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Abstract—Retinal implants restore limited visual perception
to blind implantees by electrical stimulation of surviving neu-
rons. We consider the efficacy of two electrical stimulation pa-
rameters, frequency of stimulation and interphase gap between
cathodic and anodic phases, on the required charge to reach
a desired neuronal spike rate. Using a Hodgkin-Huxley model
of a neuron, we find the most efficient means of achieving a
desired spike rate for neurons by electrical stimulation is to use
a stimulation frequency identical to the desired spike rate, as
well as a long interphase gap.

I. INTRODUCTION

Retinitis pigmentosa is a condition causing retinal degen-

eration. This generation results in the death of photoreceptors

(i.e., rods and cones), thereby breaking the chain between

light received by the eye, and signals transmitted to the brain.

However, some of the retinal ganglion cells (RGCs), which

are neurons found in the eye, may survive after the death

of photoreceptors [1]. Retinal implants aim to restore sight

by providing direct electrical stimulation to these surviving

RGC, thereby restoring a level of sight. Electrical stimulation

generating visual perception has been known for over 75

years [2], but controlling perception via electrical stimulation

is an active area of research. Such controlled stimulation

has been shown to enable differentiating the direction of

lines, recognising letters, and identifying common objects

(e.g., words) [3], [4]. There have been perceptual models

relating electrical stimulation to implantee perception, as

well as in vitro and in vivo studies regarding retinal response

to electrical stimulation.

The RGCs communicate information to the brain via

electrical spikes. Tests have been performed on the impact

of different electrical stimulation parameters to elicit a spike

from a RGC with a given probability (frequently 50%). This

threshold stimulus may be lowered by modifying electrical

stimulation parameters.

Inclusion of an interphase gap (hereafter, IPG) has been

shown to lower thresholds for cochlear implants [5], and

in an animal model for retinal implants [6]. In contrast,

we are interested in achieving a desired spiking rate, rather

than exceeding some spiking threshold. An advantage to

employing an IPG to a stimulation waveform is that it does
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not increase the required charge, power, or other electrical

requirements of the stimulation.

One way to control neuronal spike rate is to stimulate

with pulses at different frequencies. It is possible to elicit

one spike per pulse [7]. Here, there is a trade-off to induce a

spike: higher current amplitudes result in larger probabilities

of spiking on a given pulse, but more pulses at lower current

may produce the same expected number of spikes.

II. METHODS

A previously constrained model of an OFF RGC was used

for simulations [8]. A single-compartment Hodgkin-Huxley-

type neuron was simulated in NEURON. The membrane

potential, V , changed with time, t, according to:

Cm
dV

dt
+ INa + ICa + IK,A + IK(Ca) + IK

+IT + Ih + INaP + IL + IStim = 0, (1)

where Cm is a specific membrane capacitance. Sodium,

INa, L-type calcium, ICa, potassium, IK,A, IK(Ca), IK, low-

voltage activated T-type calcium, IT, hyperpolarization-

activated, Ih, sodium-persistent, INaP, and leak, IL, currents

were constrained as discussed in other studies [8], [9], [10],

[11]. IStim is an intracellular stimulation current that is

described below.

In our simulation, a standard Euler integration method was

used with a time step of 0.025ms. All voltage-dependent pa-

rameters were initialized at a membrane potential of−65mV.

The model of RGCs was used to investigate the effect of

electrical stimulation. It was assumed that stimulation current

that passes across the membrane, IStim in (1), is propor-

tional to the current being passed through the extracellular

stimulation electrodes. An intracellular stimulation current,

IStim, was a symmetric bi-phasic current injection as shown

in Figure 1. Duration of the cathodic and anodic phases, ω+

and ω
−
, were set to 0.095ms similar to [7]. To explore the

responses of the model neurons to trains of pulses of different

frequencies, amplitudes and interphase gaps, the following

parameters were varied in simulations. The amplitude of the

cathodic and anodic phases, A+ and A
−
, were varied from

0.2nA to 0.5nA with a linear step size of 0.003nA. The IPG,

∆, was varied from 0 to 0.975ms with a linear step size of

0.1625ms. Frequency of the pulse train stimulation, fs, was

varied from 20 to 100Hz with a linear step size of 20Hz.

The parameter space of the IPG duration and frequency

of pulse train stimulation was systematically explored with

stimulations of an OFF RGC.

34th Annual International Conference of the IEEE EMBS
San Diego, California USA, 28 August - 1 September, 2012

3009978-1-4577-1787-1/12/$26.00 ©2012 IEEE



Fig. 1. Stimulation waveform used in this work. The current magnitude,
a, and interphase gap, ∆, are controlled. Two pulse pairs are shown here,
and pulses are repeated at 20−100Hz (i.e., the time between leading edges
varies from 50− 10ms).

III. RESULTS

In this section, we present results showing the minimum

required charge to reach a desired neuronal spike rate.

We also estimate the probability of a neuron spiking as

the number of spikes predicted divided by the stimulation

frequency.

Figure 2 gives a probability of eliciting a spike from a

single pulse pair stimulation. This gives us a normalised

measure to determine the efficacy of our stimulation pulses

as a function of current magnitude and interphase gap. As

shown in Figure 2, at an amplitude below threshold, a spike

is not elicited from a single pulse stimulation. An example

of such a response is given in Figure 3a for ∆ = 0.975ms,

f = 100Hz and |A+| = |A
−
| = 0.3nA. In comparison, with

stimulation amplitude |A+| = |A
−
| = 0.4, a spike is elicited

at each pulse stimulation (Figure 3b).

a) A response of an OFF RGC. Stim amplitude |A
+
|=|A

−
|=0.3 nA.

b) A response of an OFF RGC. Stim amplitude |A
+
|=|A

−
|=0.4 nA.

25mV

10ms

Fig. 3. Modelled neuronal spiking activity resulting from electrical
stimulation. The top part of each plot shows spikes, while the lower shows
the biphasic stimulation waveform applied (IStim). Each stimulation is at
100Hz for 500ms, with an IFG of 0.975ms.

In Figure 4, we present the amount of total charge required

in the stimulation phase to elicit a desired spike rate at

different stimulation rates for the longest studied IPG, as

they result in lower required currents for eliciting a desired

spiking rate (see Figure 2). The total charge is calculated

assuming a 1sec stimulation duration, and is given by

Q = fsA+ω+ × 1sec, (2)

where fs represents the stimulation frequency (depicted as

different lines in the figure), A+ represents the current
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Fig. 4. Required charge to reach a target spike rate for different stimulation
rates. In each case, there is an interphase gap of ∆ = 0.975ms.

magnitude (implicitly in the desired spike rate along the

x−axis), and ω+ = 0.095ms is the pulse width.

Each line in Figure 4 has limited extent, to the limit of one-

spike-per-stimulation; for example, the 40Hz line projects

to the 40Hz spike rate. For better visualization, we didn’t

include data for a 20Hz stimulation frequency as it barely

enters the graph. Plots for other values of IPG are similar,

albeit shifted upwards in terms of the total charge required.

IV. DISCUSSION

We have shown that an increasing interphase gap leads to

a decrease in the charge required to cause a neuron to spike.

Another way of viewing this is that an increasing interphase

gap results in a larger probability of neuronal firing. This

result occurs for all tested frequencies of stimulation.

Note that this is a separate result from a lower threshold

as in previous studies; instead we have a desired spike rate

and are trying to reach it, rather than a single spike some

percentage of the time. Comparable literature on impacts of

thresholds includes electrode size [12], single phase pulse

duration [13], [14], first pulse polarity [15], [16], distance

from the stimulating electrode to the retinal surface [17],

and interphase gap [6].

Referring to the graphs in Figure 2, saturation trends

emerge, with plateaus of neuron response predicted. For

example, at 20Hz stimulation, the rise to one spike per

stimulation pulse is rapid in both interphase gap and applied

current. Conversely, at 40Hz stimulation, more current is re-

quired to reach a probability of spiking of 0.5 than saturation

at 20Hz. Hence, to efficiently elicit a 20Hz spike rate, it is

optimal (in sense of minimal required charge) to stimulate

with a lower frequency. Coupled with an experimentally

observed result that with the direct stimulation of RGCs one

spike is elicited per pulse , even at higher rate of stimulation,

[7], we propse that to elicit a given spike rate, fD, one should

stimulate at that rate. Hence, fs = fDesired appears optimal

in terms of minimal charge required.

There are steep sections of the neuronal response curves,

with plateaus of near-constant neuronal response between

them. Based on these graphs, the response of a given

waveform as a function of current might be best represented

as a double logistic function rather than a single sigmoid. As
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an example, we consider stimulation at different rates at the

extrema of interphase gaps (i.e., ∆ = 0ms and 0.975ms), as

shown in Figure 5.
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Fig. 5. Neuronal spike rate in response to stimulation at 100Hz for the
extreme values of IPG considered in this work. Plateaus of spike rates at
different current magnitudes are highlighted. Although the current regime
has shifted upon introduction of a long IPG, the plateau at a response of ∼
50Hz occurs in both sets of stimulation (highlighted in green). Conversely,
a longer plateau is observed in the case of no IPG at ∼ 20Hz that is not
apparent over our range of current amplitudes if a long IPG is employed.

These plateaus may have implications for users of retinal

implants. From the point of view of the device, larger

currents are necessary to overcome these plateaus and reach

higher spike rates. However, selected stimulation amplitude

within a plateau may yield consistent perception of the

implantee, as the neuronal spike rate is constant over a range

of current magnitude, yielding robustness to deviations in

delivered current.

Finally, we must acknowledge that our simulations are

based upon a model of intracellular stimulation, whereas

current retinal implants provide extracellular stimulation.

Indeed, the current magnitudes predicted to elicit spike rates

are smaller than those found in the literature [12], [3], [18],

[19].
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Fig. 2. Expected spikes from a single pulse pair stimulation for frequencies of 2(a) 20Hz, 2(b) 40Hz, 2(c) 60Hz, 2(d) 80Hz, and 2(e) 100Hz.
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