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Abstract— It is possible to cause a sensation of light in
patients who have lost photoreceptors due to degenerative eye
diseases by targeting surviving neurons with electrical stimu-
lation by means of visual prosthetic devices. All stimulation
strategies in currently used visual prostheses are open-loop,
that is, the stimulation parameters do not depend on the level
of activation of neurons surrounding stimulating electrodes. In
this paper, we investigate a closed-loop stimulation strategy
using computer simulations of previously constrained models
of ON and OFF retinal ganglion cells. Using a proportional-
integral-type controller we show that it is possible to control
activation level of both types of retinal ganglion cells. We
also demonstrate that the controller tuned for a particular
combination of synaptic currents continues to work during
retina degeneration when excitatory currents are reduced by
20%.

I. INTRODUCTION

In patients who have degenerative eye diseases such as

retinitis pigmentosa and age-related macular degeneration a

substantial fraction of retinal ganglion cells (RGCs) survive

photoreceptor loss [6]. By targeting surviving neurons with

electrical stimulation, a number of research groups have

been able to restore rudimentary vision to patients implanted

with a visual prostheses [1]. The patients perceive spots of

light called “phosphenes”. A mosaic of phosphenes with

different size and brightness may code a black-and-white

two-dimensional image.

Currently used stimulation strategies in visual prostheses

are open-loop, that is, the stimulation level is fitted to

each patient interactively based on the patient’s reported

perception in the clinic and do not rely on any measure

of the response of neural tissue in the proximity of the

implanted electrode array. We propose to use a closed-loop

technique to adjust stimulation parameters dynamically on-

line based on the response of retinal neurons. This technique

has many advantages, including a possibility to reduce power

consumption, to address variability in performance between

patients, and to activate different types of cells selectively or

simultaneously. In this work, we consider activation of two

types of ganglion cells: ON and OFF RGCs.

ON and OFF RGCs display differences in their intrinsic

electrophysiology. In the absence of any input, OFF cells

maintain spontaneous activity, exhibit rebound excitation,

burst firing, and subthreshold membrane potential oscilla-

tions. ON cells do not spike in the absence of synaptic input,

and display none of the aforementioned phenomena [7]. In
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the absence of sensory input, the resting spike activity of

RGCs in normal retina is irregular. However, with retinal

degeneration, the balance of inhibitory and excitatory input

is different for ON and OFF RGCs, and a rhythmic synaptic

input drives regular bursts of spikes in both ON and OFF

cells at a frequency of around 10 Hz [8].

In this study, we use previously constrained models of

ON and OFF RGCs based on published experimental data

with and without synaptic blockers [7], [8]. Using Hodgkin-

Huxley-type single compartment models, we investigate

cells responses to electrical stimulation using a closed-loop

paradigm. We propose to implement a proportional-integral-

derivative-type (PID) controller to control activation of gan-

glion cells. PID controllers have become almost universally

used in industrial control applications. Moreover, PID con-

trollers have been used in the field of medical bionics to

modulate seizures [10], to control the instantaneous response

probability of cortical neurons [12], and to compensate for

drift in a neuron’s firing rate to constant synaptic input [9].

A PID controller is a generic design that minimizes the error

between the output of a system and the reference signal by

adjusting the input to the system.

II. METHODS
Intrinsic electrophysiology

The intrinsic electrophysiology of RGCs was modelled us-

ing Hodgkin-Huxley-like model by summing ionic currents

using Kirchoff’s law:

Cm
dV

dt
= ḡL(V −VL)+ḡNam

3h(V −VNa)+ḡCac
3(V −VCa)

+(ḡKn
4 + ḡK,Aa

3hA + ḡK(Ca))(V − VK)

+ḡhl(V −Vh)+ḡTm
3
ThT(V −VT)+ḡNaPp(V −VNa)+Istim,

(1)

where V is the membrane potential, Cm is the specific capac-

itance of the membrane, ḡ is the maximum conductance of an

ionic current defined by the subscript, Istim is an intracellular

stimulation current. Leak, sodium, calcium, delayed rectifier

potassium, A-type, and Ca-activated potassium currents had

dynamics the same as in [2]. The hyperpolarization-activated,

low-voltage-activated calcium, and sodium persistent cur-

rents were modelled as in [14], [13], [11]. The data from

[7] was used to constraint the model. For details, see [4].

All parameters in simulations were set the same as in [4],

with ḡh = 4×10−6 S/cm2, ḡNaP = 5×10−8 S/cm2, ḡT = 0
S/cm2 for ON cells, and ḡT = 6×10−4 S/cm2 for OFF cells.

The only reversal potential that was allowed to vary with

time was VCa. Gating variables m,h, c, n, a, hA, l,mT, p of

the voltage-gated currents were described by the first-order
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Fig. 1. Closed-loop stimulation diagram for a visual prosthesis. s is the light stimulus, Rs is the reference signal,Re is the recorded spiking rate, Ie
stim

is electrical stimulation level.

kinetic equations [2]. Computer simulations of RGC activity

were performed in the NEURON environment using a single-

compartment consisting of one segment, taken as a cylinder

with diameter and length both 25 µm, which is similar to a

ganglion cell soma. All voltage-dependent parameters were

initialized at a membrane potential value of -65 mV.

The models of ON and OFF RGCs were constrained using

experimental data from wild-type mice. It was shown that

intrinsic properties of RGCs are maintained in mice with

retinal degeneration [8].

Synaptic currents

The models of ON and OFF cells with added synaptic

currents were constrained previously to reproduce maintained

rhythmic spiking based on data in [8]: rhythmic bursts of

spikes at 10 Hz frequency. For details, see [5]. The dynamics

of the inhibitory and excitatory currents were described by:

Iinh = ginh(t)(V − Vinh), (2)

Iexc = gexc(t)(V − Vexc), (3)

where ginh, gexc are the time-varying conductances; Vinh =
−70 mV, Vexc = 0 mV are the reversal potentials for the

inhibitory and excitatory currents. To model ON and OFF

cells with synaptic currents, the terms (2), (3) were added

to the right-hand side of (1). Note, the values in these terms

are different for ON and OFF RGCs, see [5] for details.

Electrical stimulation

The constrained models of ON and OFF RGCs with and

without synaptic currents were used to investigate responses

of cells to electrical stimulation using a feedback paradigm.

The feedback block-diagram for stimulation is shown in Fig.

1, where s is the light stimulus, Rs is the reference signal

(a desired neural spike rate), Iestim is the level of electrical

stimulation, and Re is the recorded spiking rate. In this paper,

we do not discuss Step 1, how the light stimulation was

converted into a reference signal.

In the currently used visual implants, there are no means

to stimulate neurons individually, but rather populations of

cells are stimulated simultaneously. We assume that we

can control the instantaneous spiking rate of the individual

cells, Re, in response to the electrical stimulation, and that

the extracellular stimulation, Iestim, is proportional to the

intracellularly injected current, Istim, in (1).

Given the membrane potential, V , in (1), the instantaneous

spiking rate, Re, was calculated as the inverse of the inter-

spike-interval between two consecutive spikes. The time of

the spike was calculated as the time at which the membrane

potential crossed the zero-threshold in a positive direction.

The classical form of the PID controller is the following:

Istim(t) = Kpe(t) +Ki

∫ t

t1

e(x)dx+Kd
d

dt
e(t), (4)

where Kp,Ki, and Kd are the proportional, integral, and

derivative gains. In the context illustrated in Fig. 1 and

given the assumptions, the error is the difference between the

desired neural response, Rs, and the actual neural response,

Re, evoked by the stimulus, Istim; i.e., e = Rs−Re. We used

the spiking rate on the previous three inter-spike-intervals in

order to calculate the integral term on the controller. Here,

the integral in (4) was calculated using three previous inter-

spike-intervals, t1 = t− 3.

Similar to [9], we assumed that the derivative term is

zero due to high variability between spikes. To find the

proportional and integral gains two techniques were used:

Ziegler-Nichols method and manual tuning. The Ziegler-

Nichols method involved two steps in response to the step

reference (25 Hz step, 500 ms delay, 8000 ms duration). First,

Ki was set to zero and Kp was increased until it reached

a value Ku, at which the output of the system started to

oscillate. The values of Ku and the oscillation period, Pu,

were used to set the gains as follows: Kp = 0.45Ku, Ki =
1.2Kp/Pu. Due to very strong intrinsic 10-Hz oscillations

in RGCs with synaptic currents, it was impossible to detect

oscillations due to applied stimulation. Therefore, for the

RGCs with synaptic currents, manual tuning was only used

to set the gains of the controller.

We also explored two types of proportional-integral con-

troller, in which the amplitude of the stimulation was

decreased proportional to the accumulative spiking rate

recorded on the previous three inter-spike intervals. These

controllers had the following forms:

Istim(t) = Kpe(t)−Ki

∫ t

t1

Re(x)dx+Kbase, (5)

and

Istim(t) = Kpe(t) +Ki

∫ t

t1

e(x)dx−Ki

∫ t

t1

Re(x)dx, (6)

where Kbase was manually tuned.
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III. RESULTS
Ziegler-Nichols method, no synaptic currents.

Using the Ziegler-Nichols method described above, we

found that the output of the system started to oscillate at

Ku = 7 × 10−4 nA·s with the period of Pu = 1000 ms.

The oscillations are shown in Fig. 2. The oscillations have

a regular period; however, the amplitude of the oscillations

is irregular. This is not surprising given that the formula

describing the system is a high-order ordinary differential

equation. The Ziegler-Nichols method led to the following

Fig. 2. Oscillations in the output of the system when using the Ziegler-
Nichols method to tune gains of the PI controller.

controller gains: Kp = 3.15 × 10−4 nA·s and Ki = 3.84 ×
10−7 nA·s. The responses of OFF and ON RGCs with

synaptic blockers using these gains are illustrated in Fig. 3.

A sinusoid is used as a reference signal as an example; other

references may be used, i.e., the system will follow a half-

wave rectified sinusoid with better accuracy in many cases.

While the response of the OFF cell follows the sinusoidal

reference (note large errors), the ON cell does not spike, i.e.,

the applied level of injected current is insufficient to bring

ON cell to the spiking threshold (ON cells do not exhibit

spontaneous activity when synaptic blockers are applied).

Manual tuning, no synaptic currents.

Fig. 3. Responses of OFF and ON cells with synaptic blockers using a PI
controller tuned by the Ziegler-Nichols method. Left panel: OFF cell, right
panel: ON cell. Kp = 3.15× 10−4 nA·], Ki = 3.84× 10−7 nA·s. Top:
Membrane potential, V . Middle: Spiking rate. Dashed line: reference signal,
Rs, solid line: output of the system, Re. Bottom: Stimulation current, Istim.

The results using manual tuning for OFF RGC without

synaptic currents are shown in Fig. 4. Left-hand panel:

the controller in the form (4), Kp = 3 × 10−4 nA·s and

Ki = 4 × 10−5 nA·s. Right-hand panel: the controller in

the form (5), Kp = 3 × 10−4 nA·s and Ki = 1 × 10−4

nA·s, Kbase = 0 nA·s. The same controller was able to

work for different frequencies of the sinusoidal reference

signal; results are not shown due to space constraints. These

controllers were not able to bring ON cells to the spiking

threshold. Note, this does not mean that it is not possible to

fine-tune the controllers (4) or (5) that work for both ON and

OFF RGCs. The results using the controller (5) that works

Fig. 4. Response of OFF cell with synaptic blockers using manually tuned
controller. Left panel: controller (4), Kp = 3×10−4 nA·s, Ki = 4×10−5

nA·]. Right panel: controller (5), Kp = 3 × 10−4 nA·s, Ki = 1× 10−4

nA·s, Kbase = 0 nA·s. Top: Membrane potential, V . Middle: Spiking rate.
Dashed line: reference signal, Rs, solid line: output of the system, Re.
Bottom: Stimulation current, Istim.

for both, OFF and ON cells, are shown in Fig. 5. In this case,

Kp = 3 × 10−4 nA·s, Ki = 1 × 10−4 nA·s, Kbase = 0.15
nA·s. Manual tuning, with synaptic currents.

Fig. 5. Responses of OFF and ON cells with synaptic blockers using
manually tuned controller (5), Kp = 3 × 10−4 nA·s, Ki = 1 × 10−4

nA·s, Kbase = 0.15 nA·s. Left panel: OFF cell, right panel: ON cell. Top:
Membrane potential, V . Middle: Spiking rate. Dashed line: reference signal,
Rs, solid line: output of the system, Re. Bottom: Stimulation current, Istim.
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It was impossible to use the Ziegler-Nichols method to

tune controller gains due to very strong intrinsic bursting

at 10 Hz frequency. We found that the best controller that

worked for RGCs with synaptic currents was the controller

in form (6). The results for the controller (6) that works

for both, OFF and ON cells with synaptic currents, are

shown in Fig. 6. In this case, Kp = 7 × 10−5 nA·s and

Ki = 9 × 10−5 nA·s. We also explored how the controller

Fig. 6. Responses of OFF and ON cells with synaptic currents using
manually tuned controller (6), Kp = 7 × 10−5 nA·s, Ki = 9 × 10−5

nA·s. Left panel: OFF cell, right panel: ON cell. Top: Membrane potential,
V . Middle: Spiking rate. Dashed line: reference signal, Rs, solid line: output
of the system, Re. Bottom: Stimulation current, Istim.

tuned for particular synaptic currents works during retinal

degeneration. Responses of OFF and ON cells with modified

synaptic currents using manually tuned controller (6), Kp =
7×10−5 nA·s, Ki = 9×10−5 nA·s, are shown in Fig. 7. In

this case, the conductance of excitatory current in OFF and

ON cells was multiplied by 0.8, which roughly corresponds

to 20% decrease in excitatory synapses, while the gains of

the controller were left unchanged.

Fig. 7. Responses of OFF and ON cells with modified synaptic currents
using manually tuned controller (6), Kp = 7×10−5 nA·s, Ki = 9×10−5

nA·s. Left panel: OFF cell, right panel: ON cell. Dashed line: reference
signal, Rs, solid line: output of the system, Re. gexc is reduced by 20% in
both OFF and ON RGCs.

IV. CONCLUSIONS

This paper shows preliminary modelling results of a stim-

ulation strategy that can be used to adjust stimulation current

in a visual prosthetic device. Single-compartment Hodgkin-

Huxley-type models were used to investigate responses of

ON and OFF ganglion cells to electrical stimulation using a

closed-loop paradigm.

The results presented here were obtained under several

assumptions that need to be relaxed in the future. In partic-

ular, a neural population response to electrical stimulation

has to be considered. Various controller designs need to be

considered. The modelling results show that a standard PID

controller is not the best choice to use in a neuroprosthetic

device. More advanced controllers that account for stimulus

and output constraints and system’s nonlinearities, such as

model-predictive controllers, deserve future considerations.

Usually, electrical stimuli in a clinical device are brief (<
800ms) biphasic pulses. This is different to what is proposed

here. The issue of the charge balanced brief biphasic pulses,

should be addressed in the future.
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