(alpha) cell size has been demonstrated previously to increase
with eccentricity [19] (but also see [20]). In our experimental
recordings we did not control for eccentricity. It is possible
that the effect of cell size we observed is confounded by other
factors such as cell density, retinal thickness, or the thickness
of the inner limiting membrane, all of which are well known
to decrease with increasing eccentricity in mammalian retina.
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We have previously investigated the effect of the inner limiting
membrane on electrical stimulation thresholds [48]. We found
no substantive differences in threshold stimulus amplitude when
stimulating electrodes were placed below, as opposed to above,
the inner limiting membrane. Therefore, it seems unlikely that a
systematic change in thickness of the inner limiting membrane
could account for the effect that we observe.
V. CONCLUSION
Our results show that, for epiretinal stimulation using rectangular biphasic current pulses, polarity and phase duration had
the greatest effect on waveform efﬁcacy, with further gains generally achieved by employing asymmetry and an interphase interval. We also discovered that within cells of a single morphological type (i.e., rat A2-type RGCs), smaller cells were
better able to sustain repetitive activation at high frequency.
The results of our investigation suggest that a careful choice of
waveform parameters could signiﬁcantly improve the efﬁcacy
of retinal prostheses.
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