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Abstract

Purpose To investigate the response properties of the
electrically evoked potentials (EEPs) elicited by intraorbital
optic nerve stimulation with penetrating electrodes using
different stimulus parameters.

Methods Visually evoked potentials (VEPs) were recorded
as a control and for comparative purposes. Teflon-coated
tungsten wire electrodes (100 um core-diameter, 300 um
exposed tip) were inserted intraorbitally into the optic
nerve. A charge-balanced biphasic current was delivered to
the optic nerve via inserted wire electrodes in 26 anaes-
thetized rabbits. EEPs were recorded by epidural electrodes

This research is supported by the National Basic Research Program of
China (973 Program, 2005CB724302), National Science Fund for
Distinguished Young Scholars from The National Natural Science
Foundation of China (60588101), Shanghai Pujiang Program
(07pj14050), Shanghai Commission of Science and Technology
(05DZ22318, 05DZ22325, 04DZ05114).

L. Li-P. Cao M. Sun - X. Chai - K. Wu - Q. Ren (X))
Institute for Laser Medicine and Bio-Photonics,
Department of Biomedical Engineering,

Shanghai Jiao Tong University,

Room 423, Life-Science Building 2,

800 Dong-Chuan Road,

Shanghai 200240, China

e-mail: renqsh@sjtu.edu.cn

X. Xu

Department of Ophthalmology,

Shanghai Jiao Tong University

Affiliated Shanghai First People’s Hospital,
Shanghai 200080, China

X. Li

Department of Ophthalmology,
Beijing University

Affiliated Beijing People’s Hospital,
Beijing 100044, China

placed over the visual cortex. The charge density threshold
for eliciting EEPs was determined. Stimulus pulse ampli-
tude, duration, frequency and waveform were varied to
study their effects on EEPs. After the experiments, the
stimulated optic nerves were examined histologically for
examination of implantation position of the stimulating
electrode into the optic nerve tissue.

Results EEPs were successfully elicited by intraorbital
optic nerve stimulation with penetrating electrodes. The
measured amplitude of the first large positive peak (P1) was
smaller and the latency of P1 was shorter compared with
VEPs. The measured charge density threshold to elicit
EEPs was 21.36+5.64 pC/cm® The amplitude of Pl
increased and the latency of P1 decreased with increasing
pulse amplitude of fixed duration stimuli. The amplitude of
P1 increased with increasing pulse duration of fixed
amplitude stimuli. For fixed charge stimuli, the amplitude
of P1 decreased and the latency of P1 increased as the pulse
duration increased. As frequency of stimuli varied from 1 to
10 Hz, the amplitude of Pl decreased monotonically.
Among the different charge-balanced biphasic pulse stim-
ulating waveforms, the symmetrical cathode-first biphasic
pulse elicited the largest amplitude of P1.

Conclusions Our study demonstrates that intraorbital optic
nerve stimulation with different stimulus parameters by
penetrating electrodes can evoke cortical responses with
different properties. The short-duration symmetrical cathode-
first biphasic pulses of current with low frequencies are
more efficacious in eliciting electrophysiological responses
in the visual cortex than other stimulating waveforms.

Keywords Visual prosthesis - Optic nerve -
Electrophysiology - Penetrating electrodes -
EEPs (electrically evoked potentials) -
VEPs (visually evoked potentials)
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Introduction

Retinal diseases, such as retinitis pigmentosa (RP) or age-
related macular degeneration (AMD), are leading causes of
untreatable blindness [12, 23]. Micro-electronic based
visual prostheses hold great promise for the treatment of
such diseases [26]. Since a large percentage of the inner
retinal neurons remain intact in patients with RP or AMD
[16, 21, 22, 39], many research efforts have been made to
develop retinal stimulation based visual prostheses [3, 6, 7,
14, 20, 24, 25, 32, 33, 37, 43-52]. Some preliminary
clinical success has been reported by several groups [4, 13,
15, 34, 35].

Another alternative for visual prosthesis is based on
optic nerve stimulation. The optic nerve contains approx-
imately 1 million axons of ganglion cells packed into a
2 mm diameter cylinder space in humans, where the whole
visual area is represented in a relatively small space.
Electrical stimulation of the optic nerve could possibly
cover the entire visual field [26]. Veraart and his associates
have reported that phosphenes were induced in a blind
volunteer by implanting a four-contact self-sizing surface
spiral cuff electrode around the optic nerve for electrical
stimulation [41]. The patient was reported as being able to
recognize simple patterns and discriminate orientation after
encoded electrical stimulation was applied to her optic
nerve [42].

Neural microstimulation with penetrating electrodes has
been reported to have a low threshold and provide a high
resolution compared with surface electrodes [1, 2, 36].
Therefore, our group has proposed a novel visual prosthesis
based on intraorbital optic nerve stimulation with penetrat-
ing electrodes recently [30]. In our approach, the penetrat-
ing multi-electrode array is inserted into the optic nerve as a
neural interface to couple the encoded electro-stimuli into
the axons of the ganglion cells for vision recovery. The
optic nerve is chosen as the stimulating site because it is
relatively spared by the most prevalent degenerative eye
diseases, and can be accessed intraorbitally via a compara-
bly easy surgical procedure without disturbing the already
diseased retinal tissues. By selecting a penetrating electrode
array, the axons of the ganglion cells local to each electrode
could be stimulated. This local approach may potentially
increase the spatial resolution of the visual prosthesis while
lowering the thresholds of the stimulating current when
compared with surface cuff electrodes.

Many studies have been carried out to investigate the
response properties elicited by extracellular electrical
stimulation of the retina with different parameters [18, 24,
31, 34]. However, the response properties may vary as
different neural tissues are electrically stimulated. To
develop an appropriate visual prosthesis based on intra-
orbital optic nerve stimulation, the optimal stimulus
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parameters, including pulse amplitude, duration, charge,
frequency and waveform, need to be defined. In this study,
we investigated the feasibility of the intraorbital optic nerve
stimulation with penetrating electrodes in rabbits, and
studied the effects of varying stimulus parameters on the
response properties of the electrically evoked potentials
(EEPs) systematically. The results obtained in the study will
provide direct experimental data for designing an optimal
visual prosthesis based on intraorbital optic nerve stimula-
tion with penetrating electrodes.

Materials and methods
Subjects

All experimental methods and animal care procedures
complied with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and the policies in the
Guide to the Care and Use of Laboratory Animals issued by
the NIH. Twenty-six albino rabbits (Fengxian, Shanghai,
China), weighing 2.5-3.0 kg, were used in the experiments.

Surgical procedures

Anesthesia was achieved by intravenous injection of
pentobarbital sodium (Pentobarbital sodium, Urchem Ltd,
Shanghai, China) with the dose level of 5 mg/kg for
induction, and maintained with the dose of 15 mg/kg/h.
Electrocardiograph (ECG) and respiration rate were mon-
itored by a multi-channel physiological signal analyzer
(MPA 2000, ALCBIO Ltd., Shanghai, China), and body
temperature was measured and maintained at 39.8°C by a
temperature controller (Model: H-KWDY-III, Xinxiaoyuan
Biotech Ltd., Nanjing, China) throughout the experiment.
An ophthalmic surgical microscope (SM-2000L, EDER
Medical Equipment Ltd., Shanghai, China) with motorized
focus and magnification control was used for surgical
manipulation. The right eye of each rabbit was used for
photic and electrical stimulation in this study. After shaving
the area between the upper eyelid and the midline of the
skull, the rabbit was fixed in the stereotactic frame (Model
for rabbit & cat, ALCBIO Ltd., Shanghai, China).

Before the exposure of the optic nerve, two drops of a
mixture of tropicamide (Tropicamide-DCPC, Double
Cranes Pharmaceutical Co., Ltd., Beijing, China) and neo-
synephrine (Adrenaline Hydrochloride Injection, Harvest
Pharmaceutical Co., Ltd., Shanghai, China) were used to
dilate the pupil and shrink the conjunctiva. An arch incision
on the skin was made approximately 3 mm above the upper
eyelid. Both the orbicularis oculi muscle and levator muscle
were separated from the fascia and retracted to expose
the cartilage of the upper orbit. An incision was made
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between the cartilage and the frontal bone, and the opening
was enlarged along the bony edge to 14 mm until the
periorbita was seen clearly. The orbital fascia was opened
carefully until the superior rectus muscle was seen, and
then the superior rectus muscle at its insertion was cut and
retracted. The optic nerve, about 2 mm in diameter, was
exposed clearly with slight retraction of the eyeball for the
insertion of the stimulating electrode.

In order to detect the maximal response of EEPs, a nine-
recording-electrode array was placed over the visual cortex
area (Fig. 1). The skull was exposed through a skin incision
at the top of the head along the midline, and nine holes
were drilled by a micro bone drill (Micro Motor Handpiece
Strong 230, Saeshin Precision Ind. Co., Daegu, Korea) over
the visual cortex contralateral to the stimulated eye. The
nine holes formed a 3x3 array with 2 mm spacing. The
center hole was 7 mm anterior to the lambdoid suture and
6 mm lateral to the midline. Nine screw-type stainless steel
electrodes (diameter=800 um) were screwed into the nine
holes respectively to contact the dura mater, and were used
for recording the cortical responses. As a reference
electrode, a screw-type stainless steel electrode was
screwed into the hole which was drilled 6 mm anterior to
the bregma suture and 4 mm lateral to the midline

anterior
Right eye
_________ -
| |
| |
| |
| |
| Eyeball|
| |
| i |
Reference IPeIletratmg Opti¢ nerve
electrode | ele;:ari?de :

Recording
electrodes

Lambdoid

posterior

Fig. 1 Schematic diagram of anatomical position for intraorbital optic
nerve stimulation and epidural recordings. The right eye was used for
electrical stimulation. The stimulating electrode pair with spacing of
1 mm was inserted into the optic nerve intraorbitally, about 1 mm
behind the eyeball. The stimulating electrode was anterior to the return
electrode, relative to the eyeball. The nine epidural recording electrodes
(left, black circles) were placed contralateral to the stimulated eye,
forming a 3x3 array with 2 mm spacing. The center recording
electrode was placed 7 mm anterior to the lambdoid suture and 6 mm
lateral to the midline. The epidural reference electrode (right, black
circle) was placed 6 mm anterior to the bregma suture and 4 mm
lateral to the midline, ipsilateral to the stimulated eye

contralateral to the recording electrodes. A needle-type
stainless steel electrode was placed subcutaneously in the
earlobe as the ground electrode.

Photic and electrical stimulations

As a control and for comparative purposes, we recorded
white-light bright-flash full-field visually evoked potentials
(VEPs) during the entire experiment. The light source, a
photic stimulator (LS1130, Tucker-Davis Technologies,
Alachua, FL, USA), was positioned 2 cm in front of the
right eye. The flash power of the photic stimulator was
90 mJ with an interval of 1 second.

For electrical stimulation of the optic nerve, the electro-
des were inserted into the optic nerve via the intraorbital
surgical opening. Each electrode was made of Teflon-
insulated tungsten wire with 100 um core-diameter. The
front-end of the stimulating electrode was chemically
etched to form a sharp tip with a 300 um exposure after
removal of the insulating layer (Fig. 2). The impedance of
the electrode was measured in saline by using a Precision
LCR meter (E4980A, Agilent Technologies, Santa Clara,
CA, USA) with measured values ranging from 2.5-3.5 k{2 at
1 kHz, 50 mV sinusoidal wave. The stimulating and return
electrodes were embedded in an epoxy resin substrate to
form an electrode pair. Center-to-center spacing of the
electrodes was 1 mm. Under the surgical microscope, the
stimulating electrode pair was penetrated through the dura,
arachnoid and pia mater and carefully inserted, using
ophthalmic forceps, into the optic nerve along its axis. The
insertion site of the stimulating and return electrodes was
about 1 mm and 2 mm respectively, posterior to the eyeball
(Fig. 1).

A single charge-balanced biphasic pulse of current
(Fig. 3a), generated by an isolated and programmable
current source stimulator (MS16, Tucker-Davis Technolo-
gies, Alachua, FL, USA), was applied between the
stimulating and return electrodes. Pulse amplitude, dura-
tion, frequency and waveform of the current stimuli were
varied to study their effects on EEPs. The effects of
stimulus pulse amplitude on EEPs were investigated by
using current intensity ranging from 40 to 120 pA with a
fixed pulse duration of 0.5 ms. The effects of stimulus pulse
duration on EEPs were studied over a range of 0.4 to
1.2 ms with a fixed pulse amplitude of 100 pA. By holding
the charge constant, the effects of varying pulse duration
and correspondingly varying pulse amplitude on EEPs were
examined. For the above experiments, charge-balanced
symmetrical cathode-first biphasic pulses (Fig. 3a) were
used at a frequency of 1 Hz.

For evaluating the effects of stimulus frequency on
EEPs, the same waveform as above was used, and the
frequency of the stimuli was varied from 1 to 10 Hz.
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Fig. 2 Penetrating electrode. Teflon-coated tungsten wire, 100 pum
core-diameter, 300 pum-length exposed tip with a 150 pm cone head
(a) and a 150 pum shaft (b). Scale bar: 100 pm

To investigate the effects of stimulus waveform, five
different charge-balanced patterns were applied. The total
charge of each of these five patterns remained the same
(Fig. 3b). The charge-balanced patterns were as follows: (1)
symmetrical cathode-first pulse (Fig. 3ba), (2) asymmetrical
large cathode-first pulse (Fig. 3bb), (3) asymmetrical large
anode-first pulse (Fig. 3bc), (4) asymmetrical small
cathode-first pulse (Fig. 3bd), (5) asymmetrical small
anode-first pulse (Fig. 3be).

The inter-pulse duration between cathodic and anodic
pulses within each biphasic stimulus was set at 50 ps.

Recordings of cortical evoked potentials

VEPs and EEPs from the visual cortex contralateral to the
stimulated eye were recorded by a multi-channel neuro-
physiology workstation (System 3, Tucker-Davis Technol-
ogies, Alachua, FL, USA). Signals from nine recording
electrodes were acquired simultaneously at a 6000 Hz
sampling rate for each channel, and amplified and filtered
with a band-pass of 3 to 2000 Hz. Fifty consecutive evoked
responses were averaged and analyzed.

To determine the current threshold for eliciting EEPs
at a fixed pulse duration, a sub-threshold current of
10 pA was applied initially, and then the current was
increased gradually with steps of 10 pA until reproduc-
ible EEPs could be first recorded by one or several
electrodes of the recording electrode array. The evoked
response was identified only when the first large
positive peak (P1) amplitude of EEPs was at least twice
the root mean square (RMS) of the baseline fluctuation.
To find the lowest stimulating current, the current was
then decreased with steps of 5 nA, and then 2.5 pA if
necessary, until reproducible EEPs could not be
recorded. The lowest current that could elicit EEPs
was defined as the current threshold. The charge
threshold was calculated by multiplying the current
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threshold by the first pulse duration, and the charge
density threshold was defined as the charge threshold
divided by the exposed area of the electrode tip.

To ensure that EEPs originated from optic nerve
stimulation, 1 ml lidocaine (1%) was injected into the optic
nerve posterior to the stimulating site to block optic nerve
impulses, and the EEP responses prior and posterior to the
injection were measured respectively.

Data analysis

Reproducible EEPs could be usually recorded by more than
one of the nine electrodes. The maximum of the nine
recording responses, which was selected to represent the
cortical activities elicited by electrical stimulation of the
optic nerve, was analyzed. Therefore, the maximal EEPs
recorded by one of the nine electrodes are shown in the
figures of this paper, and the P1 amplitude and latency of the
maximal EEPs were further analyzed. VEPs were analyzed
with the same method. To reduce inter-animal variations, the
amplitude of P1 of EEPs was normalized with respect to the
maximum amplitude in each animal. The latency of P1 was
used because it varied less among animals.

The one-way analysis of variance (one-way ANOVA)
[29] was used to determine the significance of modulations
in the amplitude of P1 of EEPs when the effects of stimulus
waveform were studied. And the paired #-test was further
applied to analyze the significance of differences in
amplitude of P1 elicited by any two of five types of
stimulus waveforms. A value of p<0.05 was considered
statistically significant.

a_ul_L
I
d J €_—
Fig. 3 Diagram of charge-balanced biphasic current pulse. a Charge-
balanced biphasic pulse. CPA: cathodic pulse amplitude, CPD:
cathodic pulse duration, /PD: inter-pulse duration, 4PA4: anodic pulse
amplitude, APD: anodic pulse duration. The unit for CPA, APA was
pA, for CPD, APD, IPD was ms. b Charge-balanced biphasic pulses
used in the experiments for evaluating the effects of stimulus
waveform: (ba) symmetrical cathode-first (CPA: 100, CPD: 0.5,
APA: 100, APD: 0.5), (bb) asymmetrical large cathode-first (CPA:
200, CPD: 0.25, APA: 50, APD: 1), (bc) asymmetrical large anode-
first (APA: 200, APD: 0.25, CPA: 50, CPD: 1), (bd) asymmetrical
small cathode-first (CPA: 50, CPD: 1, APA: 200, APD: 0.25), (be)
asymmetrical small anode-first (APA: 50, APD: 1, CPA: 200, CPD:
0.25). Inter-pulse duration of all the biphasic pulses was fixed at

50 ps. The symmetrical cathode-first biphasic pulse was used unless
specified in this paper
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Histological examination

To examine the actual implantation position of the
stimulating electrode into the optic nerve, histological
analysis was performed on the optic nerve with the
electrodes intact after the experiment. Rabbits were euthan-
atized with an overdose of pentobarbital. The eyes were
immediately enucleated, and then fixed overnight in 10%
neutral formalin solution. After the fixation, the eyes were
embedded in paraffin. The electrodes were removed out of
the optic nerve before sectioning. Transverse sections of
5 um in thickness were cut by a wax slice cutting apparatus
(RM2135, Leica, Wiesbaden, Germany) and stained with
hematoxylin-eosin. The sections were examined by light
microscope (SMZ-168, Motic China, Xiamen, China), and
the digital images were captured with a CCD color camera
(CS5260BDP, Toshiba Teli Co., Tokyo, Japan).

Results
Visually evoked potentials

Before exposing the optic nerve surgically, bright-flash
VEPs elicited by white-colored photic stimulus (90 mlJ,
1 Hz) were recorded from all of the rabbits (#=26). The
measured amplitude of P1 was 115.794+22.97 pV (mean +
SD, the same below) and the latency was 23.284+1.66 ms.
A typical VEP waveform recorded from one of the 26
rabbits is shown in Fig. 4a.

50 pv

4 4+

Cc

20 ms

Before lidocaine
injection

2 min after
lidocaine injction

4

[

10 ms

100 pv

Fig. 4 Typical VEP (a) and EEP (b) waveforms recorded by one
epidural recording electrode of the nine-electrode array. These two
waveforms were obtained from one rabbit. ¢ EEP waveforms before
and after injection of lidocaine into the optic nerve. The waveforms
were obtained from another rabbit. The power of visual flash was
90 mJ. The stimulus pulse amplitude was 100 A and pulse duration
was 0.5 ms. Arrows: onset of stimulus

Electrically evoked potentials

Electrical stimulation of the optic nerve induced EEPs
in the visual cortex of all the rabbits (n=26). The
waveform of the induced EEPs was similar to that of
VEPs. However, the amplitude of P1 was smaller and the
latency of P1 was much shorter than that of VEPs
(Fig. 4a,b). The measured amplitude of P1 of EEPs was
92.06+12.21 pV and the latency was 10.79£2.11 ms
when the optic nerve was stimulated by a charge-
balanced biphasic current pulse with 100 pA amplitude
and 0.5 ms duration.

After injection of lidocaine into the optic nerve, the
EEPs decreased, and no EEPs were recorded 2 min after
lidocaine injection (Fig. 4c). As lidocaine blocks the optic
nerve impulses, no active signals could be transmitted to
the visual cortex via the optic nerve. These results
demonstrated that the EEPs recorded in the visual cortex
originated from electrical stimulation of the optic nerve.

Threshold for intraorbital optic nerve stimulation

The current threshold for eliciting reproducible EEPs in the
visual cortex was 32.63+£8.62 pA when the stimulus pulse
duration was 0.5 ms (n=8). The corresponding charge
threshold delivered by the stimulating electrode was 16.32+
4.31 nC. As the exposed surface of the stimulating electrode
was approximately 7.64x10™* cm? the corresponding
charge density threshold was 21.36+5.64 uC/cm?.

The strength—duration curve was investigated in five
rabbits, displayed in Fig. 5a. Current threshold decreased as
the pulse duration of the stimulus increased. Figure 5b
shows the charge threshold as a function of pulse duration,
which was calculated from the data of Fig. 5a. Unlike the
current threshold, the corresponding charge threshold
increased with increasing pulse duration.

EEPs to stimuli with variable pulse amplitudes

Different cortical responses were elicited when the optic
nerve was stimulated by stimuli with variable pulse
amplitudes and a fixed pulse duration (n=5). Figure 6a
depicts the EEP waveforms to stimuli with varying pulse
amplitude. Figure 6b displays the normalized amplitude of
P1 as a function of stimulus pulse amplitude. The
normalized amplitude of P1 increased from 0.14+0.05 to
1.00£0.00 respectively, as the pulse amplitude increased
from 40 to 120 pA (the corresponding charge increased
from 20 to 60 nC). Figure 6¢ shows the changes of latency
of P1 with increasing stimulus pulse amplitude. The latency
of P1 decreased from 13.21£1.03 ms to 10.08+0.39 ms
with increments of the stimulus pulse amplitude within the
range used in the experiments.

@ Springer
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Fig. 5 a Current threshold as a a ¢o-
function of stimulus pulse

duration. b Corresponding 04 |

charge threshold as a function
of stimulus pulse duration. The
charge threshold is calculated by
multiplying the stimulus pulse
current threshold by the first
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EEPs to stimuli with variable pulse durations

Different cortical responses were also elicited when the
optic nerve was stimulated by stimuli with variable pulse
durations and a fixed pulse amplitude (n=5). The EEP
waveforms to stimuli with varying pulse duration are
shown in Fig. 7a. Figure 7b displays the normalized
amplitude of P1 as a function of stimulus pulse duration.
As can be seen, the normalized amplitude of P1 increased
from 0.68+0.07 to 0.99+0.02 respectively, when the pulse
duration increased from 0.4 to 1.0 ms. The amplitude of P1
approximately saturated for pulse durations greater than
0.6 ms (the corresponding charge was 60 nC). The latency
of P1 changed little with increasing stimulus pulse duration
(Fig. 7c).

Fig. 6 a The EEP waveforms a
elicited by stimuli with variable
pulse amplitudes and a fixed
pulse duration. The pulse
amplitude ranged from 40 to
120 ptA and the pulse duration
was 0.5 ms. The series of
waveforms were obtained from
one rabbit. Arrow: onset of
stimulus. Amplitude (b) and
latency (c) of P1 as a function of
stimulus pulse amplitude.
Amplitude was the normalized
value with respect to the maxi-
mum. Symbols: means from five
rabbits. Vertical bars: £SD

40 pA
60pA
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100pA
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1.0
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EEPs to stimuli with fixed charge

The effects of cortical responses to stimuli with fixed
charge were explored by stepping up the pulse duration
gradually and adjusting the pulse amplitude corresponding-
ly to keep the charge fixed (n=5). Figure 8a displays the
EEP waveforms elicited by stimuli with an identical charge
per pulse, but different pulse amplitude and duration. The
waveforms shown in Fig. 8a were recorded when the
charge per pulse was fixed at 50 nC. Figure 8b plots
the normalized amplitude of P1 as a function of stimulus
pulse duration. As depicted in Fig. 8b and c, the normalized
amplitude of P1 decreased from 1.00+£0.01 to 0.29+0.05,
and the latency increased from 9.37+£0.32 to 12.21+
1.18 ms, when the pulse duration increased from 0.2 to

10ms
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Stimulus puise ampiitude (pA)
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Fig. 7 a The EEP waveforms a
elicited by stimuli with variable o4ms
pulse durations and a fixed pulse

amplitude. The stimulus pulse
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1.2 ms and the pulse amplitude
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1.5 ms (with the pulse amplitude being decreased from 250
to 33.3 pA accordingly). The amplitude of P1 fell by 70.9%
and the latency rose by 30.2% when the stimulus pulse
duration was increased to 7.5 times of its original length,
even though the total charge was fixed.

Effects of stimulus frequency

As the stimulus frequency increased from 1 to 10 Hz, the
normalized amplitude of P1 decreased from 1.00+0.00 to
0.31+0.05 (Fig. 9a) and the latency increased from 9.53+
0.49 to 12.19+£1.27 ms (Fig. 9b) (n=5). The mean
normalized amplitude of P1 fell to 30.6% of its original
value when the stimulus frequency was changed from 1 to
10 Hz. The most significant drop in P1 amplitude (45.7%)
occurred when the stimulus frequency was varied from 1 to
2 Hz. The amplitude of P1 then declined more slowly when
the stimulus frequency was increased from 2 to 10 Hz.

Effects of stimulus waveform

Five charge-balanced stimulus patterns, all with equal
charge (Fig. 3b), were used to investigate the effects of
the stimulus waveform on EEPs (n=5). The five EEP
waveforms displayed in Fig. 10 illustrate the cortical
responses elicited by stimuli with different waveforms.
The different stimulation artifacts in the EEP recordings
correspond with the different stimulus patterns. One-way
ANOVA analysis showed a significant difference among
amplitudes of P1 elicited by the five different stimulus
waveforms (p<0.05, n=5). The paired #-test analysis was
further made to compare the P1 amplitudes elicited by any
two of the five different stimulus waveforms (n=5), as
shown in Table 1. The symmetrical cathode-first biphasic
pulse (Fig. 3ba) evoked the largest P1 amplitude in all of
the five rabbits among the five stimulation patterns (p<
0.05). The asymmetrical small anode-first biphasic pulse
(Fig. 3be) evoked the smallest P1 amplitude among all of
the stimulating patterns (p<0.05). The amplitude of P1

Fig. 9 Amplitude (a) and laten-

a Symmetrical cathode-first

lﬂ]i}/\/

f 10ms

100 ¥

b Asymmetrical large cathode-first de-first

W\//V\//

Asymmetrical small cathode-first @

JVL//T\/»

Fig. 10 EEP waveforms elicited by stimuli with different waveforms.
The stimulus waveforms are shown anterior to the EEP waveforms.
The series of EEP waveforms were obtained from one rabbit. The
stimulus waveforms are illustrated in Fig. 3b. Arrows: onset of
stimulus

ical large

Asymmetrical small anode-first

induced by the asymmetrical small anode-first biphasic
pulse (Fig. 3be) was very significantly weaker (41.8%) than
that evoked by the symmetrical cathode-first biphasic pulse
(Fig. 3ba). There was no significant difference among the
amplitudes of P1 evoked by asymmetrical large cathode-
first biphasic pulse (Fig. 3bb), asymmetrical large anode-
first biphasic pulse (Fig. 3bc) and asymmetrical small
cathode-first biphasic pulse (Fig. 3bd) (p>0.05, Table 1).

Histology

A photomicrograph of the histological slide of an optic
nerve from one untreated eye is shown in Fig. 11a, and that
of an optic nerve from one stimulated eye with the
stimulating electrode track is shown in Fig. 11b. Histolog-
ical analysis of transverse sections of the optic nerve of the
eyes implanted with electrodes showed that the stimulating
electrode was penetrated into the optic nerve, and the depth
of the implantation was about 0.5 mm.

14
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Table 1 Comparisons among the P1 amplitudes of EEPs elicited by five stimulating waveforms using paired #-test (n=>5)
SCF ALCF ALAF ASCF ASAF
ALCF p<0.05
ALAF p<0.05 p=0.33
ASCF p<0.05 p=0.21 p=0.27
ASAF p<0.05 p<0.05 p<0.05 p<0.05
Mean + SD (1V) 103.51+8.21 89.44+6.41 91.86+4.58 94.95+6.26 60.23+15.21

The stimulating waveforms are shown in Fig. 3b. SCF: symmetrical cathode-first (Fig. 3ba); ALCF: asymmetrical large cathode-first (Fig. 3bb);
ALAF: asymmetrical large anode-first (Fig. 3bc); ASCF: asymmetrical small cathode-first (Fig. 3bd); ASAF: asymmetrical small anode-first
(Fig. 3be). The row of Mean + SD shows average and standard deviation of P1 amplitude of EEPs elicited by stimulating waveforms SCF, ALCF,

ALAF, ASCF and ASAF respectively.

Discussion

Visual prostheses based on optic nerve stimulation repre-
sent an alternative to those which involve direct retinal
stimulation. Several other studies have investigated visual
prostheses based on optic nerve stimulation. Veraart et al.
reported different phosphenes could be evoked by electrical
stimulation of the optic nerve with surface electrodes in
humans [41, 42]. Sakaguchi et al. and Fang et al. stimulated
the optic nerve head intraocularly with implanted penetrat-
ing electrodes in rabbits. Their results demonstrated that
cortical responses could be elicited by this approach [8, 9,
38]. However, the optimal stimulus parameters to activate
the optic nerve have not been investigated systematically.
Our present study provides critical experimental data that
could be used to design sensible stimulating protocols for
visual prosthesis based on penetrative optic nerve stimulation.

In our experiment, visual cortex responses were success-
fully evoked by intraorbital optic nerve stimulation with
penetrating electrodes in rabbits. The EEP waveforms were
similar to the VEP waveforms. Compared with VEPs, the
shortened latency of P1 of EEPs is presumably due to the
fact that the direct electrical stimulation of axons of
ganglion cells spares the time that is needed for processing
visual inputs by retinal cells. With single biphasic rectan-
gular pulse stimulation, the charge density threshold in our
study was 21.36+5.64 pC/em?, while 6.21 pC/cm?® was

Fig. 11 Light photomicro-
graphs of transverse sections of
optic nerves for comparison. a A
slice of the optic nerve from an
untreated eye. b A slice from a
stimulated eye with the track of
the penetrating electrode
(labeled with arrow). The depth
of the insertion of the electrode
into the optic nerve was about
500 pm. Scale bars: 100 pm

obtained in rabbits by stimulating the optic nerve head [9]
and 80 uC/cm” was obtained in a blind patient (calculated
at pulse duration of 404.7 us) with surface cuff electrodes
around the optic nerve [5]. These results suggest that optic
nerve stimulation with penetrating electrodes can have
much lower thresholds than that with surface electrodes.
Compared with our data, the lower threshold of stimulating
the optic nerve head reported by Fang et al. [9] was
probably due to the difference in the material and the
exposed surface of stimulating electrodes. In their study,
platinum wire was used as stimulating electrode, and the
exposed surface of stimulating electrode was about 0.4 x
107* cm? larger than ours. In vivo retinal electrical
stimulation experiments were also performed by several
research groups in the rabbits. For subretinal stimulation,
Gekeler et al. obtained an average charge density threshold
of 50 uC/cm? [49] and that of Schwahn et al.’s study was
about 70 C/cm? [50]. For epiretinal stimulation, Humayun
et al. obtained a charge density threshold of 8.92 uC/cm?
for normal rabbits and 11.9 pC/cm? for rabbit retinas with
outer retinal degenerations [51]. Epiretinal stimulating
charge density threshold in rabbits by Walter et al. was
1~12 pC/em?® [43]. Compared with these data, the
threshold obtained by the present study is comparable with
that by epiretinal stimulation and much lower than that by
subretinal stimulation. The nerve fiber layer and/or the
ganglion cell layer are considered to be stimulated
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preferentially in the epiretinal approach. The optic nerve
fibers are stimulated in our study; therefore, the threshold
obtained by present study is at a similar level to that by
epiretinal stimulation. In the subretinal approach, photo-
receptors and/or the bipolar cells are thought to be the main
target neurons of the electrical stimulation. The threshold
difference between the epiretinal and subretinal approaches
may be due to the morphological differences of the target
neurons in these two approaches. The higher threshold of
the subretinal stimulation may also to be related to the
edema of the retina caused by the subretinal surgery [49].
However, Chow et al. showed a threshold charge density of
2.8 nC/cm? [3], which is much lower than the data above.
The much lower threshold is probably due to the huge
surface area of the stimulating electrode (36 mm?), which
may be not appropriate for clinical use due to its big size
and low spatial resolution.

The stimulating charge and its dynamic range are
important parameters in designing visual prostheses. From
the results of EEPs to variable stimulus pulse amplitudes
and durations in our study (Figs. 6b and 7b), we note that
the amplitude of P1 increased linearly with increments of
the stimulus charge up to around 60 nC, at which stage
saturation occurred. Therefore, the dynamic range in our
experiments with intraorbital optic nerve stimulation was
about 0.48 log units (20 to 60 nC). The dynamic range in
Gekeler et al.’s study for subretinal stimulation was from
0.1 to 1.3 log units [49] and that in Humayun et al.’s study
for epiretinal stimulation which could elicit phosphenes
with different brightness was from 0.48 to 0.94 log units
[52]. These data are at a similar level to ours, which
suggests that phosphenes with different brightness might be
activated by intraorbital optic nerve stimulation within a
similar dynamic charge range with retinal stimulation. It has
been reported that charge and charge density are important
factors in inducing neural damage [28]. An empirical
equation based on the relationship of charge and charge
density was derived for the maximum safe level for
electrical stimulation [40]. Based on this empirical equa-
tion, the safe charge level for neural stimulation with the
exposed area of the penetrating electrode (7.64x10™* cm?)
should be below 155 nC. Therefore, stimulus charges
within the range of 20—60 nC may be suitable and safe
for eliciting cortical responses by optic nerve stimulation
with our penetrating electrodes.

The duration of the stimulating pulses is another
important factor to be considered in visual prosthesis
design. As illustrated in Fig. 8, the amplitude of PI
decreased and the latency of P1 increased as the stimulus
pulse duration increased from 0.2 to 1.5 ms with stimulus
charge fixed. The stimulus with a shorter pulse duration
induced a larger amplitude P1 than that with a longer pulse
duration. This finding agrees with the results obtained from
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the charge-duration curves shown in Fig. 5b, which
demonstrated that the charge threshold increased with the
increment of the stimulus pulse duration. Our experimental
results indicate that stimuli with shorter pulse durations are
more efficacious for eliciting EEPs than those with longer
pulse durations, and stimuli with shorter pulse durations
should be applied to stimulate the optic nerve to minimize
the total charge injected into the neural tissue. These
findings are in agreement with similar studies based on
direct retinal stimulation. Jensen et al. [19] examined the
effects of stimulus pulse duration on the current and charge
threshold for stimulation of the rabbit retinal ganglion cells
in vitro. Their results showed that the current threshold for
activation of retinal ganglion cells decreased and the charge
threshold increased as stimulus pulse duration increased
from 0.1 to 50 ms. Rizzo III et al. [34] performed epiretinal
electrical stimulation in humans, and discovered a similar
phenomenon, that current threshold increased and charge
threshold decreased with shorter stimulus pulse duration.

In our study, we found that the P1 amplitude of EEPs
declined as the stimulus frequency was increased from 1 to
10 Hz (Fig. 9a). Similar results were reported by Foerster et
al. [10] in visual stimulation of the retina with different
flash frequencies in human. Direct electrical stimulation of
the retina also induced a decrease in the cortical evoked
responses when the stimulus frequency increased from 0.5
to 16 Hz [31]. Compared with the results of retina
stimulation, our data showed that the depression of EEPs
was more pronounced at lower frequencies (1-2 Hz). The
discrepancies may arise from activation of different parts of
the visual system. Nevertheless, these results support the
finding that ganglion cell responses to a stimulation pulse
applied after a preceding one were depressed when the
interval between the two pulses decreased [17]. In addition,
McCreey et al. [27] found that continuous low frequency
stimulation of cat’s sciatic nerve induced little neural injury,
even when the stimulus amplitude was high. The finding
indicates that low frequency stimulation of the optic nerve
may alleviate neural damage to the optic nerve, although
the assessment should be carried out in the future. Herein,
stimuli with low frequency are suggested to be preferable
ones to stimulate the optic nerve directly.

An interesting finding was the influence of stimulus
waveform on EEPs. Among the five charge-balanced
stimulus waveforms with the same charge used in this
study, symmetrical cathode-first biphasic pulse (Fig. 3ba)
yielded the largest cortical potentials, while asymmetrical
small anode-first biphasic pulse (Fig. 3be) yielded the
smallest ones (Fig. 10, Table 1). Our results were different
from the findings for retina stimulation. Rizzo III et al. [31]
found that large cathode-first pulse was most effective
among the asymmetrical pulses to evoke cortical responses.
However, in our study, the asymmetrical large cathode-first
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pulse (Fig. 3bb) didn’t evoke EEP responses significantly
different to those obtained with the asymmetrical large
anode-first biphasic pulse (Fig. 3bc) and the asymmetrical
small cathode-first biphasic pulse (Fig. 3bd), although the
asymmetrical large cathode-first pulse (Fig. 3bb) evoked
significantly larger EEPs than the asymmetrical small
anode-first biphasic pulse (Fig. 3be, Table 1). The differ-
ences may result from two reasons: firstly, bipolar stimu-
lation mode was used in our study, while monopolar
stimulation mode (with a return electrode on the ear) was
used in their study. Secondly, in our experiments only the
optic nerve was electrically stimulated while they probably
stimulated the nerve fiber layer and the ganglion cell layer
simultaneously. Our results from other experiments showed
that the cortical potentials evoked by symmetrical anode-
first biphasic pulse were smaller than the ones evoked by
symmetrical cathode-first biphasic pulse. Therefore, sym-
metrical anode-first biphasic pulses were not used in this
study. As symmetrical cathode-first biphasic pulses yielded
the largest potentials among the charge-balanced patterns
with the same charge, our experimental results indicate that
symmetrical cathode-first biphasic pulses are a more
appropriate way to stimulate the optic nerve directly. Grill
et al. [11] demonstrated that selective stimulation of nerve
fibers could be achieved by selecting stimulus waveforms.
The short-duration stimuli could activate large diameter
fibers before small fibers by modulating the opening and
closing of m and h gates of the fiber membrane. The
influence of stimulus waveform on EEPs by optic nerve
stimulation observed in this study may be related to the
selective activation of different optic nerve fibers. Further
investigation should be performed to elucidate the mecha-
nisms underlying the effects of stimulating waveforms on
EEPs in the future study.

For VEP evaluation during the entire experiments, the
amplitude of P1 of VEPs decreased immediately after
surgical exposure of the optic nerve compared with that
recorded prior to surgery. However, the amplitude of P1 did
not vary significantly after the insertion of the stimulating
electrodes into the optic nerve and during the entire
stimulating procedure, which suggested that no obvious
damage to the visual function was introduced by insertion
of the stimulating electrodes and electrical stimulation in
acute experiments. The results revealed that in the acute
experiment, the orbital surgery may cause some unwanted
manipulations of the optic nerve, which in turn may lead to
some adverse effect on the visual system of the animal.
This suggests that the surgical procedure for our experi-
ments could be improved to minimize unwanted surgical
manipulation to the optic nerve. Further investigation of the
surgical procedure is underway using minimally invasive
endoscopic techniques for the implantation of the micro-
electrode array.

The acute electrophysiological study provides useful
information on the optimal parameters and dynamic range
of the optic nerve stimulation. However, the threshold and
response properties may change after long-term implanta-
tion of the stimulating electrodes into the optic nerve,
which results from the displacement of the electrodes,
tissue damage induced by the electrode implantation and
electrical stimulation, and encapsulation of the electrodes.
Thus, a long-term evaluation of the optic nerve stimulation
should be performed in a future study.

The advantages of the visual prosthesis based on optic
nerve stimulation include possible coverage of the whole
visual field, not requiring intraocular surgery and not
disturbing retinal tissues; however, this approach still needs
to overcome many obstacles, including selective stimula-
tion of optic nerve fibers with limited number of electrodes,
reducing the optic nerve damage caused by implantation of
electrodes, and so on.

In conclusion, our study demonstrates that intraorbital
optic nerve stimulation by penetrating electrodes can evoke
visual cortical responses with low charge density thresh-
olds. Response properties of EEPs suggest that short-
duration symmetrical cathode-first biphasic pulses of
current with low frequencies are more efficacious in
eliciting electrophysiological responses at visual cortex
than other stimulation waveforms. Further investigations
are underway, including improvement of surgical techni-
ques, stimulation selectivity with reduced electrode size in
an array, intraorbital optic nerve stimulation in other animal
models, and long-term evaluation of this approach.
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